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Abstract

Bio-scientific research has relied heavily on models of cell monolayers cultured on
plastic. For most cell types, this does not represent their in vivo tissue organisation
well. As a result they behave differently in vitro from in vivo, leading to poorly
predictive data. Plastic compression (PC) of collagen is used to engineer constructs
with more tissue-like conditions. The aim of this study was to test the feasibility of
using these constructs as a three-dimensional tissue model for assessing the fate of

hyaluronan nanoparticles (HA-NP).

Collagen hydrogels were seeded with cells and HA-NP and subjected to PC. Due to
their small size, HA-NP retention following PC was investigated. HA-NP uptake by
cells was then compared to conventional monolayer cell cultures. 19.1+1.2% of the
initial HA-NP load was retained following PC, which could be increased to
31.1+3.1% by multi-layering. This entrapment was found to be largely physical as
HA-NPs were released from the construct following cellular remodeling, but not
without it. Cells in monolayer reached their maximum HA-NP uptake in 3 days
whilst cells in collagen peaked at 7 days. This maximum uptake was 60.1 a.u., twice
as large as that of 3D-cultured cells (32.8 a.u). A novel method was developed to
analyse local collagen densities which revealed particular collagen distributions in
micro-patterned constructs depending on the shape of template used; round
grooves had a 21.4+4% increase in collagen density at their bases, whilst
rectangular grooves displayed two peaks corresponding to their internal corners,

which were 15.2+4% and 16.9+3% denser than the unpatterned regions.
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This work has enabled greater understanding of the PC and micro-moudling which
will aid in creating more complex tissue constructs in a predictable and controlled
way. The importance of 3D tissue organisation in in vitro models, particularly for

nanoparticle testing, has also been demonstrated in this work.
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Chapter 1: Introduction

For many years, cell monolayers have been the standard technique for cell culture
because of the convenience and ease of growing cells on flat surfaces such as Petri
dishes, tissue culture flasks and multi-well plates. Despite the monolayer actually
having a thickness, such culture systems are generally said to be 2-dimensional
(2D). These 2D systems are routinely used for many different assays by many
laboratories including those in drug discovery. However, it has been known for
some time that there are more similarities in the phenotypes and behaviour of cells

in whole tissues to cells grown in 3D in vitro than in 2D culture [1-5].

Monolayer cell culture has enabled the discoveries of what we know today about
cell behavior and processes, and has undoubtedly led to the acquisition of a large
amount of knowledge. However, the growth of the field of tissue engineering has
led to the exposure of the limitations of this 2D culture. Fibroblasts have been
shown to behave differently in terms of cell signaling, migration, proliferation and
maturation when cultured in a 3D environment than when grown on stiff tissue

culture plastic (TCP) [2,6-10].

As a result, the successful translation of knowledge from conventional 2D cell
culture assays to animal models or clinical trials is widely considered to be poor.
Many therapeutic candidates have initially shown potential overcoming the first

hurdle (2D assays) but this success does not replicate when brought up a level to



Chapter 1: Introduction

animal models. Compounds which are apparently safe in monolayer culture, prove
to have serious and unpredicted toxicity problems. Drugs developed to have one
function end up with additional functionalities in vivo. This has resulted in huge
losses of money, animals and time. Therefore, the translation of success from in
vitro assays to in vivo studies has to be vastly improved in order to reduce such
inefficiencies. It would thus be advantageous to have an intermediate step between

monolayer cell culture and in vivo systems.

A logical step would be to recreate 3D models of the in vivo environment in a dish.
This may be done using ex vivo tissues in culture, or developing 3D in vitro models
that represent native tissue structure and organisation. Ex vivo cultures contain
almost all the components and complexities that are present in the body. However,
the supply for ex vivo cultures is limited, samples are undefined, inter- and intra-
sample variations are likely and are only viable for a short amount of time (a few
days at most). Therefore, creating an artificial environment that mimics native
tissue using a tissue engineering approach is a good alternative for studying cell

behavior in a tissue environment.

However, fabricating a native 3D ‘model tissue’ from scratch does require a clear
understanding of which environmental cues are key to the 3D life of resident cells.
Growth factors are important in determining and regulating cell fate and function,
with the effects of autocrine and paracrine signalling clearly seen during embryonic
development [11]. The development of the ventral spinal cord in mouse is

dependent on a gradient of sonic hedgehog (SHH) emanating from the ventral floor
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plate. Particular gene expression profiles and cell fates could be induced by
controlling the concentration of SHH [12]. The distribution of soluble growth factors
is controlled by the extracellular matrix. Movement through a tissue is hindered by
the network of matrix proteins and molecules. Additionally, some growth factors
bind to the ECM, preventing further diffusion. Furthermore, the cell-ECM
interactions have been shown to influence cell morphology and behaviour through

altering cytoskeletal organisation and mechanical signalling [13,14].

Almost all cells in tissues are embedded within a fibrous meshwork of extracellular
matrix (ECM) components with complex 3D organisation particular to any given
tissue type [15]. This is opposed to cells living on the surface of their support
materials or in large cavernous holes (many times their own diameter). The ECM is
an intricate network of a variety of fibrillar proteins, mainly collagen with others
such as laminin, and polysaccharides which provides structural support to resist
tension and compression [9,16]. Cells are able to sense these mechanical forces of
the surrounding matrix because of the intimate connection they have with the ECM
through their cytoskeleton and membrane receptors. Thus, cells not only
communicate with each other, but also with the ECM. It is known that this cell-ECM
connection is not inert, and is important in the regulation of cell migration,
differentiation and proliferation as the ECM presents cells with not only
mechanical, but also biochemical cues [17-21]. There have been several studies
showing that cells behave differently when grown in 2D or in 3D [6,22-26]. For
example, human embryonic stem cells (hESCs) cultured in collagen gels

differentiated into hepatocyte-like cells, displaying characteristic ultrastructural
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features, morphologies and gene expression patterns indicative of hepatocytes in
the body. Murine ESCs (mESCs) cultured in fibrin gels showed a greater capacity for
migration, proliferation and differentiation compared to mESCs cultured on top of
fibrin gels (in 2D) [27]. Healthy mammary epithelial cells, when cultured in a 3D
environment, behaved more naturally and differentiated into acini that resembled
the original tissue, whereas they behaved more like tumour cells when cultured in
conventional monolayer cultures [28]. Embryonic stem cells displayed greater
chondrogenic potential when cultured in 3D than in a 2D monolayer [29]. Bott et al.
showed that primary human fibroblasts exhibited different proliferation profiles
when cultured in collagen gels or on tissue culture plastic [30]. In addition, primary
human hepatocytes cultured in 2D were subject to time-dependent
dedifferentiation probably due to excessive stress experienced by the cells in an
unnatural environment. This was overcome when the cells were grown within

collagen gels [31].

1.1. Cell-ECM interactions

The differences observed when cells are cultured in 2D or in 3D are due to the
differences in how the cell interacts with its microenvironment. The added
dimensionality, the composition, the flexibility and the stiffness of the substrate
may all affect how the cell ‘feels’ its surroundings and determine how it responds
(Figure 1.1). The cytoskeleton of cells is affected by the mechanical properties of

their substrate. Cells attach to and pull on their substrates to gauge the stiffness of
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Chapter 1: Introduction

their surroundings, and respond through cellular processes such as changes in
contractile forces, cytoskeletal changes and migration. Fibroblasts cultured in
polyacrylamide gels of stiffnesses between 1 and 5 kPa had a diffuse distribution of
cortical actin rather than organised into bundles of actin (stress fibres) seen in cells
cultured within polyacrylamide gels of 10 kPa stiffness or on glass (stiffness of ~1

GPa) [32].
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Figure 1.1: Cell-matrix interactions initiate intracellular signaling
pathways either as responses to external forces (outside-in signaling) or

as feedback through cell contractility (inside-out signalling). Figure

adapted from [1].
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There have been several proposed mechanisms through which cells sense
mechanical forces. Conformational changes brought about by mechanical
disturbance can cause protein unfolding resulting in the exposure of ligand binding
sites or the release of ligands [33]. Tension in the cell membrane has been

proposed to regulate mechanosensitive ion channels [34].

The large latent complex (LLC) comprising TGF-B1, latency associated protein (LAP;
interacts with integrins as well) and TGF- B binding protein 1 (LTBP-1), has been
thought to be used by cells to sense the mechanical properties of their surrounding
environments and has been shown to be involved in the fibroblast-myofibroblast
transition and differentiation of embryonic stem cells into smooth muscle cells [35-
37]. The LLC is bound to the cytoskeleton as well as to extracellular matrix proteins
[38]. Changes in the arrangement of the protein complex lead to signaling to the
cell; the attachment of the LLC sensor to both the cytoskeleton and the
extracellular matrix creates a tension in the complex. Cellular contraction upsets
the tensional equilibrium, causing conformational changes in the LLC resulting in

the release of TGF-B1, which binds to the cell and initiate signaling cascade events.

The Hippo signalling network has emerged relatively recently as a mechano-sensing
pathway which includes the kinases MST and LATS, and two transcriptional co-
activators, Yes-associated protein (YAP) and transcriptional coactivator with PDZ-
biding motif (TAZ) [39,40]. The intracellular distribution of YAP/TAZ has been shown

to be influenced by substrate mechanical properties such as topography and
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stiffness [41,42]. Mammary epithelial cells grown on fibronectin-coated
polyacrylaminde hydrogels with a stiffness of 0.7 kPa displayed cytosolic localisation
of YAP/TAZ, whereas, these transcriptional co-activators localised to the nucleus to
activate proliferative genes when the cells were cultured on stiffer (40 kPa) gels
[41]. Cell morphology also has an effect on subcellular localisation of YAP/TAZ.
When cells were induced to adopt a more rounded geometry by plating them on
300 pum? islands, YAP/TAZ were found to be in the cytoplasm [43]. Cells adopted a
flattened morphology when given a larger space (10000 pm?) to grow. YAP/TAZ in

these flat cells were found to be active and in the nuclei of cells.

The machinery through which cells sense external forces is the focal adhesion. Cells
cultured on stiff tissue culture plastic have large focal adhesions on their basal
surface, comprising more than 100 different proteins. However, when cells were
cultured either on or in soft, compliant matrices (fibrin gels, basement membrane
extract, matrigel, cell-derived matrix and collagen), focal adhesions were found to

be small and had different protein compositions [6,10,44-50].

Cells react to biochemical and mechanical cues from the ECM through signal
transduction between integrins and the cytoskeleton. Integrins are cell adhesion
receptors which not only mediate cell attachment to the ECM (and occasionally cell-
cell attachment), but they are also involved in transmitting signals to regulate cell
proliferation and differentiation. There are more than 20 versions of heterodimeric
integrins derived from 18 a subunits and 8 B subunits, with different dimers having

specificities and affinities for different ECM molecules [51]. Many integrin subunits
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bind to the cell adhesion sequence arginine-glycine-aspartate (RGD) found in
fibronectin, entactin, osteopontin, vitronectin, laminin and collagen [52,53]. Cell
contact with the ECM triggers a sequence of cellular events such as attachment,
membrane extension, formation and contraction of stress fibres which lead to cell
spreading and further attachment. Thus, distinct integrin expression profiles by a
cell determine what the cell can bind to, which directs the composition of integrin
adhesomes, downstream signaling cascades, and thus cell behavior and fate.
Integrins are able to impart these mechanical and biochemical signals to the cell
through direct contact with the actin cytoskeleton. Additionally, these cell-ECM
interactions affect the morphology of the cytoskeleton of the cell which in turn
affects the nuclear organisation which can lead to changes in the cellular phenotype

[54].

Human mesenchymal stem cells cultured in 3D poly(ethylene terephthalate) (PET)
matrices proliferated slower and fewer times than when grown in 2D on
conventional tissue culture plastic [24,30]. The difference in cell proliferation rates
is not just due to the additional dimensionality, but also on the stiffness of the
substrate. For example, in compliant free-floating collagen hydrogels, adult human
dermal fibroblasts did not proliferate after 1 week of culture [55]. Whereas, when
the same collagen hydrogels were tethered, allowing tension to develop through
cellular forces, the cells doubled after 6 days. Proliferation rates were increased

with increasing stiffness through the plastic compression of these hydrogels.
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Cells cultured in 2D are attached to the substrate only at their basal surface, with
only the apical segment of membrane being able to interact with the overlying
culture media. The culture media itself represents another shortcoming of 2D cell
culture. Cells in 2D culture are exposed to a homogenous solution of nutrients,
growth factors and cytokines in the media. Inversely, cells in 3D are exposed to
these soluble factors in gradients of concentration and in directions which help to
instruct cell behaviour due to the spatial organisation in the x-, y- and z-planes and
barriers to transport of large molecules [56]. Furthermore, cells in 2D are restricted
to planar morphologies, inhibiting more complex configurations observed in vivo
resulting in differences in epigenetic information, proliferation, apoptosis and gene
expression [57-59]. Therefore, to recreate the in vivo cellular microenvironment,
several factors need to be taken into account, such as the presence of bulk ECM,
which has more physiological mechanical properties, helps to organise cells in 3D,
degrades with cell activity at a rate roughly matched with deposition of new

material, as well as being a transport barrier to recapitulate diffusion gradients.
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Figure 1.2: Schematic depicting the 3D cell-matrix interactions with the
extracellular matrix proteins and gycosaminoglycans. Cells attach to the

ECM via integrins and focal adhesions.Figure adapted from [60].

It is not only simply the composition of the ECM that makes a difference, but also
the stiffness of the substrate on/in which the cells are gown. Cells in native tissue
are normally attached to less stiff and directionally compliant (i.e. anisotropic)
materials than the tissue culture plastic that is most commonly used for in vitro
studies. Cells are usually attached to substrates with elastic moduli of between 10
Pa 310 Pa, which can be deformed by cellular forces through attachment sites [61].
Tissue culture plastic which is very rigid (elastic modulus of 1-2 GPa) cannot be
deformed by cells. Studies have shown that mechanical cues can have as big an
effect as chemical signals with regard to cellular structure and function [57,62-65].
Smooth muscle cells had a rounded morphology when grown on soft gels, but

displayed a flattened dendritic morphology on stiffer substrates. Endothelial cells
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have been shown to form a greater number of networks of capillary-like structures
on more compliant substrates than on stiffer ones [66-68]. Thus cell morphology
and behaviour is affected by the mechanical properties of the substrate the cells
are cultured on or in. This flat system leads to the loss of key phenotypic
characteristics. It is important, therefore, to make the switch from 2D cell culture
towards tissue-like cell culture to be able to predictively correlate in vitro findings

to in vivo studies.

There are a number of reports using 3D cell culture to understand how the added
complexity allows more natural cell behaviour, but only a few reporting the use of
3D cell culture to assess the effects of therapeutics in vitro. The need for predictive
in vitro assays has become progressively important to understand the mechanisms
of disease and the treatment of disease [69]. This is especially critical for the
pharmaceutical industry where there is a rising cost-to-delivery ratio. The costs of
drug testing rise exponentially as it nears market release [70]. Thus, it is beneficial
to identify drug candidates with high probabilities of success and limited toxicity as

early in the development process as possible [71].
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1.2. Whatis 3D to cells?

The ability to maintain cells outside the body has been invaluable and the benefits
gained from it is immeasurable. However, the method of culturing cells in vitro has
not changed significantly since the inception of the technique. The knowledge
acquired so far has been based on experiments conducted on cells cultured as
monolayers on an unnatural and stiff substrate, imposing physical constraints on
the cells. Advances in the field of tissue engineering have led to the exposure of
shortcomings of conventional cell culture. Cells embedded in the ECM are arranged
in three dimensions in terms of tissue organisation as well as morphology. Cells
sense and respond to both biochemical and mechanical signals in complex ways. If
only 2D culture is used, certain cell behaviors are likely to be missed. The culturing
of cells as a sheet on rigid plastic surfaces is an old technique and is in need of an

update in order for us to better understand how the body works.

Importantly, culturing cells in tissue culture flasks allows only the attachment of the
bottom surfaces, and on their sides (to other cells) when they become confluent.
On the other hand, cells in the body normally have all surfaces surrounded by
matrix proteins and/or cells, except for certain cell types like epithelial and
endothelial cells. Fibroblasts for example, do not have this stark polarity in vivo, but
an apical-basal polarisation is forced in them when cultured as a monolayer [72,73].

Hepatocytes lose a specific set of proteins normally expressed on their apical,
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basolateral and sinusoidal membrane when cultured in monolayer [74]. Thus, in
most cases, the in vitro culturing of cells results in their unnatural polarisation in an
environment that is largely liquid. Flat monolayer culture systems lead to the loss of
key phenotypic characteristics. It is important, therefore, to make the switch from
2D cell culture towards tissue-like cell culture to be able to predictably correlate in

vitro findings to the in vivo realities.

Signalling in the body is governed by biochemical signals such as morphogen
gradients and auto-/paracrine signaling and mechanical stimuli [11]. Morphogen
gradients have been shown to be critically important during development, where a
fine balance between opposing or synergising gradients can have dramatic effects
[75,76]. Metabolic zonation in the liver is another area where morphogen gradients
are critical in regulating homeostasis through moderation of metabolic enzymes
such as glutamine synthetase [77-80]. However, in monolayer culture systems, no
such morphogen gradient exists since anything the cells produce is immediately lost

in the sea of media, except at close proximities [81,82].

Cells attach to and sense mechanical changes in the ECM through the interactions
of the actin cytoskeleton, integrins and ECM proteins. Fibroblasts cultured in either
2D or 3D have one key difference — the degree of ECM-anchorage. In 2D, fibroblasts
only interact with their substrate through their dorsal membranes, whilst in true
3D, integrins all around the cell can be engaged simultaneously (Figure 1.2). Cell
processes extend into and interact with the matrix fibril network. Integrins are

known to regulate several key processes such as gene expression, migration,
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apoptosis, growth, differentiation and proliferation via multiple signaling pathways
(P13K, Akt, ERK, cyclin D1) [83,84]. Furthermore, integrin-mediated attachment
modulates signaling via soluble factors like epidermal growth factor and platelet-

derived growth factor.

2D

Figure 1.3: Diagram of a cell and its interactions with its substrate when
cultured in 2D and 3D. Cells only interact with their substrate via their
ventral surface when cultured on a flat surface, whereas cells in 3D have

cell-substrate interactions all around.
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1.3. Nanoparticles as drug delivery systems

The efficacies of conventional drugs can usually be increased through the use of
drug delivery systems (DDS). DDS intended for systemic administration include
micro- and nanoparticles (capsules, shells, spheres, drug-polymer conjugates),
liposomes, micelles and dendrimers. Such carrier systems are advantageous as they
modify the biodistribution and pharmacokinetics of their cargo by granting
protection from degradation, prolonging circulation time, sustaining drug effects in

target tissue, enhancing solubility and reducing harmful side effects [85-89].

The small sizes of these DDS along with the increased circulation time allow passive
targeting occur which help these DDS to reach their target sites via the enhanced
permeability retention (EPR) effect [90-92]. The EPR effect occurs because of leaky
vasculature present at tumour sites or inflamed tissues which leads to the gradual
accumulation at these locations. Such drug delivery systems may also employ active
targeting whereby a chemical moiety, which specifically interacts with target cells,
is conjugated to the carrier. All these lead to greater drug efficacy at the desired
sites of action, which negates the need for high doses of free-drug and thus

reducing the consequential harmful side effects.

Nanoparticles have great potential for in vivo therapeutic applications (e.g. drug
delivery) as well as diagnostic applications (e.g. cell tracking) [93]. The rates of drug
release from their carrier enhance the effectiveness of the drug delivery system.

Drugs within carriers are inactive and need to be released to have any therapeutic
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effect. If the drug is released too quickly in the body, the pharmacokinetics and
distribution of the DDS might be similar to administration of the drug in its ‘free’
form. And if the drug is released too slowly, the delivery system may have lower
therapeutic effects than unencapsulated drug [94,95]. For active or passive
targetted DDS, it is important that the particles have long enough half-lives in vivo
to accumulate at their target tissue. Therapeutic levels of free drug must also be
maintained and sustained for a period of time once at the target site. Different
drugs have different mechanisms of action and will require tailored release profiles.
DDS need to be initially assessed in vitro to determine their release rates, half-lives,
how cells interact with them and their toxicity before they are deemed safe for in

vivo studies.

Some drugs need to be delivered into the cell rather than released from their
carrier extracellularly [96]. This would require passage through biological barriers
such as epithelia and mucosa, to reach target tissues. The encapsulated drug would
then have to enter the cell through the plasma membrane and to the target
organelle. Cells take up nanoparticles via several different processes. Most cell
types can take up nanoparticles through endocytosis; clathrin-mediated, caveolae-
mediated, macropinocytosis and others (clathrin-caveolae-independent

endocytosis).

Clathrin-mediated endocytosis (CME) may be receptor-dependent or receptor-
independent. Receptor-dependent CME provides a way of targetted entry into cells

through the attachment of specific ligands to the surfaces of nanoparticles such as
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low density lipoprotein (LDL), epidermal growth factor (EGF) or folic acid (FA) [97].
Folic acid binds with a low affinity to the folate receptor present in most cells, but
with a high affinity to the glycosylphosphatidylinositol-linked folate receptor often
overexpressed in cancer cells [98,99]. This makes FA a popular ligand for surface
modification of anticancer nanoparticles. CME intake of material end up in
lysosomes containing acid hydrolases and low pH. This can be utilised as a release
mechanism through carrier biodegradation within lysosomes, though the drug
molecule must be tailored to resist the harsh lysosomal environment. Caveolae-
mediated endocytosis (CvME) leads to the formation of cytosolic caveolar vesicles,
which provides a ‘safe’ route into the cell, avoiding the Ilysosomes.
Macropinocytosis is a non-selective, clathrin-independent endocytic mechanism
which involves micrometer-sized endocytic vesicles. These large vesicles acidify and
may fuse with lysosomes. Phagocytosis is another mechanism of uptake but is
limited to certain cell types (macrophages, monocytes, dendritic cells, neutrophils,

fibroblasts, epithelial and endothelial cells).

Nanoparticle size can affect entry into cells. Polystyrene nanoparticles within the
size range of 20 — 1000 nm were not endocytosed by human umbilical vein
endothelial cells, whereas 20 — 100 nm particles were endocytosed by HepG2
hepatocytes [100]. Caco-2 cells take up 100 nm PLGA particles more readily than
500 — 10000 nm PLGA particles [101]. Drug-carrying nanoparticles can be made
more effective by surface charge manipulation. Due to the negative charge on cell
membranes, positively-charged carriers show greater cell interactions and uptake.

PLA-PEG nanoparticles with positively-charge stearylamine were taken up by Hela
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cells at a faster rate and to a greater degree than the uncoated, negatively-charge
PLA-PEG nanoparticles [102]. Uptake by phagocytic cells can be altered by adjusting
the hydrophilicity/hydrophobicity of the nanoparticle surface to influence

interactions with opsonins, and in turn, phagocytosis.

Thus, nanoparticles can be modified in many ways to increase the efficiency of drug
delivery, but this has to be balanced with any potential toxic effects. Testing
nanoparticles in models of biological barriers and tissues would allow the
assessment of naoparticles in an in vivo-like environment for the development of

nanoparticles with predictable and reproducible behaviour and low toxicity.

1.4. Evaluation of therapeutics

Before drug candidates are tested in man, they are first assessed in cell-based
assays, and those with high potential are then evaluated in animals. Cell-based
assays have been a valuable tool in weeding out toxic and non-functional
compounds due to the efficiency of drug testing on cell cultures [103]. However,
even though these cell-based assays have become entrenched in the
developmental process for reasons discussed above, their predictive capabilities for
in vivo responses are somewhat uncertain. This is likely because the cells are
cultured in an unnatural way for these assays, giving rise to abnormal phenotypes,
behaviours and responses [58,104-108]. For example, trovafloxacin was shown to

be safe for human use when tested on primary human hepatocytes cultured on
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tissue culture plastic. However, the drug causes acute liver failure in humans,
amongst other serious side effects [109,110]. Single-walled carbon nanotubes
(SWCNT) were found to affect Schwann cells differently when the cells were
cultured in 2D or in 3D [111]. When cells were cultured conventionally as
monolayers on tissue culture plastic, proliferation and morphology were affected
by the addition of SWCNT; proliferation decreased and the cells became flatter and
more fibroblast-like compared to their usual bipolar morphology. Schwann cells
cultured in 3D within collagen-Matrigel composite hydrogels were unaffected by
the presence of SWCNT in terms of morphology and proliferation. It was also
pointed out that cells cultured on the hydrogel, in a 2D environment, adopted a
different morphology to cells within the matrix. Like the cells cultured on tissue
culture plastic, these cells on the hydrogel altered their morphologies when SWCNT
were added. In addition, in vivo studies in animal models have only limited

predictive capacities [112-114].

It has been estimated that a modest increase of 10% in the predictive accuracy of
pre-clinical tests could save at least $100 million in drug development costs [115].
Only about 1 out of 10 new molecular entity (NME) entering phase | clinical
development reaches the marketing stage [116]. The efficiency of drug selection
and development has been in steady decline, with more and more money being
spent per successful drug candidate [117]. Efforts have been made to overcome this
problem by ramping up risk assessments during the discovery stage before large
sums of money and time are spent. Common causes that have led to failure, such as

pharmacokinetic characteristics, drug metabolism, absorption, excretion and
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toxicity, are now being tested for in the discovery phase to minimise the risk later

on [118].

During the drug discovery stage, biological targets that are deemed to be important
in alleviating disease are selected. The targets are then evaluated as possible sites
of action for amending pathophysiological pathways. Then experimental models
recapitulating the disease are developed. At this point, chemists join the biologists
to determine chemical structures specific to the target. A range of assays are used
to narrow down the options and identify those with desirable properties for further
testing. Many candidates are tested using a range of technologies, and the time and
money invested at each step increases. It is therefore important that the right
targets are identified from the beginning. However, as discussed above, cell growth
in @ monolayer or within a matrix in 3D can lead to very different gene expression
and drastically altered behaviours. Cells cultured as a monolayer may produce the
target protein, but do not when cultured in 3D, or in vivo. Therefore, depending on
which type of system is used, a selected biological target may or may not be valid.
The high failure rate of new molecular/biological entities may be because the target
protein selected initially was present in the cells in vitro but the same cells did not
express the target protein in vivo. Therefore, better cell culture systems need to be
developed specifically to mimic the target native tissue, so that suitable target sites
can be selected which would improve the productivity of therapeutics
development, speed up drug identification and reduce costs through improving

predictability of in vivo outcomes [119].
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Nanoparticles have a more varied range of toxic activity than drug molecules due to
their size, shape, composition, charge and solubility, amongst others. Their small
sizes facilitate uptake into cells and transcytosis across cell layers [120]. Shape has
also been shown to aid tissue or cell penetration — rod-shaped nanoparticles have a
higher probability of infiltrating tissues and cell membranes [121]. Furthermore,
nanoparticles may also generate free radicals which would harm cells. Therefore,
the assessment of nanoparticles in 3D in vitro models is critical in order to fully

understand their effects.

A key aspect of native tissue that should be included in in vitro culture systems is
the presence of barriers which limit diffusion, especially for the evaluation of
therapeutics. In 2D cell culture, the therapeutic compound/nanoparticle is
homogenously suspended in culture media, allowing free movement of the sample
which would not be the case in vivo. Such a system would expose cells not only to
larger amounts of therapeutic candidates, but also at a higher rate than would be
experienced in vivo. This likely contributes to the poor predictive power of 2D
assays. The added dimension imposes a significant barrier to macromolecular
mobility as the diffusion of therapeutic agents within cavities and the interstitial

tissue limits the treatment of some cancers and other pathologies [122].
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1.5. Toxicological testing

The benefits from the advancement of nanotechnology not only encompass the
development of better therapeutic products, but also a variety of other products
such as cosmetics, computer chips, computer hard drives and sports equipment to
name a few. These industries stand to make billions of pounds with the application

of advanced nanotechnology. With such a large growth potential comes great risk.

Nanotechnology first has to be deemed safe for use with regards to the consumer,
as well as to the environment, to avoid a recurrence of past mistakes such as the
heavy use of asbestos without the knowledge of its deadly toxicity to humans
(multi-billion dollar remediation headache). Therefore nanotoxicological tests need
to be carried out on new engineered nanoparticles, as well as on unintentionally

produced nanoparticles, before such materials are used.

In vitro models have several advantages: the ability to investigate direct effects and
mechanisms of action of test agents on the target cell type(s) without the
complications that arise following interaction with the body, the ability for high-
throughput studies which are cost-effective and quick, the general ease of
improving such systems or adding on complexity and the reproducibility of

experiments and results [123,124].

Monolayer cultures of cells have primarily been used for nanotoxicological testing
on a variety of cell types [125] - Human Hep3B cells [126], Balb/3T3 mouse

fibroblasts [127], mesothelial cells (MSTO-211H) [128], MRC-9 fibroblasts [129], to
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name a few. However, cells in these 2D cultures are in an unnatural environment,
so these systems do not provide a realistic situation in which to assess the effects
the nanoparticles have on cells. A vital property of tissue physiology that is missing
from 2D culture is the presence of a barrier to particle diffusion and kinetics.
Without this, nanoparticles move around unhindered through the culture media,
which likely causes an ‘artificially’ high number of cell-nanoparticle interactions that
would not occur in tissues [130]. Sayes et al. compared the in vitro and in vivo
results from toxicity testing of five different particles (carbonyl iron, crystalline silica
(Min-U-Sil 5,a-quartz), precipitated amorphous silica, nano-sized zinc oxide and
fine-sized zinc oxide) ranging from 90 — 500 nm in a dry state [131]. For their in vitro
studies, they used monolayer cultures of rat epithelial lung cells, rat BAL
macrophages or co-cultures of both, and compared these to intratracheal
instillation of particles to Sprague Dawley rats by looking at cytotoxicity end points
(lactate dehydrogenase release; MTT assay), and found little to no correlation

between in vitro and in vivo studies.

There have been several attempts at improving nanotoxicological testing by co-
culturing multiple cell types. Bhabra et al. used a two-cell type system of BeWo
(placental) cells and human fibroblast cells to test the effects of cobalt-chromium
nanoparticles [132]. Rothen-Rutishauser et al. developed a triple co-culture system
of the human respiratory tract by sandwiching epithelial cells with macrophages
and dendritic cells on the apical and basal surfaces of the epithelial sheet
respectively [133]. This study highlighted the importance of organising in vitro

systems to mimic native tissue architecture. Simply co-culturing multiple cell types
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in the same well with no regard to cellular arrangement would not mirror cellular
behavior in the body — although, it has been shown that co-culturing cells does

generate differences to monolayer cultures [124,134].

Liver models have become increasingly important for toxicity testing in recent
years. Unforeseen liver toxicity has been a major stumbling block for drug
candidates during clinical trials [116], even after comprehensive testing with in vitro
and in vivo models. The main in vitro models used are cell lines, microsomes, liver
slices and primary hepatocytes [78,135-137]. However, these in vitro models face
difficulties in maintaining tissue organisation, long term viability, high-throughput
capabilities, cell morphology, normal tissue levels of functions [138]. A further
challenge for in vitro hepatocyte culture models is long-term culture. Serious
hepatic issues have been known to be caused by chronic exposure to drugs. Nuclear
receptors and target genes which are involved in many physiological functions may
be affected by prolonged drug exposure. The specificities of nuclear elements for
their ligands are low and may interact non-specifically with drug molecules or drug-
induced proteins leading to aberrant cell behavior [139,140]. However, hepatocyte
function is lost during standard cell culture conditions [141,142]. It has been shown
that hepatocytes cultured in a 3D environment retain their tissue morphology and

polarity and maintain their function [143,144].

Furthermore, many cell types such as the Kupffer cells, liver sinusoidal endothelial
cells and hepatic stellate cells, make up the liver. These all work together and in

concert with any extracellular matrix to ensure the proper functioning of the liver.
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Therefore, single cell-type culture models are insufficient for predictive toxicology
studies. Many groups have since worked on developing more sophisticated systems

to include co-cultures of cell types and incorporating 3D architecture.

Biondi et al. developed an in vitro 3D model using low density collagen hydrogels
(0.24%) to study the cytotoxic effects of Doxorubucin-loaded PLGA-PEG
nanoparticles within a matrix. Doxorubicin (an anthracycline), on its own, does not
have tumour specificity and can cause harmful side effects such as cardiotoxicity
and nephrotoxicity. Thus, many research groups have been working on improving
doxorubicin delivery methods to increase specificity and reduce toxicity. Biondi et
al. encapsulated the drug in poly(D,L-lactic-co-glycolic acid) (PLGA)-block-
poly(ethylene glycol) (PEG) copolymer to enable tumour targeting through the EPR
effect. They showed that the cytotoxicity of the nanoparticles depended on particle
size and the amount of matrix separating the cells and nanoparticles, thus
highlighting the importance of the matrix barrier which is lacking in many in vitro

culture systems [145].

1.6. Non-2D systems
Many 3D culture systems are based on hydrogels (eg. alginate, collagen, PEG),
sponges (eg. cellulose, collagen, fibroin, hydroxyapatite, silk, PLGA) and cellular

aggregates/spheroids (eg. rotating wall bioreactors, hanging drop, micro-carrier
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systems) [69,146-162]. However, not all of these methods are strictly three-

dimensional, and some that are, do not recapitulate the native tissue environment.

1.6.1. Sponges

Sponges made from several different materials (chitosan, collagen, alginate, poly(L-
lactic acid)-poly(lactic-co-glycolic) acid (PLLA-PLGA), basement membrane) have
been developed and used with reasonable success [163-169]. Sponges usually
contain pores with dimensions in the hundreds of micrometers - 10-fold greater
than average cell dimensions. This presents cells with flat/curved surfaces within
pores on which to grow, leading to unnatural flat cell morphologies and highly
asymmetric cellular organisation, much like 2D cell culture (i.e. pseudo-3D) [23,170-
172]. Collagen sponges have been prepared by the lyophilisation of low collagen
density (<1%) solutions [173-176]. These have been used to engineer skin-like tissue
constructs [177], bone [176,178], adipose tissue [179], cartilage [180], lung and
tendon [181]. Pore size can be controlled to an extent by varying the rate of
freezing and lyophilisation. However, the dimensions of the pores largely remain in
the tens of micrometers. Faraj et al. showed that by freezing collagen solutions at -
196°C, pore sizes of 20 — 30 um could be attained [181], whilst Lloyd et al.
demonstrated that similar pore sizes could be achieved by freezing with liquid
nitrogen at rates of at least -40 °C/min [177]. With these smaller pore sizes, cells
are more likely to attach to the matrix via all three axes, but they would not be

enmeshed in collagen fibrils as they are in native tissue. Furthermore, repopulating
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the matrix is an issue faced when using sponges. Cells cannot be seeded in the

matrix and have to be seeded on it, relying on cell migration for matrix penetration.

On the other hand, nanofibrous sponges have also been developed using
techniques such as electrospinning, which generates scaffold with nanometer-sized
pores. Cells can only be seeded after the manufacture of the scaffold, and because
the pore sizes are so small, the cells cannot penetrate into the scaffold and so must
grow on the surface rather than within the bulk material. Although these sponges
bring some aspects of 3-dimensionality to cell culture, they do not accurately mimic

native tissue structure and organisation.

1.6.2. Cell aggregates

Cell aggregates have been given several different names: spheroids, spheres,
mammospheres, aggregates, tumouroids, micromasses and organoids [182-192].
These cell agglomerates are based on cells having greater affinities for each other
than to the substrate they are on. Several techniques have been developed to
produce cell aggregates such as spinner flasks, hanging drops, static liquid-
overlaying and rotating wall vessels [149,160,182,193-198]. The spinner flask and
rotating wall vessel systems use continuous movement to prevent cells from
attaching to the flasks, which leads to the moving cells attaching to one another
and aggregating. These allow the generation of 3D clumps of cells, but require

specialised equipment, and the size and shape of cell aggregates are difficult to
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control. While these systems enable the culture of cells in a 3D environment, they

are not physiological tissue mimics.

Hanging drop systems utilise gravity to induce cell agglomeration inside a
suspended droplet, away from any surface that may allow cell attachment
[160,196,199]. The liquid overlay technique works in a similar manner by
preventing cells in suspension from adhering to the substrate surface [193]. With

nothing else to attach to, the cells thus stick to each other to form a cellular mass.

Lee et al. developed an inverted colloidal crystal topology substrate with low cell
affinity to induce spheroid formation using human hepatocarcinoma (HepG2) cells
[149]. Using these spheroids as a 3D in vitro model of liver, they showed that the
toxicity of cadmium telluride and gold nanoparticles in spheroid cultures was lower
than in 2D cultures. Similarly, Luo et al. developed a high-throughput spheroid
system to test the effects of bismuth nanoparticles and found that the toxic effects
of these nanoparticles were lower when cells were in a 3D environment than in

monolayer culture [200].

Although the multicellular spheroid closely mimics the heterogeneity and hypoxia
conditions exhibited by in vivo tumours, it does not fully capture the interactions
that take place in vivo such as host immune reactions and angiogenesis. Also, the
size of the spheroid is difficult to control and the direct contact of media with cells

does not account for the blood vessel barrier in vivo [201,202].
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1.6.3. Cellular Multilayers

The layering of cells allows the fabrication of tissue-like structures which are rich in
cells, but have minimal matrix components. This involves using cell types that are
adept at making sheets, such as epithelial or endothelial cells [203,204]. These thin
cellular monolayers are then stacked in the z-plane to produce cell-dense tissue-like
constructs. Watanabe et al. produced corneal epithelial sheets for ocular surface
reconstruction [204], while Ide et al. used similar technologies to generate corneal

endothelial sheets [205].

Cell sheet engineering has been used to produce ocular, tracheal and cardiac
tissues [205-208]. However, the technique is limited in its ability to fabricate matrix-
rich tissues, like skin and tendon, and to incorporate 3D micro-scale architecture.
Attempts have been made to overcome this limitation by incorporating layers of
ECM proteins to increase the matrix density in such layer engineering. The
laboratories of Kano and Akashi both used a cellularised ECM model by alternately
layering cellular monolayers with 6 nm-thick fibronectin-gelatin layers, resulting in a
multi-layered structure comprising 5 cellular layers to create an artificial 3D model

of fibrotic tissue 30-50 um in thickness [209,210].

Using this cell-ECM multilayered model, Hosoya et al. studied the diffusion of FITC-
conjugated dextran of various sizes through the tissue-like construct. They
demonstrated that the thicker the cell multilayer or the larger the size of dextran,

the lower the permeability. Modelling molecular migration through 3D tissues is
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not really possible using conventional monolayer culture, though it is common to

measure the permeation of molecules through cell monolayers [211-214].

1.6.4. Fibrillar biomaterials

Tissue engineers aim to fabricate native tissue-like constructs. This requires the use
of appropriate biomaterials with suitable mechanical properties relative to the
tissue of choice, together with the appropriate cells, and matrix architecture.
Natural tissue is organised into an interwoven network of fibrils that surrounds the
cells (like olives within a spaghetti ball). As such, many researchers have put their
efforts into developing scaffolds made from meshwork of fibres. However, the
benefits of such matrix architecture diminish if scale is not appropriately

considered.

Constructs with fibre diameters in the tens of microns (several fold larger than cell
dimensions) will appear an ideal scaffold at the gross level. However, cells are
actually in contact with a substrate which to them is 2D and slightly curved. Other
techniques such as electrospinning can produce fibres as small as tens of
nanometers. In electrospinning, liquid jets of viscous polymer solutions are induced
through the use of high voltages. Fibres form as the solvent evaporates during the
process. Electrospun scaffold morphologies can be controlled by varying fibre
dimensions through alterations in the experimental set-up such as changing the

power of the electric field used, distance between the collector and ejection needle
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or the rate of ejection. Fibre dimensions are reliant on the properties,
concentrations of the polymer and solvent used, and range from the tens of
nanometers to hundreds of nanometers. Some examples of electrospun scaffolds
used for tissue engineering include neural tissue [215], bone constructs [216],
cardiac tissue [217] and vascular tissue [218] using synthetic materials such as poly
(L-lactic) acid (PLA), poly (€-caprolactone) (PCL), poly(D,L-lactide-co-glycolide)
(PLGA), poly vinyl alcohol (PVA) or natural polymers used include hyaluronic acid
[219], chitosan [220], gelatin [221], and collagen [222,223]. Synthetic materials lack
the cell promoting qualities natural polymers possess, whilst natural polymers tend
to lack mechanical strength. It is increasingly common for blends using both

synthetic and natural polymers for electrospinning scaffolds for tissue engineering.

However, like lyophilised sponges, these methods require scaffold preparation
before cell seeding, which makes it difficult to get cells inside the matrix with pore

sizes several times smaller than the cells.

Thus, the ideal nanofibrillar network is formed around the cells, entrapping them
within the matrix. The self-assembly of hydrogels does exactly this. Cells can be
included in the gel solution before allowing it to set, in which case fibril networks

form around the cells.
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1.6.5. Decellularised tissues

Tissues contain a complex mixture of cells, matrix proteins, soluble proteins and
GAGs. Replication of such a composition and organisation is very difficult.
Therefore, decellularisation was seen as the ideal method to obtain functional ECM
scaffolds for implantations [224]. Any cellular material has to be completely
removed from the tissue to prevent inflammatory reactions and immune rejection
of the scaffolds following implantation. The treatment processes used to remove
cells are harsh and will compromise the mechanical integrity and biological activity
of the ECM. These include physical methods such as sonication and freeze-thawing,
chemical treatments like acids and detergents (sodium dodecyl sulfate, Triton X-
100) and enzymatic methods like trypsin and endo-/exonucleases. These work by
damaging the cell membrane to empty cell contents and to disconnect cell-ECM
and cell-cell bonds, to expedite the removal of cell traces from the ECM [225].
There are several key factors that need to be carefully controlled: the ECM needs to
be sufficiently disturbed to allow diffusion of the chemical and enzymatic agents
throughout the ECM, and also to allow cellular material to be extruded from the
ECM. But, to maintain native tissue mechanics and architecture, this disruption

needs to be minimal.

Due to the diversity of tissue organisation, a decellularisation protocol has to be
optimised for each tissue type. Protocols using trypsin in the decellularisation
process has been previously reported to be successful for complete cell removal
from both human and ovine aortic valves [226,227]. However, trypsin was found to

be less effective on porcine heart valves [228,229]. Grauss et al. compared two
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decellularisation protocols on porcine aortic valves. Decellularisation of porcine
aortic valves using Triton X-100 resulted in the complete removal of cellular
components from the valve leaflet, though some cellular fragments were found in
the aortic wall and myocardium. Trixton X-100 reduced the collagen density and
removed most of the glycosaminoglycans, chondroitin sulphate, laminin and
fibronectin. Tryspin treatment left picnotic nuclei which could not be removed, and
resulted in a similar loss of laminin and fibronectin, greater loss of chondroitin

sulphate but a smaller reduction in the loss of other glycosaminoglycans.

These decellularised ECMs then need to be thoroughly inspected for cell and
chemical traces as these may elicit detrimental immune reactions. The treatment
methods used undoubtedly affects the composition, structure and mechanics of the
tissue ECM which limit its biological activity, strength and stiffness. In addition, it is
difficult to repopulate the decellularised tissue with cells due to the architecture of
the ECM, and especially so since GAGs and adhesive proteins had been removed
during the decelluarisation process. Protocols have to be fine-tuned to achieve

maximal decellularisation whilst minimising negative effects on the ECM.

1.6.6. Hydrogels
Hydrogels are formed from a network of polymeric fibres which are able to absorb
many times their dry weight in water. These can be either natural materials

(collagen |, laminin, hyaluronic acid, fibrin, alginate, agarose, gelatin) or synthetic
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(PLA, PGA, PEG). They are used because of their ability to simulate the nature of
most soft tissues, can be easily formed with cell-friendly methods, and most
importantly, cells can be embedded within the hydrogels [230]. The diversity of the
structure, architecture and content of the ECM suggests that different cell types will
behave and function in a more natural way if embedded within their native matrix
[231]. However, hydrogels have been used to culture cells ‘in 3D’ by placing cells on
top of a polymerised gel rather than in, which presents cells with a 2D environment

that is softer than tissue culture plastic [232].

Synthetic hydrogels are well-defined scaffolds with tuneable properties, but suffer
from their inferior cytocompatibility. Synthetic polymers [poly(L-lactic acid) (PLLA),
poly(vinyl alcohol), polyglycolic acid (PGA), poly(lactic-co-glycolic)acid (PLGA),
polyethylene glycol (PEG)] need to be modified biochemically to include cell
attachment sites, their surface properties (hydrophilicity, hydrophobicity) as well as
their structure (fibril diameter, porosity) need to be adjusted to improve
biocompatibility. Despite their great potential for modification and refinement,
they lack endogenous factors that enable natural cell behaviour, making it a
challenge to match in vivo-like conditions. For example, PLLA and PEG hydrogels
have been modified to include the Arg-Gly-Asp (RGD) cell attachment site, as well
as matrix metalloproteinase (MMP) substrates, to improve cytocompatibility and
biodegradability [233,234]. The functionalised PEG hydrogel has been shown to
provide a more acceptable substrate for human epithelial ovarian cancer cells than
the standard 2D culture environment as the cells self-organised to form structures

similar to that seen in patients [234]. However, two major factors limiting the use of
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synthetic polymers are the release of degradation products (which may possibly be

harmful) and the presence of fabrication remnants.

Hydrogels prepared from natural polymers have the advantage of cell attachment
and promoting cell function due to the presence of endogenous factors [235]. Their
inherent biocompatibility and biodegradability allows for cells to reside within and
in some cases, to remodel the matrix. Collagen hydrogels have been shown to be
able to house triple co-cultures of myoepithelial cells, luminal epithelial cells and
fibroblasts, resulting in an organisation that resembled native breast tissue [236].
Colon cancer cells (LS174T) grown together with fibroblasts in a collagen hydrogel
organized into glandular structures with the fibroblasts forming a network around
them. The fibroblasts were also shown to express genes that are characteristic of

activated tumour fibroblasts [237].

Hydrogels represent a simple model of tissue which has been used to assess
nanoparticles in terms of their stabilities within a tissue-like environment, ECM-
nanoparticle interactions and diffusion rates through cross-linked networks. It has
been demonstrated that particles as small as 130 nm in diameter may be greatly
hindered in movement by the fibrillar network of the ECM and that by altering
particle surface properties, binding affinities and hence diffusion rates may be

controlled [122,238].
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1.7. Collagen

Collagen is the most abundant protein in mammals, being the major component of
many tissues such as tendons, ligaments, bone and dentin, skin, cartilage and
cornea. Collagens come in many forms (at least 28 different types), though those
which contribute to fibril formation are very similar in structure [239]. Most bulk
material collagen tissues are predominantly type | (e.g. skin, tendon, bone, lung and
cornea), though the cartilages are largely type Il. Others are increasingly specialised
with cell interaction or fibril modification functions. However, in biomaterials
terms, type | collagen is most attractive. Collagen | gels are simple to produce,
usually by neutralising and warming chilled, acid-dissolved monomeric collagen |,
resulting in a natural 3-dimensional biomimetic material. Collagen molecules
assemble to form larger collagen fibrils which have diameters of 50-500 nm,
depending on tissue type. The molecules are arranged with a characteristic stagger
of 64-67 nm — known as the D periodicity, which is seen as a banding pattern under

an electron microscope.

The fibrous collagen protein has a hierarchical structure with collagen molecules
being the most basic building block. Collagen molecules are triple-helical chains
with a diameter of 1.5 nm and lengths of ~300 nm. These triple-helices can be
homotrimeric or heterotrimeric. Collagen | molecules are made up of two identical
al(l) chains and a single a2(l) chain, whereas collagen Il molecules are made up of
three identical al(ll) chains. A common feature amongst collagen a chains is the
presence of a repetitive amino acid sequence which gives rise to a central triple-

helical region within each a chain. This sequence is Gly-X-Y, where X and Y can be
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any amino acid but often are proline and hydroxyproline, and is repeated 337-343

times depending on collagen type.

The triple helical collagen molecules (1.5 nm diameter) group together in parallel to
make up larger collagen fibrils (50 — 500 nm), which form even larger bundles of
fibores and fascicles (10 um). This hierarchical structure of collagen was
demonstrated using patterned compressed collagen whereby multiple alignments
were present, depending on the length scale used [240]. At the macroscopic level,
an orthogonal pattern reflecting the nylon mesh used was seen on the surface of
the collagen. Down the length scale, parallel fibres were perceived, which were
comprised of randomly arranged collagen fibrils at the nano-scale. Cells can be
enmeshed within randomly orientated collagen nanofibrils, whilst being organised
into micro-structures to mimic native tissue architecture. This hierarchy allows
engineering of collagen at each level, giving greater degree of control over

complexities for direct tissue engineering.

Although collagen molecules are typically of fixed dimensions (1.5 nm in diameter,
300 nm in length), the fibrils they make up vary in both diameter and length,
depending on tissue type and function. Larger diameter fibrils are necessary for
withstanding high tensile forces in tissues such as tendon, whilst smaller fibrils are
more useful for resisting creep. The organisation of the collagen fibrils is also critical
for the proper functioning of the tissue. As tendon is only required to resist strain
along its axis, fibrils are uniaxially aligned to provide the necessarily high tensile

strength (100-140 MPa) required to transmit muscle forces, while remaining flexible
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enough to accommodate shape deformations with joint movement [241]. Collagen
fibrils in the cornea have uniform diameters (31 — 34 nm depending on age) and are
organised into parallel structures called lamellae which are about 2 um thick and up
to 0.2 mm broad. Fibrils within each lamella run parallel to each other but each
lamella is at an angle to the adjacent lamellae [242]. This arrangement gives the

cornea radial strength and more importantly, confers transparency to the tissue.

Fibrillar collagen is soluble at low pH and fibrils can be spontaneously reconstituted
by raising the pH and temperature to physiological levels. This in vitro fibrillogenesis
is influenced by the presence of other collagen types, the condition of the
telopeptides, composition and temperature. These factors affect the rate, size and
quality of fibril formation. For example, the presence of phosphate is required for
the formation of compact fibrils with a clear banding pattern. Thicker fibrils form at

lower temperatures (20°C) than at a higher temperature (34°C) [243].

Collagen is highly conserved between species and is inherently biocompatible and
biodegradable by many cells. It is therefore a good material for tissue engineering
purposes. However, collagen hydrogels, as mentioned above, are mechanically very
weak, usually having densities of just 0.2-0.5% collagen (w/w), with the remaining
99.5% being fluid. These gels do not have sufficiently high densities to mimic native
tissue physiology (commonly between 20-30% (w/w)). Plastic compression of
collagen hydrogels solves this problem by removing a large amount of this fluid and
condensing the collagen fibrils to produce scaffolds with densities approaching

tissue levels. Our aim was to use this tissue-like system to investigate the behaviour
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of nanoparticles in vitro, to have a greater understanding of the fate of the

nanoparticles in vivo.

The process of plastic compression involves the expulsion of a large amount of fluid
within the collagen gel through the use of an absorbent plunger. Due to the small
size of nanoparticles, they will follow the flow of fluid through the compressing
collagen gel until the size of the fibril network mesh reduces to that which can limit
that particular diameter of particle or its larger aggregates. At a point in the
process, the collagen fluid leaving surface becomes compact enough to block the
nanoparticle flow, whilst still allowing water molecules to escape. This results in the
generation of thin but dense sheets of collagen with entrapped nanoparticles
within the collagen fibrils. Compressed constructs have densities approaching
native tissue levels and thus mimic the natural in vivo environment better than

most 3D systems.

One of the advantages of using collagen is that cells can be enmeshed in the
collagen fibres, like they would be in tissue, allowing cell-matrix attachments to
form all around the cell. Cellularised collagen can be plastically compressed with
minimal or no detectable damage to the cells. When both cells and nanoparticles
are loaded into compressed collagen constructs, a system is created in vitro which
echoes body tissues following administration of nanoparticles. This is an excellent
tool for investigating the fate of the nanoparticles, how cells interact with them and

affect them, and how they affect cells, all within a 3-dimensional space.
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Good 3D in vitro models will greatly benefit research, especially for the
pharmaceutical industry. As talked about above, a huge amount of money has been
pumped into therapeutics research, with the discovery of many possible drugs but
very few successful ones. The monolayer cell culture technology most often used
for testing has undoubtedly been beneficial but it suffers from having poor
predictive power. Cells cultured on stiff plastic as monolayers are in an environment
that is alien to them [1,65,84]. Therefore, it can be expected that unusual cellular
behaviors will be observed. With better 3D cell culture systems, cells would behave
in @ more natural way and respond to stimuli in a more natural manner, thus giving

more predictable results when testing goes to the next level — in vivo studies.

1.8. Embossing of soft substrates

Tissues in the body have micro-architecture which help to maintain tissue
homeostasis. Some examples include blood vessels (internal structure), rete ridges
in skin and limbal epithelial crypts in the cornea (both surface structures).
Therefore, to properly mimic native tissue, such architectural characteristics should

not be overlooked and be incorporated into the engineered construct.

Surface anisotropy has been shown to be important in controlling cell alignment
and proliferation and differentiation [244-246]. Cells align themselves parallel to
grooves present on the surface of substrates [247,248]. The dimensions of the

micro-texture were shown to affect cell responses. Both the repeat distance
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between grooves and the depths of the grooves have been found to affect cell
alignment, with the latter having the greater influence [249]. Baby hamster kidney
(BHK) cells showed greater degrees of alignment with increasing groove depths
over the range of 100 — 400 um. Similarly, fibroblasts aligned more in the direction

of the grooves the deeper the grooves were [250].

The nucleus of a cell has been found to be segregated into regions of differing
degrees of gene activities by nuceloskeletal intermediate filaments A, B1, B2 and C
(which make up the nuclear lamina) [251-254]. The nuclear lamina provides both
support to the nucleus and a physical connection to the cytoskeleton. Therefore,
changes in cell shape can affect nuclear organisation and thus gene expression.
Using micro-grooves, hTERT BJ-1 fibroblasts were found to reposition chromosomes
resulting in significant changes in gene expression levels [255]. This suggests that
external mechanical forces affect subcellular organisation which in turn affects

downstream gene expression pathways.

Topography also has implications in stem cell niches. The epidermis of skin is made
up of five layers, one of which — the basal layer, contains stem cells. Within this
population of stem cells there are two sub-divisions of stem cells located either at
the top or bottom of rete ridges [256-258]. The rete ridges in ageing skin were
found to be flattened and stem cell markers have been shown to be downregulated
[259]. This implicates the peaks and troughs of the rete ridges in providing
specialised microenvironments for the maintenance of skin stem cells. Limbal stem

cells of the eye reside in micro-scale crypts where it is conducive for the

Tan N. S. Page| 56



Chapter 1: Introduction

maintenance of their plasticity [260]. Stem cells migrate from these limbal epithelial
crypts (LECs) towards the centre of the cornea during wound healing or corneal
regeneration. Therefore, micro-topograpical patterning is necessary in engineered
tissue to capture the natural behaviour and responses of cells in their local

microenvironment.

Micro-topographical patterning has been performed using wet etching, micro-
contact printing, photolithography, hot embossing, microfluidic patterning,
polishing grinding, abrasion, plasma spraying, acid etching and grit-blasting [261].
However, these techniques are viable only for synthetic, usually hard materials such
as glass and metals. Soft lithography is an approach that has been used for
fabricating micro-structures on organic materials. Replica moulding, solvent-
assisted micro-moulding, microcontact printing, micro-moulding in capillaries
(MIMIC), phase-shifting edge lithography, decal transfer lithography and
nanoskiving are examples of soft lithography techniques [262]. Soft lithography has
been used to pattern silk films [263], collagen films [264-266], gelatin and collagen-
glycosaminoglycan films [267], collagen gels [268-270], calcium alginate hydrogels
[271], methacrylated hyaluronic acid (MeHA) and poly(ethylene glycol) diacrylate
(PEGDA) [272]. These generally involve the use of photolithography to generate a
pattern template usually using polydimethylsiloxane (PDMS). The template is then
either pushed into pre-polymerised solution or the pre-polymer is cast over the
template. Separation of the two yields a gel with topography moulded into a

surface.
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Micro-patterned collagen films were prepared by pouring collagen solution over a
patterned PDMS template and air-dried overnight [266]. These films required
chemical cross-linking for stabilisation. Similarly, micro-patterned ‘basal lamina
analogs’ were fabricated by coating a PDMS template with either gelatin or
collagen-GAG solutions. These were air-dried overnight, peeled off the template
and cross-linked by thermal dehydration under vacuum [272]. Tang et al. used
microtransfer moulding as well as MIMIC to pattern collagen gels into hexagonal or
rectangular shapes while Yeh et al. showed that micro-scale square prisms, discs or
strings could be produced from MeHA or PEGDA using soft lithography and photo-

crosslinking.

However, soft lithography for micro-patterning membranes creates useful materials
only for investigations on the effects of 2D topography on cell behaviour and not
3D. The use of hydrogels instead of films with soft lithography does have the added
functionality of the third dimension, but in most cases, micro-patterning has been
performed to create discrete micro-gels (of different shapes and sizes), rather than
gels with micro-topography. Furthermore, the hydrogels used were highly

hydrated, with densities much lower than that of native tissues.

Micro-patterning of hydrogels has also been done by casting a hydrogel around a
removable pattern template [273]. Chrobak et al. cast collagen gels around a 120
pum-diameter needle [268]. Pulling out of the needle left a ~120 um-diameter
channel within the gel. Golden and Tien encapsulated a pre-formed pattern made

from gelatin within collagen, fibrinogen or Matrigel [274]. Raising the temperature
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of the set-up to 37°C resulted in the melting of the gelatin pattern, which was then
washed out to leave a hollow pattern in the shape of the original gelatin mould.
Dissolution of conical phosphate-based glass fibres cast within compressed collagen
constructs have been shown to form micro-channels in a directional and temporal
manner [275,276]. 3D-printing has been used to fabricate carbohydrate glass
lattices which were then placed within pre-polymer solutions of PEGDA/acrylate-
PEG-RGDS, fibrin, Matrigel, agarose or alginate [277]. Exposure of the lattice-gel
composite to complete medium for 10 min led to the dissolution of the
carbohydrate-glass, leaving behind an interconnected tubular network within the

hydrogels.

1.9. Plastic compression

Collagen gels have several advantages such as their biocompatibility,
biodegradability and low antigenicity. However, collagen gels contain a large
proportion of water (¥99.5%) with just 0.5% collagen content (similar density in a
cup of tea with sugar), with densities usually in the range of 1-5 mg/ml, which is
many times lower than the densities of native tissues (~20-30%). Roeder et al.
showed that collagen gels of concentrations varying between 0.3 — 3.0 mg/ml (0.03
- 0.3% w/w) had linear moduli between 1.5 and 24.3 kPa [278], whilst 0.4% collagen
gels were shown by Hadjipanayi et al. to have a Young’s modulus of 42.2 + 22 kPa
[55]. These values were many times smaller than that of plastically compressed

collagen constructs (20% w/w; 1805.3 + 214 kPa). Thus the gels are mechanically
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very weak with non-tissue levels of density [279]. Despite this, such compliant gels
have enabled research on cellular mechanics to be done. Collagen gels have been
known to be easily contracted by cells, as originally described by Bell et al. [280].
This allows the measurement of forces generated by cells within collagen gels [281]
or to apply forces on cells [282,283]. Others have utilised this to increase the

mechanical properties of their collagen constructs [284-286].

There have been other attempts to improve the mechanical properties of collagen
gels using chemical cross-linking. However, these methods proved to be cytotoxic
[287-289]. Other methods include reverse dialysis of collagen against PEG, but this
technique is only feasible with small volumes of collagen and achieving high
collagen concentrations requires time [290]; evaporation of collagen solutions to
obtain up to 40 mg/ml [291], slow injection of low concentration collagen into
microchambers can produce matrices approaching tissue-levels of density but they
always have a steep gradient of concentration 5-1000 mg/ml [292], a combination
of injection and dialysis to improve mechanical properties (25% w/v density) [293].
Helary et al. used ultrasonic waves or centrifugation followed by solvent
evaporation to concentrate collagen to 40 mg/mg (4% w/v) [294,295]. Puetzer and
Bonassar extracted collagen from rat tendon, centrifuged the acid-solubilised
collagen and lyophilised the pellet before reconstituting the collagen in acetic acid
at 20 and 30 mg/ml, which were used to prepare 1% and 2% collagen hydrogels
[296]. These methods all have their advantages, but a critical disadvantage they
have is that cells cannot be incorporated within the collagen, which diminishes the

benefits of using collagen in the first place. Another method for improving the
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mechanical properties of collagen gels is through mechanical conditioning. Loading
collagen gels with tensile or compressive forces promotes fibril alignment which
improves the mechanical strength of the gel in the direction of fibre orientation
[297,298]. However, load-induced fibre orientation so far takes several hours to

days to occur.

Brown et al. developed a technique termed ‘plastic compression’ (PC) that vastly
increases the collagen densities and mechanical properties of collagen gels [299]. A
collagen gel consists of a loose mesh of collagen fibrils ‘containing’ a relatively large
volume of water. Brown et al. discovered that this bulk fluid could be removed
without it returning, and at the same time compacting the collagen fibril mesh, to
produce thin sheets of collagen with much lower water content than before. The
expulsion of water can be controlled, allowing collagen density to be controllable
and predictable. Only the water, small particles and solutes are lost, whilst cells and
micro-scale particles are held in the gel [279,299]. Other advantages of this
technique include speed and ease of the process, reproducibility, cytocompatibility
and importantly it is a cell-independent process. Not relying on cells to produce
desired materials and structures gives the experimenter control over the direct
fabrication of tissues [300,301]. Furthermore, plastic compression increases the
mechanical properties of collagen gels to a greater extent in a much shorter time
than cell-contracted gels [302]. Plastically compressed collagen has been used to
engineer a number of tissue types such as nerve [303], cornea [304,305], cancer
[306], vasculature [307], bladder [308], skin [309,310], heart [311] and tendon [312]

for in vitro investigations as well as for tissue replacement.
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The top-down (indirect) approach to tissue engineering relies on cells to fabricate
natural tissue structures. Cells can be cultivated on a synthetic scaffold which
degrades slowly over time, whilst the cells produce their own matrix to replace the
disappearing scaffold [301,313]. Cells take time to produce extracellular matrix,
making indirect tissue engineering a time-consuming process. Furthermore, cells
cannot be controlled; only the cell culture conditions can be manipulated to achieve
some form of optimal condition (akin to agricultural farming) [314]. The direct
approach is more controllable and much more rapid, usually taking hours at most
(compared to weeks for cell-reliant culture) [299]. Bottom-up approaches to
engineering collagen constructs allow for the entrapment of cells within networks
of collagen fibrils formed from collagen monomers during fibrillogenesis, much like
their native tissue environment. Top-down tissue engineering methods usually
involve seeding cells onto a material and waiting for cellular invasion into the

scaffold.

During plastic compression, the fluid leaving surface (FLS) of the collagen gel
behaves as a dynamic filter, with decreasing pore sizes as the process progresses.
At the early phases of compression, water, solutes and small particles are able to
pass through the FLS easily but not cells, collagen fibrils and larger particles. Due to
the combined effect of fluid discharge translocating collagen protein to the FLS and
a compressive force acting on the gel, collagen fibril accumulations at the FLS
become increasingly dense further along in the process [279,299]. The density and

congestion at the FLS becomes so high that even fluid flow through it is limited
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[315]. Fluid filtration by the FLS creates an anisotropic distribution of lamellae -
layers of compacted fibrils, parallel to the FLS with the densest forming at the FLS.
This anisotropy is important for instructing cell behaviour through mechanical
signalling and for the mechanical properties of the construct [316,317]. Plastic
compression of collagen gels, then, is a good system for engineering dense
biomimetic collagen sheets with good mechanical properties, tissue-like
organisation of cells and matrix and can also be imbued with tissue-like

architecture.
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1.10. Thesis overview

The aim here was to develop an in vitro system which would mimic the native tissue
environment for the assessment of hyaluronan nanoparticle fate. This was carried
out by adopting a direct tissue engineering approach using type | collagen, a protein
naturally found in many tissues, and the technique of plastic compression, to
present cells and nanoparticles with a dense 3D matrix environment, micro-scale

architecture and molecular transport barriers.

Plastic compression has previously been performed using 5 ml rectangular moulds
and then scaled up and re-engineered to a 12-well format [319,320]. Here we took
it a step further to a 24-well format to improve efficiency. The system was first
characterised — determining the optimal amount of paper in a plunger for a 16 mm
diameter well (instead of 22 mm), calculating the fixed load needed to be placed on
top of the plungers et cetera (Chapter 3). Compression in this system as well as the
final constructs were characterised through measuring rates of fluid removal from
the gels, calculations of the hydraulic resistances of the fluid leaving surfaces and
measuring the thicknesses of the constructs (Chapter 4). We obtained an optical
confocal device (CTS-2; Lein A.D.,, UK) that would allow real-time thickness
measurements to be taken, in situ. Firstly, understanding the machine and
interpreting the results were necessary in order to assess the meter’s capability and
functionality. It was then used to determine the thicknesses of compressed
constructs and compared with histology, an end-point technique that is normally

used.
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Compression of collagen gels results in an anisotropic distribution of collagen in the
constructs, with the top (where the FLS is) accumulating more collagen than the
bottom — although, there are exceptions which will be discussed in later chapters.
At the time, there was no technique for analysing the collagen distribution in
compressed constructs. In Chapter 3, we devised a method that allowed us to look
at local density distributions in collagen constructs. We hypothesised that staining
sections of constructs with a collagen-specific dye (Sirius red) would result in
staining intensities corresponding to collagen densities, which could then be
analysed using Imagel (Chapters 3 & 5). To validate the method, density gradient
gels were cast to generate increasing concentration of collagen fibrils along the
constructs following compression [246]. These were then stained and analysed.
Once the method was validated, micro-patterned constructs were analysed to
study the distribution of collagen to gain insight into fluid flow during the

compression process.

Formation of collagen-dense fluid leaving surfaces was also investigated using the
collagen density analysis method (Chapter 3). It was observed that in larger
constructs, there appeared to be a second region of high density collagen on the
opposite surface to the primary FLS. This was looked into further so as to better

understand the dynamic mechanics of compression.

Cell- and nanoparticle-loaded compressed collagen constructs were investigated in

Chapter 6 as models of tissue following nanoparticle administration. Hyaluronan
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nanoparticles were incorporated into the collagen constructs rather than simply
adding them on top together with the culture medium. Due to the small size of the
particles, it was hypothesised that much of the initial nanoparticle load would be
lost with the bulk fluid by the end of compression, and whatever remained would
be trapped at the dense FLS. Collagenase digestion was used to release retained

HA-NPs and fluorometry was carried out to quantify the HA-NP amounts.

These cell- and nanoparticle-loaded constructs were then cultured for up to three
weeks. Firstly, the diffusion of the particles from the matrix was studied. We
hypothesised that in an acellular construct, there would be limited nanoparticle
movement since they would be trapped within the dense fibrillar network of
collagen. With cells however, there would be particle release from the matrix due
to cellular remodeling over time. Constructs were solubilised at set time points and
the amount of HA-NP remaining in the constructs determined by fluorometry.
Secondly, cellular uptake of the particles was investigated. Due to the dense matrix
being a barrier not only to nanoparticle diffusion but also to cell movement, we
hypothesised that cellular uptake in this 3D system would be lower than if the cells
were cultured as a monolayer. This would give insight into possibilities as to why in
vivo data often does not reflect the in vitro results. Uptake of HA-NP was

determined by measuring the fluorescence of cell suspensions following culture.

The materials and methods used for this work are described in Chapter 2. Chapter 3
focusses on FLS formation analyses and the development of methods used in this

thesis - the setting up of the 24-well PC system, collagen density detection method
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using histology and image analysis, optical confocal meter evaluation.
Characterisation of the 24-well compression process and the resultant constructs
are described in Chapter 4. The focus of Chapter 5 is the application of the novel
method developed to look at the local density distributions in micro-moulded
constructs to understand the effects of fluid and collagen movement during micro-
moulding on groove depth fidelity. Chapter 6 covers the investigation on HA-NP
incorporation into compressed constructs, including determining the entrapment
efficiency after PC, HA-NP diffusion from constructs over time in culture, and a
comparison of HA-NP uptake by cells in conventional monolayer culture and cells
within compressed constructs. Finally, the main outcomes are summarised in

Chapter 7.
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This chapter is a compilation of the materials and methods that were routinely used
throughout this project. Variations of these and specialised techniques will be

described in the “Materials & Methods” sections of relevant chapters.

2.1. Cells

Neonatal human dermal (foreskin) fibroblasts purchased from American Type
Culture Collection (ATCC), were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma, UK) supplemented with 10% foetal calf serum (FCS; First Link, UK),
2 mmol/l glutamine (Gibco Life Technologies, UK) and penicillin — streptomycin (500

unit mL™ and 500 pg mL™) (ICN Biochemicals, UK).

2.2. Preparation of hyaluronan nanoparticle suspension

Lyophilised HA-NP (485.3 nm diameter) was prepared and provided by D. Ossipov
from Uppsala University [325-327]. Briefly, a hyaluronan (HA) derivative containing
the reactive chemoselective groups, thiol (-SH) and hydrazide (-hy), was prepared
(HA-hy-SH). Hydrozone cross-linking of the HA derivative with an aldehyde-
derivatised HA resulted in the formation of a hydrogel. Hydrophobic cargo (in this
case, fluorescein isothiocyanate (FITC), was then covalently linked via a thiol
exchange reaction to the hydrazone network of the modified HA gel. Hyaluronidase

digestion of the HA hydrogel forms FITC-cojugated-HA nano-gels (nanoparticles).
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The HA-nanoparticles (HA-NP) were sized using dynamic light scattering (DLS) and
then lyophilized (Figure 2.1). De-ionised water was added to make a 100 ug/ml
suspension and placed on a rolling machine for 30 min at 37°C to disperse the
particles. HA-NP suspensions were stored in the dark at 4°C, and were mixed well

using a vortex shaker before use.

2.3. Preparation of acellular collagen gels

Collagen gels were prepared as previously described [299]. Briefly, collagen solution
was prepared in a wide-base 100 ml container as a mixture of 8 parts acid-
solubilized rat tail collagen type | (2.06 mg/ml; First Link, UK), 1 part 10X minimal
Eagle’s medium (MEM) (Gibco, UK) and 1 part Dulbecco’s Modified Eagle’s Medium
(DMEM) (Sigma, UK) supplemented with 10% (v/v) foetal calf serum (FCS) (First
Link, UK) and penicillin/streptomycin (500 unit mL? and 500 pg mL™) (ICN
Biochemicals, UK). All components were kept chilled in an ice box (+4°C). 5M NaOH
was then added drop-wise to neutralise the solution. Once the solution was
neutralised, it was left to stand in the ice box for 30 min to allow bubbles within the
solution to dissipate. Following which, the collagen solution was then aliquoted
with required volumes into wells of a multi-well plate (12- or 24-wells; Orange

Scientific, Belgium), and allowed to gel at 37°C for 30 min.
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2.4. Preparation of cellular collagen gels

Collagen solution was prepared using a ratio of 8:1:1 of collagen I, 10X MEM and
DMEM. The monomeric collagen solution was first mixed with the 10X MEM and
then neutralised drop-wise using 5M NaOH. This was to prevent cell exposure to an
acidic environment. This solution was left to stand to de-gas once neutralised. After
30 min, cells resuspended in DMEM were then added to the de-gassed, neutralised
collagen solution. Human dermal fibroblasts were used at a seeding density of 10°
cells/ml. The cell-collagen mixture was then gently swirled to distribute the cells
evenly throughout the collagen and minimize bubble generation. This was then

pipetted into wells and placed for 30 min in an incubator (37°C) to set.

2.5. Preparation of nanoparticle-loaded collagen gels

Nanoparticle-loaded collagen gels were prepared by mixing a solution of type | rat
tail collagen, 10X MEM and nanoparticles suspended in DMEM, in a ratio of 8:1:1.
The collagen preparation without the DMEM component was first neutralized drop-
wise with 5M NaOH before the nanoparticles in DMEM were added. This was to
prevent nanoparticle exposure to an acidic environment which may alter
nanoparticle chemistry. Changes to the chemistry of the nanoparticles may lead to
changes to their characteristics such as size and charge. Nanoparticles may also
unravel or open up, resulting in the release of their cargo. HA-NPs were used at a
concentration of 10 pg/ml. The mixture was then left to stand on ice for 30 min to
de-gas. Following which, the nanoparticle-loaded collagen was pipetted into wells

and placed at 37°C for 30 min to set.
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2.6. Preparation of nanoparticle-loaded cellular collagen gels

Collagen was prepared using type | rat tail collagen (80%), 10X MEM (10%) and
DMEM (10%). Collagen in dilute acetic acid was first mixed with 10X MEM and then
neutralised drop-wise using 5M NaOH. Once neutralized, this was left to stand for
30 min to de-gas. Cells and nanoparticles were re-suspended together in DMEM at
the desired concentrations. This cell-nanoparticle suspension was then added to
the de-gassed neutralised collagen solution and gently swirled to distribute the cells
and nanoparticles evenly. The cell-nanoparticle-collagen mix was then pipetted into

wells and incubated at 37°C for 30 min to allow the gels to set.

2.7. Plastic compression of collagen gels

Once set, collagen hydrogels were then compressed as described previously [299],
using a modified method of PC [319]. This modified method differs in the direction
of fluid removal. Multi-well compression expels fluid upwards through the top
surface of a gel, whereas fluid flows downwards and out through the bottom
surface of the gel using the original method. Briefly, absorbent plungers (made
from Whatman | filter paper or fibre) were placed on the set gels. The plungers
absorbed removed fluid and pushed down on the gels simultaneously to compress

the collagen.
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Paper plungers: Whatman | filter paper (40 mm x 100 m, Whatman, UK) was wound
around a spindle using a machine provided by TAP Biosystems. For the 12-well and
24-well formats, 175 and 95 cm of paper was used, respectively, to produce the
plungers of appropriate diameter for each well size. Additionally, paper discs were
cut out from Whatman | paper to match the dimensions of the wells. Two of these
discs were used for each gel to prevent the compressed scaffolds from sticking to
the plungers. A pressure of 1243.9 Pa was applied to each gel using stainless steel
weights (provided by TAP Biosystems, UK), taking the mass of the plunger into

account.

Fibre plungers: An alternative plunger type made from fibres (provided by TAP
Biosystems, UK) was to compress collagen gels. No weights or paper discs were

used together with this type of plunger.

12-well format: 1.2 m of chromatography paper 1 (4.0 cm X 100 m, Whatman, UK)
was reeled into cylinders of ~22 mm diameter for use as absorbent plungers.
Whatman | paper discs (Whatman, UK) were cut to size (~22 mm diameter). On top
of each of the collagen gels, two of these paper discs and one paper roll, along with

fixed loads (43.8 g) were placed on top of the gels.

2.8. Creating constructs with a horizontal density gradient
To create a horizontal density gradient within a collagen construct, a slightly-
modified upward flow method of PC was used. Collagen gels with a density gradient

were prepared by casting 3 ml or 4 ml of collagen mixture into wells of a 12-well
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plate (Orange Scientific, Belgium). The plate was placed at an angle of 25° and
incubated at 37°C for 30 minutes. This gave gels cast with an angle and so a surface
incline of 25° (Figure 3.5). The plate was then returned to the horizontal. As above,
a guide plate, two paper discs and a paper roll were placed on top of each gel, but
no weight was added. The hydrated collagen gel is mechanically very weak, so it
deforms and breaks apart easily. Addition of the weight would flatten out the
wedge-shaped gel, reducing or even completely removing the pre-set angle. The
gels were still compressed as absorption of water plus the weight of the paper
plunger is sufficient for PC at a reduced rate. The 3 and 4 ml gels were allowed to
compress for 20 and 30 min respectively. These timings were different to those
used normally not only because of the exclusion of weights, but also because of the
increase in thickness at one end of wedge-shaped gels which required a longer time

to reach equilibrium compression (i.e. where fluid loss reduced to near zero).

2.9. Micro-moulding - Introducing surface patterns

To introduce topography to the surface of collagen constructs, two different
template patterns were used for micro-moulding. These template patterns were
placed on top of the collagen gel (where the FLS will be formed) before the

initiation of PC.

The first template that was used was made from Kapton (a polyimide) which had a
ladder-like pattern, with the rungs of the ladder being pushed into the collagen gels
to create parallel rectangular-shaped grooves. These ‘rungs’ were 75 um thick and

50 um wide. The upward flow method of PC was used, whereby the Kapton
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template (provided by TAP Biosystems, UK) was placed on the top surface of a

collagen gel, before the addition of the paper discs, plunger and weight.

The second template was formed using stainless steel wires (wires.co.uk) of either
100 um or 200 um diameter, used with upward flow PC. 1.5 cm segments of wire
were cut. 6 pieces of wire were placed on top of each scaffold. These 6 wires were
lined up parallel to each other and manually spread evenly across the whole

scaffold surface.

2.10. Histology

Constructs were prepared for histology using a routine protocol. Briefly, samples
were fixed in 10% formalin solution and processed for routine paraffin embedding
and sectioning in the transverse plane at 8 um thickness. The sections were then
dried at 58°C overnight. The sections were then de-waxed in 3 washes of xylene of
4 min each. These were then re-hydrated through 2 changes of absolute alcohal,
then 90% alcohol, and 70% alcohol, for 4 min each. They were washed in running
tap water for 30 s before staining. Sections were dehydrated through an alcohol

series to absolute alcohol, cleared in xylene, and mounted in DPX (BDH, UK),
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2.11. Staining

2.11.1. Haematoxylin and Eosin

Haematoxylin (Sigma, UK) and eosin (Sigma, UK) is a widely used stain in
histopathology. Haematoxylin is basic and binds to the nucleic acids of cells,
colouring the nuclei deep purple. Eosin is acidic and binds to basic structures such

as the surrounding extracellular matrix and the cytoplasm of cells.

2.11.2. Sirius red

To study the morphology of plastically compressed constructs more closely, Sirius
red (DirectRed 80, Cl number 3578; Sigma, UK) was used. This dye has been shown
to bind more specifically and selectively to collagen fibres, and even stains the finer
fibrils intensely. This allowed us to visualise the distribution of collagen within
compressed constructs more clearly [320,328]. Sirius red solution was prepared
using 0.5 mg Direct Red 80 powder dissolved in 45 ml distilled water and 50 ml
absolute alcohol. 1 ml 1% NaOH was then added to the solution along with 20%
NaCl whilst stirring the mixture until a fine precipitate was observed. The mixture
was left overnight and filtered before use. Sirius red was added to sections for 1
hour following rehydration. After which, samples were washed, dehydrated and

mounted, as above.
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2.11.3. Hoechst 33342 and Phalloidin

Hoechst 33342 (Gibco, UK) was dissolved in PBS at a concentration of 0.1 ug/ml. To
view the cells using fluorescence microscopy, Hoechst 33342 was used to stain cell
nuclei. This dye is cell-permeable and binds to the minor groove of DNA, thus
labeling the nuclei. On histology samples, Hoechst was added to sections during the
staining step (above) following rehydration, for 30 min before rinsing off excess

dye.

Alexa Fluor® 594 Phalloidin (Gibco, UK) was added to PBS containing 1% BSA and
0.2% Triton-X100 to give a final concentration of 3.0 x 10 MM, to which, Hoechst
33342 was added for whole construct imaging. Samples were first washed with PBS
3 times and then fixed using 10% formalin for 30 min. After which, the samples
were again washed 3 times with PBS. The phalloidin-containing solution was then
added to the samples and left on a shaker for 45 min. Following which, PBS was

used to wash the samples 3 times, before mounting the samples for imaging.

2.12. Microscopy

2.12.1. Light microscopy (Olympus BH-2, Olympus Camedia 2020Z)
Haematoxylin/Eosin- and Sirius red-stained sections were visualised using an

Olympus BH-2 microscope, with images taken using an Olympus Camedia 2020Z.
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2.12.2. Fluorescence microscopy (Olympus BX61)

Fluorescently-labelled samples and samples containing FITC- / nile red-loaded

nanoparticles were viewed and imaged using an Olympus BX61.

2.12.3. Scanning electron microscopy (Jeol, JSM 5500 LV, Japan)

Samples were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer for 30
min. They were then put through an ascending alcohol series for dehydration.
Hexamethyldisilazane was then added and left on to dry overnight. This protocol
ensured that samples were thoroughly dehydrated prior to SEM imaging. Processed
samples were then sputter-coated with gold-palladium and imaged using a Jeol JSM

5500 LV SEM at a voltage of 20 kV.

2.13. Image analysis

2.13.1. Horizontal gradient constructs

Constructs prepared for histology were photographed along their entire length to
capture the whole construct (Olympus BH-2 photomicroscope). Images were
converted to greyscale and inverted for analysis using Imagel (version 1.45). Using
the “Line selection”, construct sections within each image was highlighted and “Plot
Profiles” for each image were generated. As much of the construct as possible was
selected without including the background. These were then compiled sequentially

to obtain an overall plot profile of a construct. In this case, the plot profiles
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measure the average pixel intensities in the z-plane of the construct against the
length of the construct (x-y plane). Lines of best fit were then calculated to obtain
the gradient (change in pixel intensity against distance along the construct) of the

construct.

2.13.2. Micro-moulding analysis

Micro-moulded constructs were analysed using “line selections” with the line width
set at 20. Line lengths were set to correspond to the thickness of the construct
beneath the engineered grooves. Multiple line selections were then positioned
vertically along the construct in a chronological order. Mean pixel intensities of
each line selection was then measured and plotted against its position along the
construct to generate a graph of mean pixel intensities against position along the

construct.

2.13.3. Fluid leaving surface analysis
Single line selections were used to highlight sections of a construct in the z-plane.
Plot profiles were generated to obtain the mean pixel intensities across the

construct going from the top to the bottom (or vice versa).
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2.14. Fluorometry

Compressed collagen constructs were placed individually in 30 ml universal tubes
with 1 ml of 0.2% bacterial collagenase | (Gibco, UK) in phosphate buffered saline
(PBS) and digested on a rotating shaker for 20 min (600 rpm) at 37°C. Following
digestion of the collagen matrix, 8 ul of each digestion mixture was diluted in 4 ml
phosphate buffered saline (PBS) for fluorometric measurement (Perkin-Elmer LS
50B) at excitation/emission wavelengths of 495/520 nm and 552/636 nm for HA-NP

and GCPQ-NR respectively.

Hyaluronan nanoparticles (HA-NP) were resuspended in PBS at concentrations of
0.001, 0.005, 0.00325, 0.01, 0.0125, 0.025 and 0.05 pg/ml for calibration using the
fluorimeter. Measurements in this range resulted in a plot (Figure 2.1) which had a
correlation coefficient, r, of 0.9996226 and coefficient of determination, r?, of
0.9992454. This indicates a strong correlation over this range between HA-NP and
fluorescence intensity and that reliable predictions of HA-NP concentrations can be

made from fluorescence intensity measurements.

Tan N. S. Page| 79



Chapter 2: Materials & Methods

Diam. (nm) % Intensity Width (nm)
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Figure 2.1: DLS measurement results showing that the
hyaluronan nanoparticles were on average, 485.3 nm in
diameter. The polydispersity value (Pdl) was low at 0.187,

indicating uniformity in the sample.
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2.15. Statistical analyses

All experimental conditions were conducted with a sample size of 3 or more and
data were represented as mean t standard deviation. Where two groups were
compared, t-test was used. Multiple group comparisons was done using one-way
ANOVA (analysis of variance). Statistical differences were considered to be

significant when p<0.05.
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Figure 2.2: Calibration curve of HA-NP fluorescence in in the range of 0 —
0.05 ug/ml. The linear relationship between this concentration range and
fluorescence intensity indicates good correlation between the two

variables.
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Surface

In this chapter, we describe and discuss the development of several experimental
methods and techniques, and also the formation of the fluid leaving surface(s)

(FLS).

3.1. Scaling up the multi-well compression system

Much research carried out using plastically compressed collagen has been by using
custom-made rectangular moulds [55,244,246,299,329-331]. In this technique, the
gels were sandwiched between two nylon meshes. A glass slide and a fixed load
were placed on top of the gel and filter paper for compression and fluid removal.
Whilst this set-up has undoubtedly led to new knowledge and possible therapeutic
applications, it has a low output, with the production of only 1 - 2 compressed
constructs at a time. It involves much gel manipulation and produces an FLS on the
basal, filter paper-side surface. This was then scaled up (in terms of output) to a
multi-well system where 12 constructs can be made simultaneously in conventional
closed bottom wells [304,319]. Furthermore, the experimental set-up was
simplified to using a 12-well plate, paper plungers on top and a fixed load. Sample
handling was reduced, minimising infection and damage to the constructs. Here we
take it a step further to fabricating 24 constructs at a time (in a 24-well plate). The
system is fundamentally the same as the 12-well system, but adjustments had to be

made and characterisation of these smaller constructs were carried out.
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Wells in a 24-well plate measure 16 mm in diameter (compared to 22 mm for the
12-well plate). Therefore the size of the paper plungers was reduced accordingly.
Whatman | filter paper (40 mm x 100 m, Whatman, UK) was wound around a
spindle using a machine provided by TAP Biosystems (Figure 3.1A). 95 cm of paper
was used to produce the plungers. Paper discs were cut out from Whatman | paper
to fit the wells. Two of these discs were used for each gel to prevent the
compressed scaffolds from sticking to the plungers. Using a fixed load of 43.8 g in
the 12-well system, the applied pressure was calculated to be 1243.9 Pa, taking the
mass of the plunger into account. The required mass for exerting the same amount

of pressure for the 24-well format could then be calculated:

12 — well system, Pressure exerted by plunger and fixed load:
Diameter of well (12 —well format) = 22 mm

Area = mr?

Area = m (0.011m)?

Area = 3.801 x 10~* m?

M, =438g
MPP = 4‘.4‘ g
M;=482g
Force
Pressure =
Area
Pressure = (0.0482)(9.81) Pa

3.801x10~%

Pressure = 1243.9 Pa
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The mass required to exert 1243.9 Pa in the 24 well-system is as calculated:

24 — well system, Mass needed on top of plunger:
Diameter of well (24 — well format) = 16 mm
Area = mr?

Area = m (0.008 m)?
Area = 2.0106 x 10~*m?

Force = Pressure X Area
Force = 1243.9 Pa x 2.0106 x 10~*m?2

Force = 0.2501 N

~0.2501
™™ 981
M,=255¢g

M, =MT — MPP
M, =255g —3.48¢

M; =22.02 g (per well)

where Mpp, M| and My are the paper plunger mass, mass of the fixed load and the

total mass.

Fibre plunger system: An alternative plunger type made from fibres (provided by
TAP Biosystems, UK) was used to compress collagen gels (Figure 3.1B). No weights
or paper discs were used together with this type of plunger, resulting in decreased

pressure applied to the collagen gels. The pressure exerted by a fibre plunger was
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calculated to be just 149.8 Pa, 10-fold smaller than the pressure exerted by the

paper plunger system.
Pressure exerted by fibre plunger:
MFP = 3.07 g

Force

Pressure =
Area

(0.00307)(9.81)
2.0106 x 104 m?

Pressure =

Pressure = 149.8 Pa

where Mgp is the mass of a fibre plunger. This reduced pressure explains the greater
compression times required when fibre plungers are used. The pressure exerted by
the fibre plunger system is a lot smaller than with the paper plunger method, but
the lack of pressure is accompanied by greater absorbency. However, the greater
absorptive power does not fully compensate for the lack of pressure on the gels,
resulting in longer compression times. Compression times were similar for 0.5 and
1.0 ml gels (3 min for both; 5 and 6 min for paper and fibre plungers respectively),

but greater for 1.5 and 2.0 ml gels (7 and 11 min; 12 and 15 min) (see Chapter 4).

Absorbency was compared by first measuring the dry weights of the plungers, then
placing them into a shallow bath containing water for 1, 10, 20 and 30 seconds.
Figure 3.2 shows that at 1 second, there was not much difference between the
amount of water absorbed by paper (1.17 + 0.2 ml) and fibre (1.12 + 0.17) plungers.
By 10 seconds, fibre plungers (2.63 + 0.17 ml) absorbed a statistically significantly

greater amount of water compared to the paper plungers (2.19 + 0.09 ml). This
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shows that the fibre plungers have greater absorbency compared to paper
plungers. After this point, the amount of water absorbed by fibre plungers only
increased very slightly (2.99 + 0.14 ml after 30s) as this was close to their maximum
capacity. Paper plunger absorption continued up until 90 seconds where it reached

its full capacity of 7.73 ml (data not shown).

Paper plunger

Figure 3.1: The two types of plungers used for compression. (A)
Photograph of the custom-built machine used to produce paper plungers
. (fabricated by Mr M. Purser, TAP Biosystems). Inset: Photograph of a

86
paper plunger used for 24-well plates. (B) Photograph of fibre plungers.
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Figure 3.2: Greater rate of absorption of water by fibre than paper
plungers. Fibre plungers showed greater absorbance than paper plungers
in the first 10 seconds, when it then reached its maximum capacity. Error

bars depict the standard deviations of the mean (p<0.05; n=3).
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3.2. Collagen density analysis

Plastic compression of collagen gels results in an anisotropic compaction of collagen
fibrils, with the FLS side being the densest and the opposite side (usually) being the
least dense [330]. The larger the initial volume of gel used, the more likely a
secondary FLS will form during the compression. Formation of a secondary FLS
changed the distribution of collagen within a construct as collagen fibril
accumulation followed fluid movement. Other factors may also affect collagen
distribution during compression such as micro-patterning (or micro-moulding) and
multi-layering. It is important to know what the patterns and densities of collagen
distribution are as these will affect cell behaviour (more about this in Chapter 4).
However, there is no simple technique for quantifying the local collagen density in

collagen constructs. Therefore, we aimed to develop a method for doing so.

Histology of cross-sections of collagen constructs gives a good view of the collagen
fibrils and lamellae that form because of the compression. From samples stained
with eosin, it could be seen that there were differences in staining intensities in
different regions of a construct. Therefore, we decided to take a histological
approach to quantifying local collagen densities. Added benefits for doing so

include its simplicity and that we routinely perform histology.

Various dyes are used to stain for collagen fibres in histological samples, such as van
Gieson stain, and the various forms of trichrome staining. However, these stains
lack the selectivity and specificity for collagen molecules, especially the very thin

fibres [334]. As such, a more collagen-specific dye was needed. Previous studies
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have shown that sirius red stained even the finer collagen fibres more intensely
than the traditional dyes [332,335]. Anionic sirius red binds to collagen fibres
through interactions of its own sulphonic acid groups with the basic groups of

(hydroxy)lysine and arginine’s guanidine groups  [333].

Junqueira et al. showed that blocking interactions with collagen basic groups
resulted in a drastic decrease in Sirius red staining. For example, deamination of
collagen samples reduced Sirius red staining by 43%, while acetylation of guanidine
and amino groups and chlorination of amino groups reduced staining by 83% and
85% respectively. Tullberg-Reinert and Jundt assessed the specificity of the Sirius
red stain on several different ECM components including laminin, heparin sulphate
proteoglycans, fibronectin, collagen I, collagen Ill and collagen IV. They showed that
only collagen | gave an intense red staining with sirius red, which was
concentration-dependent and twice as effective as on collagen Il [336]. In
hepatology, the collagen proportional area (CPA) is used to determine the extent of
liver fibrosis. Masson’s trichrome has routinely been used for this purpose whilst
others have used sirius red [379]. Huang et al. compared the two staining methods
and showed that with sirius red, more accurate and reproducible results were
obtained than with Masson’s trichrome [380]. Since sirius red has been reported to
be advantageous over other collagen stains, we decided to use this dye for our

analysis method.
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3.2.1. Image processing

Coloured photographs were first converted to greyscale with values ranging from 0
(black) and 255 (white) so that the construct appeared dark on a light background),
and then reversed so that the construct appeared white on a dark background to
avoid confusion over pixel values (Figure 3.3); in this way, a higher value will

correspond to a higher fibril intensity (Figure 3.4).
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Figure 3.3: Image
processing  for  the
collagen density
analysis. A coloured
photograph  of the
cross-section of a
compressed collagen
construct stained with
sirius red is  first
converted into black-
and-white. The
construct appears dark
on a light background
after this first step.
The image is then
inverted so that the
construct appears
bright on a dark
background.
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Figure 3.4: Digital image of a Sirius red-stained compressed collagen
construct after conversion from colour to greyscale (A) and then inverted
(B). The graphs on the right of the images are the plot profiles across the
constructs in the z-plane (line shown in (B)). As can be seen in A, the
lower pixel values correspond to the construct, which may cause some
confusion. Therefore the image was inverted so that high pixel intensity

corresponded to the intensity of the dye (B).
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3.2.2. Validation

To verify that image analysis would detect differences in staining intensities within
constructs, a known model for fabricating constructs with density gradients was
used [246]. Collagen solution was pipetted into multi-well plates as per usual. The
plates were then tilted at a defined angle during the setting stage to generate
wedge-shaped gels. Compression of these gels would produce constructs with a
gradient of collagen density along the original slope of the wedge (Figure 3.5). The
aim was to test if this density gradient would be reflected by Sirius red staining,

serving as a way of validating the analysis technique.

Three angles (19°, 25° and 31°) were tested to generate three different gradients on
three initial gel volumes (2, 3 and 4 ml) in 12-well plates (Figure 3.5). 2 ml gels were
extremely thin after compression, making it impossible to handle without causing
them damage. 31° was the maximum possible for 4ml gels before the collagen
solution began to spill out of the well. But with such a steep angle, and the
compliancy of collagen gels, the weight of the plungers caused deformations in the
slope during compression. This problem did not occur with the smaller 25° angle as
more of the gel was in contact with the plunger to support its weight at the start of

compression. Hence the 25° angle was used routinely.

Graded constructs were prepared and photographed along their entire lengths for
the analysis resulting in about 20 images taken per construct as described in section
2.13.1. Line selections were used to highlight the construct within each image. “Plot

profiles” were then created using the Imagel function resulting in around 20
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individual plot profiles per construct. These were then compiled in the right order,
to generate a graph of mean pixel intensities across a whole construct. Results
showed that where gradients were present, gradients of staining intensity were
also present, and importantly, in the predicted direction (Figure 3.6). Figure 3.7
shows the compiled results from 3 and 4 ml (initial volume) constructs either set at
an angle of 25° or flat (control). The results show that the analysis method did not
pick up a significant intensity gradient in constructs created without a density
gradient (3 ml: (2.241.73)x10™* pm™; 4 ml: (2.61.64)x10™* um™). Constructs cast at
an angle did display changes in staining intensities, with the 3 and 4 ml constructs
having gradients of (1.1+0.67)x10™ um™ and (6.6+3.2)x10™ um™ respectively. These
gradients were statistically significantly different to the constructs made without
gradients. Another point to note here is that the measured gradients of the 3 and 4
ml constructs were not significantly different. As these were cast at the same angle,

the same rate of change of density would be expected.

Tan N. S. Page| 94



Chapter 3: Methods Development & the Fluid Leaving Surface

Absorbent Plunger I

‘ Compression

T Fluid flow
1. collagen density

*Pre-compressed collagen gel

\ 4

Low Densit High Density

Compressed collagen construct with a density gradient

Figure 3.5: (A) Schematic representing the shapes of gels formed with 2,
3 and 4 ml collagen cast at an angle of 25°. (B): A schematic showing the
plastic compression (upward flow method) of a collagen gel cast with an
angle. Wedge-shaped gels would be compressed to give a construct with

uniform thickness across, but with a density gradient of collagen.
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Figure 3.6: An example graph of the density analysis results from one
graded construct. Plot profiles from individual images were compiled to
create an overall plot profile for the construct. The important point here
is that the detected gradient matches the direction of the slope of the

construct.
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Figure 3.7: Graph of measured gradients of constructs showing that
density changes were detected in the predicted directions. Notice there
was no significant difference between gradients as the gradients should
have been the same, just across different density scales. Error bars

depict the standard deviations of the mean (p<0.05).
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3.2.3. Image analyses

Two semi-quantitative methods of analyses were used. The first way we analysed
constructs was to look at collagen distribution along the cross-section (x-y plane) as
described in section 2.13.2. This was done using line selections set at a fixed width
as it allowed the repeated use of the same line, thus ensuring that the area of the
region measured was identical each time. Lines were arranged side by side,
perpendicular to the FLS, along a section of the construct being analysed (Figure
3.8). The mean pixel intensities within each rectangular segment was measured.
This method was used for analysing micro-moulded constructs where solid blocks
were pushed into the FLS to create grooves. Micro-moulding would change the fluid
flow mechanics and possibly collagen distribution. Therefore, we wanted to see if

there were any changes and to identify what they were.

The second was to scan across a construct using a line selection, perpendicular to
the FLS, to study the distribution of collagen in the z-plane (Figure 3.4) as described
in section 2.13.3. Several functions from Imagel) helped with the visualisations of
the scans performed. “Plot profile” plots the pixel intensity measurements as a
graph, whilst the “3D plot” function digitises the region scanned and renders a 3D
image of that region. This method allowed us a greater understanding of the

compression process and how fluid flow and collagen accumulation occur.
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Figure 3.8: Screenshot image of the analysis of local collagen density
distributions in a compressed collagen construct (marked out by the red
dotted lines) wusing cross-section measurement domains (yellow
rectangles) and the corresponding graph of measured mean pixel
intensity values. Average pixel intensities were measured for each yellow
boxed region which were then plotted against its corresponding position

along the construct to obtain the graph.
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3.3. Lein optical confocal device measurements

Plastic compression of collagen hydrogels allows the controlled fabrication of
constructs. Two controllable properties are collagen density and layer thickness
which are interconnected characteristics in this system. Densities of constructs can
be increased by increasing matrix compaction and thus decreasing construct
thickness, to suit a variety of purposes such as bone, nerve or skin tissue
engineering. It is necessary to be able to accurately determine these properties of

constructs for reproducibility and functionality.

Histology has been the primary method for determining the thicknesses of these
scaffolds. However, this is only able to give end-point results. Furthermore, the
heavy processing steps involved in histology (alcohol and dehydration) to obtain a
stained section ready for imaging likely alters the thicknesses of these constructs,
thus giving inaccurate information. Scanning electron microscopy (SEM) can also be
used to find out the thickness of a sample, but it involves radical dehydration of the
sample resulting in smaller/thinner samples when imaged. An optical method for
determining tissue thickness in real time without the need for processing is
necessary in order to make accurate measurements and to be able to study the

process of plastic compression [338-340].

There are several methods for determining tissue thickness such as magnetic
resonance imaging (MRI), computerized tomography (CT), ultrasound,
microspectrophotmetry, confocal microscopy and optical coherence tomography

(OCT) [341-346]. Ultrasonography, MRI and CT scans have good penetration but
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poor resolution (hundreds of microns), whilst confocal microscopy and OCT have
sub-cellular resolutions. Thus, the latter two suit our purpose of determining the
thicknesses of compressed collagen constructs typically tens of microns up to
hundreds of microns. However, both of these techniques require big, expensive
machinery for producing images. Additionally, confocal microscopy usually requires
samples to be removed from sterile conditions for scanning. Thus there is a lack of a

low-cost method for determining engineered tissue thickness non-invasively.

The CTS-2 (Lein Applied Diagnostics, UK; Figure 3.9) is an optical device developed
to allow non-contact measurements to be made in situ in less than 1 second [347].
It works by emitting a low-powered (Class I, A:1310 nm) laser beam which passes
through a sample and captures reflected light back off media-gel interfaces which
the laser propagates through where they have different refractive indices (e.g. a
glass-air interface). The focal point moves through the sample during the scan, and
any reflected light returns to the CTS-2 detector via the same path as the emitted
light (Figure 3.10) to give a map of reflection points (or media interfaces) within the

entire scan range (<1 mm), with reflection points registering as peaks (Figure 3.11).

As compressed collagen scaffolds are very thin, physical handling may damage the
scaffold architecture or may be improperly placed on the instrument, giving
inaccuracies in measurements. This system negates the need for sample transfer
and scaffolds can be measured directly in their wells. The ability to make
measurements in situ is a great asset as subsequent readings may be taken over

long periods of time — unlike histology which is an end-point process.
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Figure 3.9: A diagram and photographs of the CTS-2. (A): Diagram
showing the internal components of the CTS-2. (B): Photograph of the
optical components of the CTS-2. (C): Photograph of the assembled CTS-2
as was used for experiments, where samples in situ were simply placed

over the measurement window.
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Figure 3.10: Schematic depicting the light paths in the CTS-2. Light from
the laser source first comes into contact with a mirror-type beamsplitter,
reflected onto a dichroic mirror, through lenses and into the sample. The
light from here then passes through two lenses which focus the light. The
second lens moves during the scanning, which shifts the focal point. Any
reflection off the sample follows the same route to back to the
source/detector as the source light but in opposite directions. Blue line:
source light; Red line: Reflected light (Note: the red line should actually

be overlaid on the blue line, but was drawn otherwise for clarity).
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Figure 3.11: (A): Schematic demonstrating how the CTS-2 works. Laser
from the source is emitted upward through the well and sample, with
any downward refracted light being captured by the detector. 1 is the
first point of reflection (change in refractive index) that the system
detects, which corresponds to the plastic-collagen interface of the top of
the well base and the bottom of the collagen construct. 2 is the second
reflection point, corresponding to the interface of the top of the
construct and air. (B): Example CTS-2 measurement of a compressed
collagen construct using Lein’s pControl software. The two peaks
correspond to regions 1 and 2 from (A). Thus 1 and 2 mark out the
highest and lowest points of a construct to give a measurement of

thickness, in this case, 100.6 um.
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3.3.1. Interpretation of scans (in collaboration with Dr D Daly, Lein
Applied Diagnostics, UK)

During a scan of a sample, laser is projected through the base of the plastic multi-
well plate, which has a certain thickness (954.9 um in this case), through the plate,
into the sample and then out of the sample (Figures 3.12 and 3.13A). The laser
typically passes through three interfaces during a scan of a sample — (1) the air-
plastic interface at the base of the plate, (2) the plastic-sample interface at the base
of the well and (3) the sample-air interface at the top of the sample Figure 3.12. The
materials through which the laser passes have different refractive indices. The
plastic of the multi-well plate, collagen construct and air have refractive indices of
1.5649, 1.335 and 1.0003 respectively. At these interfaces, there are changes in
refractive indices which create points of internal reflection. As the laser progresses
through a scan, light is reflected off these interfaces, downwards and into the
detector in the CTS-2 and picked up as peaks in a graph. Since the maximum limit of
the machine is about 1 mm, not all these interface peaks can be displayed on one

graph.

Once the bases of the plate and well have been found, the emitter/detector is
adjusted to shift the graph to the left for the detection of any additional interface.
In Figure 3.13B, the well was empty, so only the plastic-air interface was detected.
As can be seen, this large peak actually has three much smaller peaks to the left of
it. This shape of 3 small + 1 large peaks is characteristic of scans from the CTS-2. The
shapes have been slightly distorted in Figure 3.13A due to the machine being close

to its measuring capability.
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Figure 3.12: Diagram depicting the laser path during a scan of a
construct. Laser from the source is emitted through the plastic of the
multi-well plate, into and then out of the collagen construct. In doing so,
the laser beam passes through three interfaces (red circles; 1 — 3). The
first interface the laser encounters is the air/plastic interface (1) at the
bottom of the plate. Light then travels through the plastic and crosses
the plastic-collagen interface (2) as the laser travels out of the plastic
and into the collagen. The third interface is the collagen-air interface (3)
as the laser exits the collagen gel. The laser beam has been simplified as

a single vertical arrow.
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Figure 3.13: Screenshots of the software graphical user interface (GUI).
(A) Initial adjustments to the position of the emitter/detector had to be
made prior to sample scanning. The base of the well had to be found
which corresponds to the bottom of a construct. This peak had to be
distinguished from the base of the plate. (B) Once the two peaks had
been identified, the emitter/detector was raised so that any interface
above the base of the well could be detected. In this case, the well was
empty, so there were no further changes in refractive index in the laser

beam path.
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A scan of a sample produced two large peaks which corresponded to the well-base-
construct-bottom interface and the construct-top-air interface, with the distance
between the two peaks equating to the thickness of the construct. Measurements
were found to be more consistent when constructs were not submerged in liquid.
The device has a high sensitivity and detects tiny movements of fluid which affects
the measurements. So before readings were taken, fluid was removed from the

wells to obtain more consistent measurements.

0.5, 1.0, 1.5 and 2.0 ml collagen gels were cast in 24-well plates and compressed.
Immediately after compression, PBS was added to all the constructs to prevent
them from drying out. Just prior to measuring the thicknesses of constructs, the PBS
was removed. One benefit of the CTS-2 is that measurements can be made in situ,
so the constructs would not need to be interfered with, minimising the risk of
sample damage or incorrect placement of samples. The multi-well plates were
simply placed on top of the device with the construct to be examined positioned
over the device window. As the beam width is small (4 um), at least three different
points around a construct were taken, with 30 scans per point, for a better

representation of construct thickness.

For comparison, 0.5, 1.0, 1.5 and 2.0 ml constructs were compressed and prepared
for histology. Cross-sections of these constructs were stained using Sirius red and
photographed to determine their thicknesses using Imagel. A graticule was used as

a scale to size the constructs.
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The results from both techniques were then compiled and plotted as a histogram
(Figure 3.14A). What is apparent is that the real-time measurements (using the CTS-
2) were consistently larger than those made using histology and image analysis. 0.5,
1.0, 1.5 and 2.0 ml constructs measured using the CTS-2 measured 43.0 + 2.27, 87.7
+7.35,124.5 + 15.2 and 160.3 + 28.6 um respectively. The histologically processed
constructs measured 27.7 + 8.9, 52.7 + 13.2, 99.6 + 19.4 and 139.3 + 14.0 um
respectively using digital image analysis. The average difference between
histological and optical confocal measurements was 24.1 + 8.28 um (Figure 3.14B),
showing a fairly constant underestimation of construct thickness by histology across
all the collagen constructs and represents a greater percentage error for thinner
constructs. This difference shows a clear under-representation of construct

thickness when the collagen constructs undergo histological processing.

In some scans however, multiple peaks were detected in between the two main
peaks (Figure 3.14A). Reflections off accumulations of collagen in the construct
were likely to have caused these smaller peaks. Plastic compression generates
collagen lamellae to form within the constructs, with a decreasing gradient of
density from the top to the bottom. The three small peaks in Figure 3.14A are close
to the FLS at the top of the construct, and decrease in height from top to bottom.
This may possibly reflect the collagen lamellae layout within the construct, though
this cannot be verified as it could just be the artefact triplets ahead of the main

peak as mentioned above.
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Figure 3.14: Thickness measurement comparison showing that the
histology method constantly underestimates the thicknesses of
constructs. (A) Thickness measurements of collagen constructs using the
Lein CTS-2 and histology. (B) The absolute differences between the two
measurement techniques. These show that measurements made using
image analysis of histology images were constantly smaller than real-
time measurements using optical confocal scanning by 24.1 £ 8.3 um on
average. Error bars depict the standard deviations of the mean (p<0.05;

n=9).
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3.3.2. Detection of variables within compressed constructs

Multi-layering collagen constructs allows the complexities of the tissue mimics to
be increased, and tailored for specific purposes. For example, different cell types
may be seeded into different layers of collagen to mimic native tissue organisation.
There are three possible modes to create multi-layered constructs: (1) The quickest
way to create layered constructs is to separately compress several gels and then to
stack them up once compression is completed. This method is the fastest way as
there is no extra waiting time for the gelation of additional gels. However, there is
also no integration between the separate layers [320,330,337]. (2) The second
method is to sequentially compress layers of collagen, whereby each new layer is
compressed on top of the previously compressed layer. This method provides some
useful integration between the layers. (3) The method which gives the best inter-
layer integration is when multiple collagen gels are stacked prior to compression
and then simultaneously compressed together at one go. Due to the fluid
movement during the process, collagen fibrils are dragged across inter-layer
interfaces, providing a physical link between the layers, i.e. they become

mechanically integrated [320].

Simultaneously-compressed double-layered constructs were scanned using the Lein
CTS-2 meter to test if the inter-layer interface could be detected by optical means.
However, none of these interfaces were detectable, only the peaks corresponding
to the bottoms and tops of the constructs were detectable. This was most likely due
to the refractive indices being too similar (Figure 3.15A). To determine if structures

within compressed constructs could be detected by the CTS-2, a triple-layered
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construct was devised. This multi-layered construct consisted of a 0.5 ml layer
loaded with hydroxyapatite particles, sandwiched by two 1.0 ml ‘empty’ layers. The
hypothesis was that this would create a thin layer of hydroxyapatite within the
construct which would reflect light back to the detector. A scan of this triple-layer
construct is shown in Figure 3.15B. Marked out by the yellow circle is a small peak
roughly in the middle of the two main peaks. This middle peak could have been
caused by reflection off the hydroxyapatite layer. However, not all of the scans
showed a peak in the middle. The hydroxyapatite particles may not have been
uniformly distributed through the layer or the concentration of particles was too
small such that there were areas where no particles were present to give
backscatter. Nonetheless, there is some promise from this preliminary study on the

ability to detect internal structures/content within compressed constructs.
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Figure 3.15: (A) A screenshot of a scan of a 1.5 ml (initial volume)
compressed collagen construct. The two main peaks demarcate the top
and bottom of the construct, and in this case, there are 3 small peaks
within the construct (red dotted circle). These could be structures in the
construct reflecting light, or may just be part of the characteristic peak
shape. (B) A scan of a triple-layered compressed collagen construct. A
0.5 ml layer containing hydroxyapatite particles was sandwiched in
between two 1.0 ml layers. The small peak marked by the yellow circle

possibly indicates the detection of this middle layer.
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3.4. Primary and secondary FLS generation

The process of compressing collagen gels causes a unidirectional flow of fluid
towards and out of the top surface (FLS). This upward fluid motion combined with
the downward applied force causes lamellae formation in the x-y plane with an
anisotropic distribution, having the greatest accumulation of collagen fibrils at the
FLS giving it the characteristic intense staining seen in histology. Using the collagen
density analysis described above, this dense layer can clearly be seen as a region of

markedly intense staining (Figure 3.16).

Figure 3.16: Histology image of an acellular compressed collagen
construct stained with eosin only. An intense band can be seen at the
top of the construct. This is the fluid leaving surface (FLS), caused by a

dense accumulation of collagen fibrils during compression.
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The generation of this anisotropic layout of collagen fibrils provides a mechanism
for fabricating density gradients through the thickness of the construct. This serves
as a means of studying cell responses (proliferation, differentiation, migration) to
different levels of stiffness. Fabrication of stable micro-scale structures is possible
on the FLS, but cannot be achieved on the opposite surface (non-FLS) [244]. FLS
formation provides a unique mechanism for the fabrication of micro-scale

architecture which renders the structures stable in culture over weeks.

Surprising observations were made when larger initial volume gels (1.5, 2.0 ml in
24-well plates) were compressed. Histology of these thicker constructs revealed the
presence of a second intensely-stained band on their bottom surfaces (i.e. the non-
FLS) which was not present when 0.5 and 1.0 ml gels were compressed. Since we
now know that collagen accumulation occurs as a consequence of fluid movement,
this second region of dense collagen indicates that at some point, fluid flow was
reversed to produce another fluid leaving surface on the opposing, bottom surface.
Since this is adjacent to the plastic well, we suggest that fluid escaping from the

secondary FLS lifted up the construct to escape.

The generation of a secondary FLS during the compression of larger initial volume
gels may be explained by Darcy’s law, the Mandel-Cryer effect and viscous effects
[348-351]. Darcy’s law describes the ability of a fluid in flowing through a porous
medium (in our case, a collagen fibril network). The equation has been adapted for
the compression of collagen hydrogels [320,352]. During compression, the pressure

on the gel is constant, but fibrils accumulate at the primary fluid leaving surface
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(FLS), increasing the collagen density and reducing the pore sizes in the meshwork,
therefore increasing the hydraulic resistivity of the FLS and the fluid outflow rate
(Reis; m™Y). The rate of drainage (Q; m>/s) of the fluid with dynamic viscosity (u; Pa.s)
through the primary FLS (with an area A; m?) is correspondingly decreased. This
rate, Q, is not a constant through compression as the pressure difference (AP; Pa)

across the FLS changes during the process.

A .AP
W.Rpps

The Mandel-Cryer effect is described by the behavior of increasing pore pressures
caused by a constant load before decreasing to zero. Pore pressure generation due
to the application of a constant load is immediate but pressure reduction due to the
discharge of the fluid is hindered by the permeability and the distance to the
drainage border. The Mandel-Cryer effect does not initially apply to this system of
plastic compression since a component of the load applied is absorbent, thus aiding
fluid discharge from the gel. However, as compression progresses, the FLS becomes
increasingly more compact which reduces the ease of fluid escape, thus increasing
the hydraulic resistance of the FLS. In the case of gels with smaller initial volumes
(<1.5 ml in the 24-well format), compression is completed by the time the FLS
becomes dense enough to block fluid escape. But with larger gels, significant
amounts of fluid remain in the gel. This causes a buildup of pressure within the gel
which eventually forces fluid out of the gel through other surfaces, mainly the

opposite (bottom) surface of the gel (Figure 3.17). Drainage of the fluid reduces the
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pressure within the gel, allowing compression to continue. The downward escape
of fluid facilitates the accumulation of collagen fibrils at the secondary fluid leaving
surface resulting in the intense staining of this area which reflects the density of

collagen.
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Figure 3.17: Schematic on FLS and secondary FLS formation and collagen
accumulation during the compression of thinner gels (0.5, 1.0 ml; left
column) and thicker gels (1.5, 2.0 ml; right column). In the initial stage of
compression, fluid flows out of the gel through the top surface, or the
FLS. At the same time, the gel is pushed downwards, causing the fibrils at
the FLS to compact. The FLS begins to hinder fluid escape and slows down
the compression. At this point, the thinner gels are close to complete
compression if not already fully compressed. For the thicker gels
however, significant amounts of fluid still remain in the gel. The constant
pressure and the lack of drainage causes a pressure buildup in the gel
which eventually forces the fluid out through the bottom surface, thus
creating a secondary FLS. This suggests that there is a critical FLS surface
area to volume ratio, corresponding to the tendency for any given

collagen gel and composition to block.

The network of collagen fibrils at the FLS becomes very tightly packed during
compression which begins to block outward movement of molecules and larger
particles. This is evident when 500 nm hyaluronan nanoparticles (HA-NP) were
incorporated in the collagen gels (Chapter 6). These particles were loaded with
fluorescein isothiocyanate (FITC) which allowed the visualisation of particle
distribution using fluorescence microscopy. The hypothesis was that due to their
small size, the HA-NP would be carried by the moving fluid during compression and
leave the gel until the FLS becomes dense enough to block their escape. At which
point, the HA-NP would begin to accumulate at the FLS, resulting in a distribution

similar to the collagen fibrils within the construct.
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0.1 mg/ml HA-NP was loaded into 0.5, 1.0, 1.5 and 2.0 ml collagen gels and evenly
distributed prior to gelation. The nanoparticle-loaded solutions were allowed to set
at 37°C for 30 min. Plungers were then placed on top of the set gels to initiate
plastic compression, after which the constructs were fixed with formalin, processed
for histology and embedded in paraffin for sectioning. 8 um sections were taken
and placed onto microscope slides and left at 59°C overnight to dry. The dried

samples were then imaged using an Olympus BX61 microscope.

Fluorescence microscopy revealed that the hypothesis was correct (Figure 3.18). A
bright band of fluorescence can be clearly seen at the FLS of all constructs (0.5, 1.0,
1.5 and 2.0 ml). A key difference between the thinner 0.5 and 1.0 ml constructs and
the thicker 1.5 and 2.0 ml constructs was the presence of a second bright
fluorescent band at the bottom surface. 0.5 and 1.0 ml constructs display a
decreasing fluorescence gradient towards the bottom surface. 1.5 and 2.0 ml
constructs on the other hand, appear to have a more uniform distribution of
fluorescence through the constructs, with the addition of a second intense

fluorescent band at the bottom surfaces.

This distribution of HA-NP is remarkably similar to the distribution of collagen
(Figure 3.19) and possibly provides further evidence of a secondary fluid leaving
surface. It appears that the HA-NP did indeed move with the flowing fluid upwards
towards the absorbent plunger resulting in a low to high density of particles from
the bottom to the top of the construct. The tightly-packed collagen mesh at the FLS

would have trapped the upward flowing HA-NP to create a collagen-HA-NP cake
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layer, blocking further discharge of fluid and particles. With the smaller gels, this
probably occurred towards the end of compression before a reversal of flow (to any
FLS) could occur. But with the deeper gels, this likely occurred midway through
compression. With excess fluid still remaining in the collagen along with the
pressure bearing down on the gel, pressure builds up within, as discussed above.
The pressure then forces the nanoparticle-carrying fluid out of the compressing gel
via the bottom surface. The collagen mesh builds up at the secondary FLS and
begins trapping HA-NP in the same way the primary FLS trapped particles,
eventually creating a construct with two regions of dense collagen and high HA-NP

concentrations.
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Figure 3.18: Fluorescence micrographs of cross-sections of 0.5, 1.0, 1.5
and 2.0 ml (initial volume) compressed collagen constructs (the samples
had not been stained). The fluorescence came from the FITC present in
the HA-NP retained in the constructs. The red arrowheads mark the
primary FLS, which appears as a bright fluorescent band. White arrows
mark the presence of a secondary FLS which is only seen in the 1.5 and

2.0 ml constructs (C, D), also appearing as a bright fluorescent band.
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I
S

Figure 3.19: Light micrographs of cross-sections of 0.5, 1.0, 1.5 and 2.0

ml (initial volume) compressed collagen constructs stained with Sirius
red, showing the distribution of collagen within the constructs. The red
arrowheads mark the primary FLS, which appears as a dark shade of red.
White arrows mark the presence of a secondary FLS (deep red

colouration) which is only seen in the 1.5 and 2.0 ml constructs (C, D).

Tan N. S. Page| 122



Chapter 3: Methods Development & the Fluid Leaving Surface

Using the above collagen density detection method, HA-NP distribution could be
analysed. Fluorescence micrographs of nanoparticle-loaded compressed constructs
were first converted to greyscale. Line selections and measurements were then
made (Figure 3.20A - D), and the resulting pixel intensity profiles plotted (Figure
3.20E - H). Figure 3.20E shows the plot profile of the 0.5 ml construct. There is an
increasing gradient of pixel intensities moving from the bottom of the construct to
the top, where there is a sharp peak with a maximum of 133.9 a.u.. In Figure 3.20A,
the FLS appears almost like another layer of collagen. The pixel scan appears to
have picked this up, perhaps indicating the high degree of collagen density and
compaction in this region. In Figure 3.20E, there is a step in the slope of the graph,
which corresponds to the start of the FLS region in terms of position. This shows
that a large proportion of retained nanoparticles was trapped within the dense
collagen mesh at the FLS. Figure 3.20F shows the plotted graph for the 1.0 ml
construct. Here the slope is gentler through 2/3 of the construct and then the pixel
intensities spike up to 99.1 a.u., more than twice that of pixels below the FLS. Again,
the start of this large peak appears to correspond to the beginning of the FLS region
in Figure 3.20B. The analysis for the 1.5 ml construct shows a very different
graphical shape to the previous two (Figure 3.20G). A large peak with a maximum of
75.4 a.u. exists at the bottom of the construct which then drops sharply to about
half the intensity before very gradually decreasing towards the upper 1/4 of the
construct, where the pixel intensities rise abruptly to 68.8. The first and second
peaks here highlight the presence of the secondary and primary FLS’s respectively.
The 2.0 ml construct shows a similar HA-NP distribution to the 1.5 ml constructs

(Figure 3.20H). Two peaks at the bottom and top of the construct are shown, with
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maximum values of 54.6 a.u. and 67.7 a.u. respectively. There was a gradual
decrease in pixel intensities following the peak at the bottom of the construct.
Around halfway through the construct, pixel intensities began to rise gently until

the FLS region where the increase was dramatic.

These scans confirm the presence of intense bands of fluorescence at the top of all
the constructs, and also at the bottom of the 1.5 and 2.0 ml constructs (Figure
3.20G & H), providing a semi-quantitative analysis of the HA-NP distribution to add

to the qualitative micrographs.
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Figure 3.20: Analysis of fluorescent HA-NP distribution within
compressed collagen constructs. A — D: Fluorescence micrographs of 0.5,
1.0, 1.5 and 2.0 ml constructs converted to greyscale for the analysis.
The yellow line is the region within which pixel intensities were
measured. E — H: Graphical representations of the intensity profiles of
pixels within the yellow line. Black arrows point to the nominal start of

the primary FLS region.
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Analyses of light micrographs of Sirius red-stained constructs revealed similar
distributions of collagen to HA-NP (Figure 3.21). The resulting scans of the Sirius
red-stained 0.5, 1.0, 1.5 and 2.0 ml constructs were very similar in shape to those in
Figure 3.20E — H, with a single distinct peak in the 0.5 and 1.0 ml constructs of 185.9
and 154.8 a.u. respectively (Figure 3.21E & F), and two peaks at either end of the
1.5 (top: 84.0 a.u.; bottom: 83.3 a.u.) and 2.0 ml (top: 142.5 a.u.; bottom: 142.9
a.u.) constructs (Figure 3.21G & H). Figure 3.21E and F show a general decline in
pixel intensities towards baseline values following the large peak corresponding to
the FLS. Like in Figure 3.20G & H, the graphical representations of pixel intensities
in Figure 3.21G & H show regions of rather constant intensity values in the middle

sections of the constructs in between the two peaks.

These collagen distributions show that collagen movement and nanoparticle
movement during compression are correlated and are both affected by fluid flow as
indicated by the presence of secondary FLS’s in the thicker (1.5 and 2.0 ml)

constructs.
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Figure 3.21: Analysis of Sirius red (collagen) distribution within
compressed collagen constructs. A — D: Light micrographs of 0.5, 1.0, 1.5
and 2.0 ml constructs converted to greyscale for the analysis. The yellow
line is the region within which pixel intensities were measured. E — H:
Graphical representations of the intensity profiles of pixels within the

yellow line. Black arrows point to the nominal start of the primary FLS

region.
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3.5. Discussion

Here we described the setting up of the scaled-up system with smaller plungers but
keeping the compression pressure the same when using the paper plunger system.
An alternative plunger system was investigated which subjects much less pressure
on the gels, and thus requiring greater compression times to produce similar
constructs to that prepared using the paper plunger system. With a smaller well
system, the greater the possibility of interference from the meniscus of the collagen
with compression. The initial contact area with the plunger would thus be different
to that in 12-well plates (with less pronounced meniscus). There may be slight non-
homogeneities across the FLS of the construct due to initial fluid loss through the
outer edges of the gel upon contact with the plunger. Furthermore, like the wedge-
shaped gel used to create a horizontal gradient described above, there would be
more collagen along the edge of the gel due to the raised meniscus. However, this
is likely to be minimal and insignificant as the amount of collagen within the area of
raised collagen would be tiny, and the weight of the plunger would push down on it

and flatten the meniscus almost instantaneously.

A novel collagen density analysis method was validated, showing that local collagen
density differences can be detected by staining collagen with Sirius red and using
image analysis. Using this analysis method, primary and secondary FLS's were
detected in thicker constructs but not in thinner constructs, as evidenced by
accumulations of collage as well as hyaluronan nanoparticles. This, along with the
calculations of the hydraulic resistance of the FLS, point towards a period during

compression of thicker gels when the primary FLS becomes blocked, causing a build
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up of pressure within the gel (Figure 3.17). Eventually, this internal pressure forces
the remaining fluid out from the gel through the unblocked bottom surface, thus

generating the secondary FLS.

In this chapter, the optical confocal device was also tested to gain a better
understanding of how it works and its application to compressed constructs.
Constructs measured in this way were consistently thicker than when measured by
histology (which likely causes shrinkage due to heavy processing steps), showing
that the optical confocal meter is a more accurate and quicker way to determining

construct thicknesses.
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4.1. Introduction
It is important to characterise systems in order to determine how best to employ
them, as well as to understand their limitations. In this chapter, we explore the

effects of plastic compression on collagen hydrogels and the changes that it brings.

Hydrogels (hydrophilic gels) are hydrophilic networks of cross-linked polymer which
are able to retain hundreds or thousands of times their dry weight in water. Water
binds to the hydrophilic groups of the polymers as well as interacting with their
hydrophobic groups resulting in ‘primary’ and ‘secondary bound water’. In addition
to this ‘total bound water’, there is also ‘free water’ within hydrogels which fill the
spaces between polymer chains and pores [353,354]. All this gives hydrogels a very

high water content and low polymer density.

Plastic compression exploits the fact that collagen hydrogels contain 99.5% water
which is a result of the casting rather than an inherent property of the polymer
chemistry. A collagen hydrogel, if left to stand under its own weight in air, will lose
some of this internal liquid as it compresses under its own weight. Part of the
advantage of the ~100-fold rapid shrinkage is that initial fabrication is at the gross

(mm) scale but produces components with cell-scale (um) structure. Importantly,
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plastic compression hinges on the fact that this discharged fluid does not re-enter
the hydrogel [299]. Thus, by the expulsion of the excess fluid from the hydrogel, the

density of the matrix can be increased to achieve tissue-like levels.

The simultaneous expulsion of water and compaction of the collagen fibrillar
network result in a drastic decrease in the thickness of the scaffold, from several
millimeters to tens of micrometers (Figure 4.1). This creates a very thin and dense
construct with improved mechanical properties as compared to a collagen
hydrogel, and also generates an anisotropic layered structure [278,299,355,356].
This method can be manipulated to speed up or slow down compression to control
the final construct density, which makes this method particularly useful for

producing different construct types to mimic different tissues.

T=0 T=2 min T=4 min T=5 min

Collagen Gel

10 mm

Figure 4.1: Time-lapse photographs of a collagen gel under-going plastic
compression. The yellow dotted box demarcates the collagen gel. Within
minutes of initiating compression, a gel several millimetres thick is

reduced to just a thin sheet in the tens of micrometers.
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4.2. Scaling down (in construct size)

Plastic compression is a simple and rapid process for making dense tissue
constructs in any shape or size, depending on the dimensions of the collagen gel
cast and the compressing plate surface. A range of rectangular moulds have been
used to collagen gel formation: 33 mm x 13 mm x 4 mm [299,357], 40 mm x 30 mm
x 10 mm [55,330], 40 mm x 25 mm x 11 mm [246], 22 mm x 33 mm x 10 mm
[329,331] and 30 mm x 20 mm x 7 mm [244]. 20 mm and 22 mm diameter discs
[304,319] have also been produced. There is more room for scaling down the
compression of collagen gels with the circular type of constructs through the use of
multi-well plates. Here we scale down the system to using 24-well plates which
allows the fabrication of a larger number of smaller (16 mm diameter) gels
simultaneously (Figure 4.2). Characterisation of the system was done by
determining the rates of compression, the amount of fluid absorbed from the gels,
the hydraulic resistance of the gels during compression, total volume of fluid lost
due to compression, thicknesses of constructs and the re-swelling of constructs

over time.
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Figure 4.2: Photograph of the components used for plastic compression.

Paper and fibre plunger types were used for compression in a 24-well

format. A guide plate was used to keep the plungers upright.
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4.3. Thickness measurements

Histology has been the primary method for determining the thicknesses of these
scaffolds. However, this is only able to give end-point results. Furthermore, the
heavy processing steps involved in histology to obtain a stained section ready for
imaging likely alters the thicknesses of these constructs, thus giving inaccurate
information. Scanning electron microscopy (SEM) can also be used to find out the
thickness of a sample, but it involves radical dehydration of the sample resulting in
smaller/thinner samples when imaged. A method for determining tissue thickness
in real time without the need for processing and desiccation is necessary in order to
make accurate measurements and to be able to study the process of plastic

compression [338-340].

As described in Chapter 3, the CTS-2 (Lein Applied Diagnostics, UK) is an optical
device that allows quick in situ measurements of construct thickness non-invasively.
As individual compressed collagen scaffolds are very thin, physical handling may
damage the scaffold architecture or they may be improperly placed on the
instrument, giving inaccuracies in measurements. This system negates the need for
sample transfer and scaffolds can be measured directly in their wells. The ability to
make measurements in situ is a great asset as subsequent readings may be taken

over long periods of time — unlike histology which is an end-point process.
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4.4. Materials & Methods

Preparation and compression of collagen constructs were carried out as per

Chapter 2.

4.4.1. Preparation of plastically compressed collagen

Four initial gel volumes were used — 0.5, 1.0, 1.5 and 2.0 ml, which contained 0.8,
1.6, 2.4 and 3.2 mg of collagen respectively. Two compression systems were
compared here: (1) paper plungers and a fixed load and (2) fibre plungers (Figure

4.2).

4.4.2. Determination of the rate of fluid removal during plastic
compression

0.5, 1.0, 1.5 and 2.0 ml collagen gels were set in 24-well plates and subjected to
plastic compression using paper plungers or fibre plungers. The absorbent plungers
were weighed before use, at intervals of 30 s in the first 5 min of compression, and

then at 1 min intervals thereafter.

4.4.3. Measurement of total fluid lost due to plastic compression
Immediately after compression, 0.5, 1.0, 1.5 and 2.0 ml (initial volume) constructs
were weighed. These compressed wet weights were then subtracted from the

weight of the corresponding uncompressed hydrogels.
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4.4.4. Lein CTS-2 measurements

Following compression, constructs were positioned over the CTS-2 window for in
situ measurements to be taken. A minimum of 3 different regions of each construct
was measured, with 30 scans per region to obtain an average readout (pControl
software settings - Gain: 1.99; Filtering: 32 x3; Refractive Index: Construct (10%

Collagen) - 1.335).

4.4.5. Comparison of cell proliferation

The x'roliferation of cells cultured in 2D and 3D was investigated. The 2D surfaces
used were tissue culture plastic (2D TCP), on top of uncompressed collagen gels (2D
UC) and on top of compressed collagen constructs (2D PC). 3D environments used
were cells within uncompressed collagen gels (3D UC) and cells within compressed
collagen constructs (3D PC). 5 x 10" human dermal fibroblasts per well were used.
0.5 ml collagen was used for the uncompressed gels and compressed constructs.

Fibre plungers were used for the compression.

The alamar blue assay was used to compare the proliferation of cells in different
culture conditions. After every 24 hours up to a period of 1 week, culture media
was removed, and wells were washed with PBS. 10% Alamar Blue (Serotec, UK)
solution was prepared in phenol red-free Dulbecco’s modified Eagle’s medium
DMEM (Sigma, UK). 1 ml of this solution was added to each well. Samples were

cultured at 37°C for 4 hours. 100 pl of the alamar blue solution was taken from each
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well and transferred to a white 96-well plate (NUNC, Denmark) for absorbance
measurements (Excitation/Emission wavelengths: 510/590 nm) using a microplate
spectrophotometer (MR 700, Dynatech Laboratories, USA). Following
measurements, samples were washed with PBS and culture media added to the

wells and samples returned to the incubator for continued culture.
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4.5. Results

4.5.1. Determination of rate of fluid loss using paper plungers and weights
The rate of fluid removal from gels during compression was investigated to gain
insight into the dynamics of the process, as well as to compare two plunger
systems. The first system comprised of spooled rolls of Whatman | filter paper into
plungers (referred to as paper plungers) and a fixed load of 22 g per well. The
second system involved only plungers made of up of compacted fibres, generously
donated by TAP Biosystems. The absorbent plungers (paper rolls or fibre) used for
the compression were weighed every 30 s for the first 5 minutes, then after every
60 s thereafter to determine the amount of fluid absorbed into the plunger (= fluid
loss from the gel). Figure 4.3A shows that with paper plungers and weights, the
amount of fluid absorbed for 0.5, 1.0, 1.5 and 2.0 ml gels were very similar in the
first 30 s of compression, albeit slightly greater with increased gel volume —0.303 +
0.025, 0.333 £ 0.045, 0.3533 £ 0.029 and 0.35 = 0.026 ml respectively. After this
point, the rate of fluid absorption of the 0.5 ml gels decreased greatly, with only a
gain of 0.09 + 0.07 ml in the next 30 s, compared to 0.187 £ 0.021, 0.17 £ 0.01 and
0.2 £ 0.03 ml for 1.0, 1.5 and 2.0 ml gels. The 0.5 ml gels continued to lose fluid
gradually up till 180 s where they reached their maximum fluid loss of 0.453 + 0.015
ml. 1.0 ml gels took 300 s to reach completion of compression, losing 0.903 £+ 0.021
ml. It took 480 s for 1.5 ml gels to be compressed fully; losing 1.34 + 0.015 ml and
2.0 ml gels took 720 s and lost 1.79 + 0.014 ml of fluid (Figure 4.4A). These

represent 90.1, 90.3, 89.1 and 89.5 % of the total initial gel volume for 0.5, 1.0, 1.5
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and 2.0 ml gels respectively, and overall rates of fluid loss of 2.52, 3.01, 2.79 and

2.49 ul/s respectively (Table 4.1).

Table 4.1: Total fluid loss and overall rates of fluid loss following

compression using paper plungers.

Initial Gel Total Fluid Loss Fluid Loss Overall Rate of
Volume (ml) (ml) Percentage (%) Fluid Loss (ul/s)
0.5 0.453 £ 0.015 90.1 2.52
1.0 0.903 £ 0.021 90.3 3.01
15 1.34 £ 0.015 89.1 2.79
2.0 1.79+0.014 89.5 2.49

4.5.2. Determination of rate of fluid loss using fibre plungers

0.5, 1.0, 1.5 and 2.0 ml gels were compressed using fibre plungers which were
weighed at 30 s time intervals up to 5 minutes, and then at 60 s intervals during the
compression to determine the rate of fluid loss from the collagen constructs (Figure
4.3B). With these fibre plungers, the amounts of fluid absorbed within the first 30 s
were 0.237 + 0.006, 0.263 + 0.012, 0.177 + 0.021 and 0.203 + 0.012 ml respectively.
The time it took these gels to be fully compressed were 180, 480, 780 and 900 s
respectively (Figure 4.4B). The amount of total fluid lost from these gels were 0.437

+ 0.015, 0.9 + 0.01, 1.197 + 0.015 and 1.66 + 0.029 ml respectively, representing
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87.3, 90, 79.7 and 81.3 % of the initial gel volumes respectively (Table 4.2). The

overall rates of fluid loss were 2.43, 1.88, 1.54 and 1.84 pl/s respectively.

The first notable difference in plunger performance was the compression times.
Whilst the times were similar for 0.5 ml gels, they were significantly different in the
thicker gels; 1.0 ml gels took 360 and 480 s using paper plungers plus weights and
fibre plungers respectively, 1.5 ml gels took 480 and 780 s, and 2.0 gels took 720
and 900 s. The thicker the gels, the greater the difference in compression times
between plunger set-ups (0, 180, 300 and 360 s). The second notable difference
was the amounts of fluid absorbed from the larger gels (1.5 and 2.0 ml). For 1.5 ml
gels, paper plungers absorbed 1.34 + 0.015 ml whilst fibre plungers only absorbed
1.197 £ 0.015 ml. With 2.0 ml gels, these values were 1.79 + 0.014 and 1.66 £ 0.029

ml. These were differences of 0.143 and 0.13 ml respectively

Table 4.2: Total fluid loss and overall rates of fluid loss following

compression using fibre plungers.

Initial Gel Total Fluid Loss Fluid Loss Overall Rate of
Volume (ml) (ml) Percentage (%) Fluid Loss (ul/s)
0.5 0.437 £ 0.015 87.3 2.43
1.0 0.9+0.01 90 1.88
1.5 1.197 £ 0.015 79.7 1.54
2.0 1.66 £ 0.029 81.3 1.84
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Figure 4.4: Graphs showing the time taken to reach completion of
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fibre plungers (B). (n=9)
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Using these values, a curve of cumulative fluid loss as a percentage of the total fluid
lost was plotted (Figure 4.5). When paper plungers were used, it took 180, 300, 480
and 720 s to fully compress 0.5, 1.0, 1.5 and 2.0 ml initial volume collagen gels
respectively. The time it took for fibre plungers to fully compress the gels were 180,
420, 660 and 900 s respectively. Within the first minute of compression of 0.5, 1.0,
1.5 and 2.0 ml gels using paper plungers, the percentage of fluid lost was 87.1 +
13.2,57.6+5.2,39.2+2.0and 30.7 £ 1.2 % respectively. When fibre plungers were
used, the fluid lost was 77.1 £+ 1.5, 41.1 + 2.3, 27.0 £ 2.2 and 20.5 + 1.6 % of the
initial gel volume respectively, showing a difference in the initial rates of

compression, with the paper plungers absorbing more fluid within this first minute.

From this figure, the rates of fluid lost over the first 5 minutes were derived and
plotted (Figure 4.6). Figure 4.6 compares the rates of fluid loss based on gel
volumes and shows that the initial rates of compression of 0.5 ml gels were very
similar whether paper or fibre plungers were used. The difference between plunger
types was only apparent with the thicker gels (1.0, 1.5, 2.0 ml). On 0.5 ml gels, the
rate during the 1* minute was 0.393 + 0.047 ml/min, which increased to 0.52 +
0.035 ml/min on 1.0 ml gels, and only further increased slightly to 0.523 + 0.021
ml/min on 1.5 ml gels and 0.55 * 0.036 ml/min on 2.0 ml gels. When fibre plungers
were used, the initial rate of fluid lost did not change significantly at all volumes
during the 1°* minute: 0.337 + 0.005, 0.37 + 0.017, 0.323 + 0.025 and 0.333 + 0.029
ml/min. The initial rates of compression using paper plungers on 1.0, 1.5 and 2.0 ml

gels were very similar, whilst that of the 0.5 ml gel was significantly lower. This
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points to the formation of the FLS in 0.5 ml constructs very early on during
compression, probably within the first 30 seconds. The initial rates of fluid
absorption using fibre plungers were the same across all gel volumes and were
significantly smaller than that of the paper plunger system. This difference in rates
between plunger type is due to the added pressure provided by the fixed load on
the paper plungers. As shown in Chapter 3, fibre plungers have greater absorbency
than the paper plungers, but here with the fixed load, paper plungers absorb fluid

more readily.

To compare the differences between the rates using the two plunger types, Figure
4.7 was plotted, which displays the rates of fluid loss according to the four initial gel
volumes rather than plunger type. As compression proceeded, the rates of fluid loss
decreased with time (see also Figure 4.5), indicating an interference with fluid
outflow from the gels. Figure 4.7A shows the rates of fluid loss in 0.5 ml gels. In the
first minute, the rates were 0.393 + 0.047 ml/min and 0.337 * 0.005 ml/min for
paper and fibre plungers respectively. In the 2" minute, there was a dramatic
decrease in both the rates of fluid loss from 0.5 ml gels. The rates dropped to 0.04 +
0.036 and 0.08 + 0.017 ml/min for paper plungers and fibre plungers respectively.
By the 3" minute, both rates dropped to 0.02 * 0.026 and 0.02 + 0.01 ml/min.
Throughout the first few minutes of compression, the rates of fluid loss did not

differ significantly for 0.5 ml gels.

With the thicker gels, the rates of fluid loss initially started off much higher when

paper plungers were used as compared to fibre plungers. They then dropped below
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that of the fibre plungers at a point during the first 5 minutes of compression; 2
minutes for 1.0 ml gels, 3 min for 1.5 ml gels and 4.5 min for 2.0 ml gels (Figure
4.7B, C & D). On 1.0 ml constructs, the initial rate of fluid absorption using paper
plungers and fibre plungers were 0.52 + 0.035 and 0.37 = 0.017 ml/min
respectively. This then decreased to 0.19 and 0.18 + 0.02 ml/min in the second
minute, 0.11 + 0.02 and 0.13 + 0.01 ml/min in the third minute, 0.06 +0.03 and 0.11
+ 0.02 ml/min in the fourth minute and 0.02 + 0.017 and 0.07 = 0.017 ml/min in the

fifth minute.

The rates of fluid absorption in the first 5 minutes of compression by paper and
fibre plungers on 1.5 ml constructs were 0.52 + 0.02 and 0.32 + 0.03 ml/min, 0.23 =
0.027 and 0.18 + 0.025 ml/min, 0.18 + 0.027 and 0.19 + 0.006 ml/min, 0.21 + 0.025
and 0.16 + 0.04 ml/min and 0.17 + 0.006 and 0.14 + 0.02 ml/min. 2.0 ml constructs
were dehydrated at rates of 0.55 + 0.04, 0.3 + 0.06, 0.22 + 0.04, 0.19 + 0.02 and
0.14 £ 0.01 ml/min in minute 1, 2, 3, 4 and 5 using paper plungers and a fixed load.
When fibre plungers were used, the rates in the first 5 minutes of compression
were 0.33 + 0.03, 0.19 £ 0.05, 0.16 + 0.017, 0.16 + 0.03 and 0.17 = 0.021 ml/min.
With paper plungers, the rates continued decreasing in these first 5 minutes,
whereas with the fibre plungers, after the third minute, the values remained more

or less constant.

The drops in the rates of fluid absorption after the first minute indicate that
blockages in fluid flow occurred, thus restricting fluid escape from the compressing

gels.
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Figure 4.5: Graphs showing the rates of compression as determined by
fluid loss. The cumulative fluid lost from four initial gel volumes were
measured during compression using either (A) paper plungers with
weights or (B) fibre plungers. 0.5 ml gels were fully compressed by 3
minutes using either plunger system. Paper plungers and a fixed load
compressed the other thicker (1.0, 1.5 and 2.0 ml) gels faster than fibre
plungers did. Error bars depict the standard deviations of the mean.

(n=9)
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Figure 4.6: Graphs of the rates of fluid loss during the first 5 minutes of
compression using either paper plungers (A) or fibre plungers (B) for
different initial gel volumes. Both plunger types started off with a high
rate of absorption in the first minute, followed by a drastic fall in rates
by the second minute, before a more gradual decrease in rates in the
third, fourth and fifth minutes. Error bars indicate the standard deviation

of the mean (p<0.05; n=9).
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Figure 4.7: Graphs of the rates of fluid loss during the first 5 minutes of

compression using either paper plungers with a weight or fibre plungers

for initial gel volumes of 0.5 ml (A), 1.0 ml (B), 1.5 ml (C) and 2.0 ml (D).

The initial rates of fluid loss were higher with paper plungers and an

external load than with fibre plungers across all gel volumes. The fluid

loss rates when using paper plungers and load decreased more rapidly

than the rates when using fibre plungers which displayed more gradual

declines. Error bars indicate the standard deviation of the mean (p<0.05;

n=9).
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plunger types, as determined by plunger weight measurements. With
thicker initial gel volumes, the difference in fluid absorption between
plunger types was significant. Error bars indicate the standard deviation

of the mean (p<0.05; n=9).
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The full extent of compression by the plungers was compared by looking at the
total amount of fluid absorbed from the four volumes of gel (Figure 4.8). The total
amount of fluid absorbed as a percentage of the initial volume of the gel was similar
for both plunger types (paper/fibre) with the 0.5 ml (90.1/87.3%) and 1.0 ml gels
(90.3/90%). With the larger 1.5 ml and 2.0 ml gels, the paper plungers absorbed a
greater percentage (89.1, 89.5%) of fluid as compared to the fibre plungers (79.7,
81.3%). However, these values are low compared to previous studies [299,355]. It
was noticed that when moving the plungers from the gels to the weighing scale and
back, small amounts of fluid was left on the fingertips. Evaporation of fluid from the
plungers might have also altered the measurements. These losses of fluid might

account for the low total percentage of fluid lost.

To determine the total fluid lost from gels after compression and to avoid technical
issues, fully compressed constructs were weighed immediately after compression,
instead of weighing the plungers. 0.5, 1.0, 1.5 and 2.0 ml gels were set in 24-well
plates and compressed using either the paper plunger system or fibre plungers.
Once compression was complete, constructs were carefully removed from their

wells and placed on a weighing scale for weight measurements.

Figure 4.9 shows that 0.5, 1.0, 1.5 and 2.0 ml constructs prepared using paper
plungers and a fixed load measured 2.4x10° + 5.8x10°, 5.4x107 + 3.2x10™, 6.3x10°
+ 1.1x10° and 1.14x10 + 1.0x10° g respectively. The constructs compressed with

fibre plungers weighed 4.1x107° + 4.2x10™, 6.7x10° + 4.0x10™*, 1.1x10? + 4.7x10™
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and 1.4x107% + 3.5x10™ respectively. These indicated a total fluid loss of 0.498 +
5.8x10'5, 0.995 + 3.2x10'4, 1.494 + 1.1x10° and 1.99 + 9.0x10™* ml for constructs
compressed using paper plungers, and 0.496 £ 4.2x10 0.993 + 4.0x10™, 1.499 +
4.7x10™ and 1.99 + 3.35x10™ ml (Figure 4.10). More fluid was absorbed by paper

plungers than by fibre plungers.

The differences between the total fluid absorbed by both plunger types were
minimal, in the order of ul, compared to ml of the initial volume. Greater fluid
absorption by the paper plunger system may be due to the added pressure from
the fixed load. Fluid absorption differences between the thinner 0.5 and 1.0 ml
constructs and between 1.5 and 2.0 ml constructs were similar. The difference in
fluid absorption from 1.5 ml constructs was statistically significantly different to
that of both the thinner constructs, whilst the difference from 2.0 ml constructs
was approaching statistical significance. This could be due to the generation of a
secondary fluid leaving surface (FLS). Once the primary and secondary FLS’s were
formed, there was insufficient pressure without additional load to force more fluid

out from the constructs (see Chapter 3).

Figure 4.11 shows that the total amount of fluid lost represented 99.5 + 0.01, 99.5 +
0.03, 99.6 + 0.07 and 99.5 + 0.04 % (constructs made using paper plungers) and
99.2 +0.08, 99.3 + 0.04, 99.3 £ 0.03 and 99.3 + 0.02 % (constructs made using fibre
plungers) of the initial gel volume (0.5, 1.0, 1.5 and 2.0 ml respectively). This shows

the extent of dehydration plastic compression produces.
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Figure 4.9: Final construct weight immediately after compression using
paper plungers and a fixed load or fibre plungers. The final construct
weights were roughly proportional (with respect to the initial volume) to
the smallest volume (0.5 ml) gel (i.e. the 1.0, 1.5 and 2.0 ml constructs
were ~2 times, 3 times and 4 times greater than the 0.5 ml constructs.
There were significant differences in the final construct weights between
plunger types across all initial gel volumes. Error bars indicate the standard

deviation of the mean (p<0.05 n=4).
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Figure 4.10: Total fluid loss from gels of different initial volumes and
compressed using the two different plunger types determined by final
construct weight. The differences in fluid lost from the gels between the
two plunger types were minimal, indicating similar total fluid removal
from the gels. Error bars indicate the standard deviation of the mean

(p<0.05; n=4).

4.5.3. Collagen construct thickness changes after compression

Collagen constructs subjected to plastic compression undergo significant fluid loss
and dramatic reductions in thickness (Figure 4.1). To determine the thicknesses of
the final compressed constructs, the CTS-2 optical confocal meter was used. As this
machine measures samples non-invasively, there was no handling of the constructs

which may have caused micro-structural changes to the constructs or may have
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been repositioned incorrectly. A minimum of three regions around each construct

was measured to obtain an average thickness across the whole construct.

0.5, 1.0, 1.5 and 2.0 ml constructs compressed with paper plungers measured 41.6
+1.97,64.3 + 3.55, 88.1 + 8.47 and 121.0 + 9.23 um respectively (Table 4.3). Fibre
plunger-compressed 0.5, 1.0, 1.5 and 2.0 ml constructs measured 47.5 + 10.6, 85.9
+13.9, 110.9 £ 10.4 and 156.5 + 19.3 um respectively. These thickness differences
may be due to the differences in total fluid lost (Figure 4.10). The additional
pressure from the fixed load could also cause a greater degree of compaction to

create thinner constructs.

The final thickness measurements of 0.5, 1.0, 1.5 and 2.0 ml constructs showed that

the constructs underwent 98.5, 98.9, 99 and 98.9 % compaction, as compared to

their initial starting thicknesses (Table 4.3).
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Table 4.3: Changes in thickness of collagen gels in the 24-well format

following plastic compression.

Final Thickness (um) % Thickness Change
Initial "
Gel I.n|t|al Paper Fibre Paper Fibre
Volume Thickness Plungers + Plungers Plungers + Plungers
(um) Weight g Weight &
(ml)
0.5 2800 41.6+197 | 47.5+10.6 98.5% 98.5%
1.0 5700 64.3+3.55 | 8591139 98.9% 98.9%
1109+
1.5 8500 88.1+8.47 1%?1 99.0% 99.0%
+
2.0 11300 121.0+9.23 15169'53_ 98.9% 98.9%
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4.5.4. Calculations of the hydraulic resistance of the FLS (Rris)

In Chapter 3, the rates of absorption of water for both plunger types were
measured. By 10 seconds, both plunger types absorbed in excess of 2 ml of water.
Here it is clear that a hindrance to fluid absorption from collagen gels is present
during compression. This is caused by the accumulation of collagen fibrils at the
fluid leaving surface. Collagen gels are fibrillar meshworks filled with fluid and are
thus porous structures. Therefore, fluid flow during plastic compression can be
partially described by Darcy’s law. This allows the determination of the hydraulic

resistance generated during compression using the following equation:

o AP
FLS — L.

where R is the hydraulic resistance of the FLS (m™), A is the surface area (m?), P (N)

is the pressure applied to surface A, W is the dynamic viscosity of water (1.002 x 107

Ns/m? at 20°C) and Q is the rate of flow (m>/s). Hydraulic resistance was calculated

for every minute during compression for 0.5, 1.0, 1.5 and 2.0 ml constructs, taking

into account for the increase in force with time due to the added mass from the

fluid absorbed into the plungers (Figure 4.12).
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4.5.4.1. Paper plungers plus fixed load

Table 4.4 shows the Rgs values of 0.5, 1.0, 1.5 and 2.0 ml constructs during the first
5 minutes of compression using paper plungers and a fixed load, which are
represented in a histogram in Figure 4.13A. The hydraulic resistance of 0.5 ml
constructs was higher than that of all the other constructs in the first three minutes
of compression, being dramatically higher by the second and third minutes. The
hydraulic resistances of the 1.0, 1.5 and 2.0 ml constructs were similar in the first
minute. Differences between these constructs became more apparent in the
second minute of compression where after the 0.5 ml constructs, the 1.0 ml
constructs generated the next largest resistance followed by the 1.5 ml constructs.
The resistance produced by the 1.0 ml constructs then carried on increasing
exponentially over the next 3 minutes. The hydraulic resistances of the two larger

constructs grew only gradually in these first 5 minutes.
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Table 4.4: R; s of constructs of different initial volumes during the first 5

minutes of compression using paper plungers with a fixed load.

Irgtlal RFLS at 1st RFdeat R|:|_5 at 3rd RFLsthat RFLsthat
el Minute 2 Minute 4 > Max'_PFLS
Volume (m?) Minute (m?) Minute Minute (m™)
(ml) (m?) (m?) (m?)
3.87 x 3.81x 7.63 x 7.63 x
0.5 10" + 10 + 10 + - - 10 +
5.7x10” | 2.2x10® | 9.0x 10® 9.0 x 10®
2.94 x 8.11 x 1.37 x 2.74 X 7.76 x 7.76 X
1.0 10" + 10"+ 10 + 10M + 10M + 10 +
5.6x10° | 1.5x10% | 2.1x10® | 1.6x10® | 1.7x10® | 1.7 x 108
2.93 x 6.72 X 5.16 x 7.36 1.58 X
1.5 10 + 100 + 100+ | x100s | X | 1024
8.1x10" | 1.2x10% | 2.7x10® | 1.3x10® 10 4.0x10°
2.75 5.16 x 7.12 x 8.32 x 1.11 x 1.59 x
2.0 x10"° + 10%° + 10%° + 10" + 10 + 10%% +
8.6x10" | 2.7x10® | 4.6x10® | 5.8x10° | 7.6 x10® | 4.6 x 10°

4.5.4.2. Fibre plungers

The trend in the increase in hydraulic resistances in the first 5 minutes of
compression was similar to when paper plungers were used (Table 4.5 & Figure
4.13B). In the first minute, all constructs showed very similar resistances. But by the

second minute, the resistance generated by 0.5 ml constructs were double that of
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the other constructs, and around 8 times higher by the third minute. The
resistances of the other constructs remained similar in the second minute. Only in
the third minute did any differences become apparent. Like with the paper
plungers, 1.0 ml constructs displayed greater increase in resistance compared to
the two larger constructs. However, there was no exponential rise in resistance in
these 5 minutes as there was with the paper plungers. Again, the 1.5 and 2.0 ml

construct resistances increased gradually.

Looking at Figure 4.13A, the hydraulic resistance of the 1.5 constructs began
increasing exponentially in minute 6 to close to double the maximum of the 0.5 and
1.0 ml constructs whilst that of the 2.0 ml constructs took a further 3 minutes
before shooting to similar values. Figure 4.13B shows that with fibre plungers, the
pattern of hydraulic resistance increase was similar; the difference between the 1.5
and 2.0 ml constructs became apparent in the sixth minute, with the latter showing
a delayed exponential rise at 10 min. These results show that the greater the
amount of fluid and collagen in the compressing gels, the greater the hydraulic
resistance generated; a greater quantity of collagen present along with more fluid

movement upwards leads to higher collagen deposition at the FLS.
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Table 4.5: R; s of constructs of different initial volumes during the first 5

minutes of compression using fibre plungers.

Initial st R|:|_5 at rd R|:|_s at R|:|_s at
Volume (m?) Minute (m?) Minute Minute (m™)
(ml) (m™) (m™) (m™)
4.39 x 2.09 x 8.61 x 8.61 x
0.5 10°+5.0 | 100+ 10 + - - 10'% +
x 10’ 2.5x10% | 1.5x10° 1.5 x 10°
3.93 91'394:‘ 137x | 1.68x | 2.74x t"lgiﬁix
1.0 10° +5.1 164+ 10" + 10" + 10" + L6x10°
10’ e 3.0x10% | 3.2x10% | 5.2x10% | T 7,
10 m
445x | 8.9x10° | 9.29x 1.18 x 1.42 x 1.61 x
1.5 10°+5.2 | +1.7x | 10°+1.0 | 10+ 10 + 10 +
x 10’ 108 x 108 1.4x10% | 2.1x10® | 1.6 x 10°
445x | 876x | 111x | 1.17x 1.13 i;ﬁf
2.0 10°+3.5 | 10°+1.1 | 100+ 10 + x10%° + g 97)‘(
x 10’ x 108 9.2x10" | 1.1x10% | 2.0x10’ '108
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Figure 4.11: Calculated hydraulic resistances generated in 0.5, 1.0, 1.5

and 2.0 ml constructs during the first 5 min of compression, indicating
greater blockage at the FLS when using paper plungers (A) than fibre
plungers (B). Error bars depict the standard deviations of the mean

(n=9).
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Figure 4.12: Calculated hydraulic resistances generated in 0.5, 1.0, 1.5
and 2.0 ml constructs during compression using paper plungers (A) or
fibre plungers (B). The greater the initial gel volume, the higher the final
Reis value. With paper plungers and a load, the Rgs values across all gel
volumes were greater than when fibre plungers were used, possibly

indicating a thicker or denser FLS present in the constructs.(n=9)
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4.5.5. Thickness measurements

p = (Mp+M))g
A

The pressure on the gels was calculated using the equation above, where P (Pa) is
pressure, m, (kg) is the mass of the plunger used, m (kg) is the mass of the fixed
load which was 22 g in the case of the paper plunger system, g is the acceleration
due to gravity (m™?) and A (m?) is the surface area of the gel. Using the paper
plunger system, the pressure applied was calculated to be 1243.9 Pa, and that of
the fibre plunger system was 149.8 Pa. As the pressure applied to the collagen gels
during compression was higher using the paper plunger system, compared to the
fibre plunger, it was hypothesised that the constructs made with the former would
be compacted to a greater extent and so, thinner, than those made with fibre

plungers.

Figure 4.14 shows the measurements taken of 0.5, 1.0, 1.5 and 2.0 ml initial volume
gels compressed with either paper or fibre plungers. The gels compressed with
paper plungers had thicknesses of 40.3 + 2.6, 63.0 + 12.7, 99.9 + 18.7 and 107.9 +
8.6 um respectively, whilst the fibre plunger-compressed constructs were of 44.7 +
9.8, 89.5 + 18.3, 135.3 + 22.5 and 179.0 * 36.5 um thicknesses respectively,
immediately after compression. Compression using paper plungers produced

thinner constructs than fibre plungers, and the difference in thicknesses was
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greater with increasing initial gel volume - 4.4, 26.6, 35.5, 75.0 um for 0.5, 1.0, 1.5

and 2.0 ml, respectively.

4.5.6. Investigation of the re-swelling of compressed constructs

The CTS-2 makes non-contact measurements of constructs in situ, allowing the re-
measuring of constructs at different time points. As these engineered constructs
underwent compaction and dehydration, there was a possibility of them re-
absorbing fluid and regaining thickness. This device enabled the study of the re-
swelling effects of compressed constructs. The CTS-2 greatly enhanced this study as
the changes in thicknesses measured were from the same samples. Whereas with

histology, measurements at different time points required different constructs.

0.5, 1.0, 1.5 and 2.0 ml collagen gels were prepared in 24-well plates and
compressed using either paper plungers of fibre plungers. Immediately after
compression, the constructs were measured using the CTS-2 to determine their
thicknesses. The constructs were then re-measured after 24 hours to determine

any changes in the thicknesses of the constructs.

As described above, 0.5, 1.0, 1.5 and 2.0 ml constructs compressed using paper
plungers measured 40.3 + 2.6, 63.0 + 12.7, 99.9 + 18.7 and 107.9 + 8.6 um in
thickness, respectively, whilst those prepared using fibre plungers were 44.7 + 9.8,

89.5+18.3,135.3+22.5and 179.0 + 36.5 um thick (Figure 4.14A). These constructs

Tan N. S. Page| 164



Chapter 4: Characterisation of Compressed Collagen Constructs/Measurement of
Compressed Collagen Scaffold Thickness

were measured again in situ after 24 hours to determine the degree of re-swelling
(if any) of each construct. 0.5, 1.0, 1.5 and 2.0 ml constructs produced using paper
plungers measured 41.39 + 1.65, 103.71 + 25.4, 1459 + 21.8 and 164.9 £ 11.3 um
respectively after 24 hours, showing increases of 1.1, 40.7, 46.1, 57.0 um
respectively (Figure 4.14B). Whilst those produced using fibre measured 70.7 +
23.5, 124.1 + 26.2, 189.6 + 36.6 and 199.6 + 11.9 um respectively, increasing by
26.0, 34.6, 54.2, and 53.1 um. These increases in thickness indicate that all the
constructs did re-swell, and to similar degrees — apart from the 0.5 ml constructs.
This re-swelling effect did not occur when the constructs were fixed in formalin

following compression, and construct thickness remained constant (Figure 4.15).
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Figure 4.13: (A) Thickness measurements of 0.5, 1.0, 1.5 and 2.0 ml
constructs compressed with paper plungers or fibre plungers
immediately after compression and after 24 hours, showing that the
constructs undergo a degree of re-swelling. (B) The difference between
thicknesses at t = 0 and t = 24 h. Error bars indicate the standard

deviation of the mean (p<0.05; n=6).
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Figure 4.14: Compressed construct thickness measurements immediately
after compression and 24 H later following fixation with formalin.
Constructs that were fixed showed no significant changes in thickness

after 24 hours. Error bars indicate the standard deviation of the mean

(p<0.05; n=4).
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4.5.7. Cell proliferation comparison

Cells were cultured in different spatial and stiffness environments to compare their
behaviour in terms of proliferation. Monolayer cultures were compared with cells
enmeshed within a matrix to study differences between 2D and 3D culture. The 2D
set-ups used were cells cultured on standard tissue culture plastic, cells cultured on
soft, compliant uncompressed collagen hydrogels and cells on top of compressed
collagen constructs. These three 2D environments provided three substrates with
different mechanical properties. The 3D conditions used were cells in
uncompressed collagen gels and cells within compressed collagen constructs. These

too, provided two environments with different mechanical properties.

Figure 4.16 shows the results of the cell proliferation (alamar blue reduction) assay.
Comparing the three 2D systems, cells cultured on stiff tissue culture plastic (2D
TCP) proliferated the most, followed by cells on compressed collagen (2D PC) and
then cells on uncompressed collagen (2D UC). This illustrates the importance of the
mechanical properties of substrates. Tissue culture plastic is unnaturally stiff; an

environment that cells would not encounter in the body.

The 2D and 3D comparison shows that cells cultured as a monolayer (2D UC and 2D
PC) show higher rates of proliferation in the first few days, before the cells in 3D
(3D UC and 3D PC) reach similar cell numbers. This shows that cells cultured in 2D

have higher proliferation rates than cells cultured in 3D. The density of collagen and
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mechanical properties of the matrix can also be seen to affect cell proliferation in
3D. Cells cultured in the stiffer compressed constructs showed greater proliferation
than cells in the compliant collagen hydrogels. After the first 24 hours, cells
displayed increasing levels of basal metabolism with increasing material stiffness

(stiffness and detected fluorescence: 3D UC < 2D UC < 3D PC < 2D PC < 2D TCP).

This study highlights the effects substrate stiffness has on cells as well as the
differences between 2D and 3D cell culture. Conventional monolayer cell culture on
tissue culture plastic makes cells proliferate at an unnaturally high rate. Here we
also show that fibroblasts, which normally reside within a matrix, proliferate more
when cultured as a monolayer than when in a matrix. This illustrates the
importance of 2D tissue-like cell culture to recapitulate normal, natural cell

behaviour.
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Figure 4.15: Cell proliferation rates, as determined by alamar blue
reduction (A), of cells cultured in 2D on tissue culture plastic (2D TCP),
compliant uncompressed collagen hydrogels (2D UC) and stiffer
compressed collagen constructs (2D PC), and in 3D within uncompressed
collagen hydrogels (3D UC) and within compressed collagen constructs
(3D PC), showing different cell behaviour in different environments. (B):
Results normalised to conventional monolayer culture on tissue culture

plastic. Error bars indicate the standard deviation of the mean (p<0.05;
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4.6. Discussion

The fibre plungers produced by TAP Biosystems were compared to the traditional
paper plungers that are routinely used for plastic compression [319,320,337]. The
fibre plungers were produced to absorb water at an optimal rate such that an
external force (metal weight) is not needed, to simplify the compression set-up.
Compression rates were different for the different plunger systems, although the
total fluid lost was similar (Figure 4.10). The compression profiles were not linear
(Figure 4.3), which indicates fluid outflow blockage by the compacting fibrils at the
FLS. The rates of fluid absorption dropped dramatically from the first minute to the
second minute (decreases of at least 0.25 ml/min with paper plungers and at least
0.14 ml/min with fibre plungers). This points towards the generation of the fluid
leaving surface at this early point during compression, to restrict fluid outflow from
the gel. With paper plungers and a fixed load, the rate of fluid absorption within the
first minute using 0.5 ml gels was significantly lower than in the other constructs
which had initial rates greater than the total initial volume of the 0.5 ml constructs.
This must mean that collagen began accumulating at the FLS and limiting fluid

escape in the first few seconds of compression.

Across the initial gel volumes with paper plungers and a fixed load, there was an
increasing trend of the initial fluid loss rates. This could be due to the rate of FLS
formation with respect to the volume of fluid remaining in the gel. This is
represented by Rgss, the hydraulic resistance of the fluid leaving surface during

compression (Figure 4.12). Hydraulic resistance of the FLS provides an indirect
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measure of collagen density at the FLS, allowing the analyses of FLS growth with
time during compression. The hydraulic resistances generated by the FLS decrease
with increasing initial construct volume at a given time point — the opposite trend
of fluid loss rates. This shows that the FLS developed at different rates in constructs
of different initial volume, with the FLS developing faster with smaller initial gel
volumes. Therefore, the greater the collagen accumulation at the FLS, the greater
the hydraulic resistance to fluid flow and hence the lower the rate of fluid loss. Rgs
was greater using paper plungers and a fixed load than with fibre plungers. This
value estimates the blockage of the FLS through accumulations of collagen, which
suggests that constructs made with paper plungers have a denser FLS than those
prepared using fibre plungers. A limitation to this is that fluid discharge from the gel
was assumed to be unidirectional (out of the top surface only), where, especially in
thicker gels, fluid is pushed out via the bottom surface (and possibly the sides) as

well as the primary FLS.

In the graph showing the dynamics of the hydraulic resistances in constructs
compressed using fibre plungers (Figure 4.13B), there appears to be a ‘step’ in the
1.5 and 2.0 ml curves at minute 7 and 10 respectively. At these times, the Ry s value
increased slightly for the 1.5 ml constructs and decreased minimally for the 2.0 ml
constructs. This could possibly be around the time when the formation of the
secondary FLS starts. As the primary FLS becomes denser and denser, hindering
fluid escape possibly to the point of complete blockage. This causes a build-up of
pressure in the fluid remaining in the gel as the plungers continue to press down on

the constructs. Eventually, the internal pressure becomes great enough to force
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fluid out from the gel via other surfaces, generating secondary FLS’s and allowing
compression and fluid removal to resume (see Chapter 3). Figure 4.13B may have
captured the dynamic of this process. These steps are only present in the curves of
the thicker, 1.5 and 2.0 ml constructs compressed with fibre plungers. The pressure
acting on the constructs compressed using paper plungers and a fixed load was
much greater than that exerted by the fluid-filled fibre plungers. So the initiation of
secondary FLS formation would have been much faster, and hence the dynamics of
this step was not captured in this experiment when paper plungers and a fixed load
were used. It may be possible to use the optical confocal meter to detect fluid
outflow through the bottom surface of the constructs during compression, as this
would create a new interface through which the laser would pass through.
Although, the refractive indices of water and a compressing collagen hydrogel is

quite similar, and the difference may not be detected.

These calculations however, were based on the assumption that the viscosity of the
fluid (1) remained constant through compression. It is possible that as fluid drained
out of the compressing gel, the viscosity of the remaining fluid increased. Hubbert
had previously demonstrated that the dynamic viscosity of fluid is inversely
proportional to the rate of fluid discharge [358]. Thus the hydraulic resistance at
the FLS would be dependent on both the blockage of fluid outflow and increases in

fluid viscosity.

The CTS-2, an optical confocal device, allowed real-time determination of collagen

construct thickness in situ rather than relying on histological methods (Chapter 3).
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This provided a more accurate method of determining final construct thickness. The
paper plunger system produced thinner constructs than fibre plungers. This
difference is likely due to the additional pressure from the external load used

together with paper plungers (and the consequential generation of new FLS’s).

Interestingly, despite being more compact and dehydrated than the construct
prepared with fibre plungers, paper-plunger-compressed constructs re-swelled just
as much as the former, apart from the 0.5 ml constructs which showed a
significantly smaller increase in thickness than the 0.5 ml constructs prepared using
fibre plungers (Figure 4.14B). It was originally thought that any re-swelling would
occur at the collagen-dense FLS since it is very compact and may undergo some
elastic deformation during compression. However, as mentioned earlier, the
hydraulic resistance values, which provide an indication of the extent of blockage
(protein accumulation), are higher for paper plunger-compressed constructs than
for fibre compressed-constructs, indicating that the former had denser FLS’s. This
would suggest then that the paper plunger-compressed constructs should re-swell
to a greater degree than the constructs produced with fibre plungers. Apart from
the smallest construct size, this was not the case, meaning that re-swelling occurred
either in the non-FLS regions of the constructs or throughout the whole construct,

including the FLS.

One of the advantages of using compressed collagen constructs is that cells can be
seeded in the gel before compression so that the collagen fibrils form around them,

mimicking the in vivo tissue organisation. Cellular constructs would be cultured for
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periods of time for various purposes. As such, it was important to determine how
stable the acellular constructs were over periods of time. The non-invasiveness of
the CTS-2 allowed the measuring and re-measuring of the same constructs

immediately after compression and 1 day later, which was previously impossible.

The technology from Lein AD has greatly improved collagen construct
characterisation and has helped us to understand plastic compression better with
regards to compaction and re-swelling. Furthermore, this method is non-invasive,
so constructs can be measured without the need for handling them which can
cause damage or disruption to the structure of the collagen structure, which allows
for more accurate measurements, as well as allowing for subsequent
measurements to be done on the same construct over time (hours, days, weeks),

which was impossible before.

4.7. Conclusion

Compression with the paper plunger system and the fibre plunger system resulted
in different rates of compression, although the total fluid removal across all initial
gel volumes was similar. The degree of compaction of the final constructs differed,
with those produced using the paper plunger system being thinner than those
prepared using fibre plungers. This result, along with the investigation on hydraulic
resistance of the FLS, has given additional insight into the generation of the
secondary FLS at the bottom surface of constructs. These 16 mm-diameter collagen

constructs were shown to support cell growth. Additionally, the cells were
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demonstrated to behave differently in culture conditions of differing stiffness and

dimensionality.

Tan N. S. Page| 176



Chapter 5: Micro-Density Analysis of Compressed
Collagen Constructs: Rapid Method Development

5.1. Introduction

Tissue development and maintenance is achieved through signalling networks of
biochemical and mechanical signals from cell-cell and cell-matrix interactions
[172,359,360]. These interactions govern cell function through influencing cell
alignment, migration, proliferation and differentiation [361-368]. The extracellular
matrix (ECM) therefore plays an important role in regulating cell behaviour. Cells
respond to ECM cues such as substrate stiffness and topographical features. Where
these are understood, they can be exploited for the engineering of complex,

biomimetic tissue-like scaffolds.

Tissue engineering aims to reproduce functional tissues with native cell and matrix
composition and organisation. It is widely known that the topography of a substrate
affects cell behaviour in the way they organise themselves, in terms of morphology
as well as alignment, and this affects differentiation and proliferation [369,370].
Cells on an anisotropic surface will align themselves in the direction of grooves
present on the surface, and the rate at which this occurs is affected by the spacing
in between grooves as well as the widths and depths of the grooves [247,248].
Fibroblasts have also been shown to sense the dimensional characteristics of
features such as crypts. Berry et al. showed that there were differences in cell

proliferation on crypts measuring 7, 15 or 25 um in diameter, whilst cells only
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entered the 25 um crypts [245]. This seems to indicate that the cells were sensitive
to the curvature of the crypts. Using 1.5-2.0 um wide square-shaped ridges, Kim et
al. showed that cells migrated towards regions of increased crypt density and

anisotropy [371].

These studies have revealed the importance of topography on cell behaviour, and
that to engineer a biomimetic environment for cells, topography needs to be
fabricated into the microarchitecture of biomaterials. However, the materials used
for engineering micro-topography have been inorganic, mostly because the
techniques used to create these micro-topographies have been developed for other
industries and will not work as well on softer, natural materials. Topographical
patterning of more biomimetic systems like gelatin, alginate and collagen is more

difficult because they are generally too compliant.

Several fabrication methods, such as micro-contact printing, microfluidic
patterning, wet etching, photolithography and hot embossing have been used to
create micro-scale architecture, but these have been developed for the
microfabrication of non-biological materials such as glass and metals, and are

unsuitable for our purpose, as discussed in Chapter 1.

Collagen, the most abundant protein in the body, is a main component in the ECM.
It is therefore important not only to be able to engineer collagen into 3D tissue-like
constructs, but also to be able to quantify collagen density at the cell scale. Plastic

compression can be modified to produce constructs with 3-dimensional surface
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topographical features by micro-moulding [244]. This is carried out in a one-step
process utilising templates with grooves or other structures, at the (tens to
hundreds) micron scale, pressed into the collagen gels as they are undergoing

compaction and uniaxial dehydration.

During the dehydration process, fluid from within the gel flows into the absorbent
material. But when an impervious object (i.e. the micro-moulding template) is
placed between the collagen surface and the absorbent material during PC, fluid
dynamics is disturbed as the flow is deflected around the obstacle. The rapid fluid
flow through the FLS compacts the collagen fibrils and at the same time aligns them
in parallel to the direction of flow around the impermeable template, resulting in a
change in collagen displacement within the scaffold [240]. This added complexity
can be exploited to form stable structures in the FLS which show characteristic

patterns of collagen density.

Surface embossing of PC constructs has been described previously [244]. Circular
cross-section (50 um diameter) glass fibres produced grooves 55 um wide and 25
um deep and rectangular cross-section Kapton plastic templates (50 um wide and
75 um deep) generated rectangular grooves of 48.4 um width and 34.3 um depth.
The widths of the grooves matched up to the width of the glass fibres/Kapton
template, but, with both template types, the depths of the grooves produced were
only about half that of the template thickness. It was also shown that patterning of
the opposite surface (non-FLS) during compression was not effective. We speculate

that template shape is an important influence on fluid flow and thus on collagen
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compaction. Importantly, compression of deeper rectangular Kapton template
ridges (100 um) did not produce deeper grooves in the collagen (unpublished data).
One objective here was to understand why the embossing of soft collagen gels
produces grooves of only limited depth fidelity, with different orientations and

densities of collagen.

To understand better the mechanisms involved in plastic compression and micro-
moulding, we decided to investigate the relative changes in collagen density within
PC collagen scaffolds generated with micro-moulding variants. We hypothesised
that digital image analysis of micrographs of stained collagen sections would be a
simple way to quickly detect differences in collagen distribution in PC scaffolds in a
semi-quantitative way. Determining the relative collagen distribution within
compressed constructs would then give insight into fluid flow and the mechanisms

involved in structure generation during micro-moulding.

Constructs prepared for histology were stained with Sirius red, imaged and
analysed using Imagel (Chapter 3). This novel method of analysis of local collagen
density was validated using constructs fabricated with a linear collagen density
gradient as previously established [246]. Following which we used this technique to
reveal collagen density distributions in three other variants of PC scaffolds
(flat/non-micro-moulded, embossed with rectangular grooves or embossed with
round grooves) to gain insight into the dynamics of the compression process, to

enable more predictable engineering of topography with PC.
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5.2. Materials & Methods
Collagen constructs were compressed, prepared for histology, stained with Sirius

red, imaged and analysed as described in Chapter 2.
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Figure 5.1: Schematic of the plastic compression set-up. Collagen gels
were set in multi-well plates (12-well plates in this case). (A) Absorbent
elements, consisting of two discs of Whatman | paper and a paper roll
were placed on top of each gel, followed by a 43.8 g weight. Micro-
moulding was carried out by placing the template on top of the collagen
gels prior to compression. (B) & (C) Schematic of the templates used for
micro-moulding of the collagen showing cross-sections and dimensions
of the templates for generating rectangular (B) and circular (C) cross-

section channels.
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Figure 5.2: Measured dimensions of round grooves produced using 100
or 200 pum stainless steel wires. The measurements show that there was
poor depth fidelity but good width fidelity in the fabricated grooves.

Error bars depict the standard deviations of the mean (n=12).
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5.3. Results

5.3.1. Groove depth infidelity

As outlined above, previous work on the fabrication of grooves in dense collagen
constructs suggests that groove width-fidelity is good but depth-fidelity is
imperfect. However the mechanism for this is unknown [244]. It is important to
understand the mechanisms involved if we intend to develop a process to
predictably engineer micro-topography on these dense collagen sheets for tissue
engineering purposes. Firstly, the effect of using larger patterning templates (200
um diameter wire) was investigated (previously, the largest used was 100x75 um).
Initially, 200 um diameter wires were used on thin gels (1 ml). 6 wires of either 100
or 200 um diameter were placed on the top surface of each collagen gel before the
paper discs and plungers were added. It was expected that the wires would be
pushed all the way through the construct - like cutting cheese with wire. This
seemed likely since the wires were thicker than the thickness of the final
compressed gel (<100 um final construct thickness). Interestingly, the wires did not
go right through the constructs, and instead created grooves on the surfaces of the
constructs (Figure 5.3). To further investigate this groove formation using these
bigger templates (100 & 200 um), thicker (4 ml) constructs were used to study the

full extent of groove generation more closely.

Previous findings showed that depth fidelity was poor when square-bottomed

templates were used, but improved as the template width:thickness ratio increased
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[320]. Micropatterning using 25 (width) x 75 (thickness) um templates
(width:thickness = 1:3) resulted in grooves with widths and depths of 22.9 and 22.1
um respectively (92% and 29% fidelity). The depth fidelity was slightly improved to
33% (25.1 pum) when 50 x 75 pum templates (46.7 um wide; 94% fidelity;
width:thickness = 2:3) were used. And when 100 x 75 um templates (96.6 um wide;
97% fidelity; width:thickness = 4:3) were pushed into compressing gels, the
resulting grooves were 34.3 um deep, an increase in fidelity to 45%. Micro-
patterning compressed constructs in this manner creates grooves with good width

fidelity but limited depth fidelity.

As the wires used here were round, thickness and width were the same
(width:thickness = 1:1), so depth fidelity was expected to be close to 50%, though
other factors are likely to affect groove width and depth fidelities. Figure 5.3 shows,
with wires of 100 um diameter, grooves of 118.3+40 um width and 59.3+20 um
depth were generated. 200 um-diameter wires created grooves of 236.3+43 um
width and 88.4127 um depth. This represents 118% of the expected maximum
width for both wires, and 59% and 44% of total possible depth. The depth fidelity of
grooves using the 100 um-diameter wires was better than that of grooves made
using the three different sizes of rectangular templates. 200 um-diameter wires
produced grooves which had better depth fidelity than rectangular-shaped grooves
produced using 25 x 75 um and 50 x 75 um templates (29% and 33% respectively),

and similar fidelity to the 100 x 75 um template (45%).
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5.3.2. Density analysis development

This discrepancy in groove depth and template thickness confirmed earlier findings
suggesting that some aspect of fluid outflow was reducing the depth fidelity. The
profile of the template used may contribute to the poor fidelity of groove depth
since shape would alter the way the fluid flowed. To investigate the causes of this
depth infidelity effect, it was necessary to develop a new, simplified system for
semi-quantitative assessment of local collagen accumulation at the micro-scale (see
Chapter 3). As described in the methods section, this involved the analysis of digital
images obtained from sirius red stained histological sections of the embossed

constructs (cross-sections of the groove profile).

Sirius red was used to stain sections as it preferentially binds to collagen fibrils in a
concentration-dependent manner, making it better for this purpose than eosin.
Coloured micrographs had to be split (red, green, blue) to minimise interference
from other colour channels, and then converted to black and white to look purely at
pixel intensities (ranging from 0 (black) — 255 (white)). The greater the amount of
Sirius red bound, the brighter (whiter) the collagen appeared. So with digital image
analyses, the intensity of the staining of the pixels can be correlated to collagen
density. In this way, collagen densities across constructs could be assessed at a

semi-quantitative level.

Tan N. S. Page| 186



Chapter 5: Micro-Density Analysis of Compressed Collagen Constructs: Rapid
Method Development

Figure 5.3: (A) Histological image of a construct micro-moulded with 100

um stainless steel wires stained with eosin. (B): SEM micrograph of a
collagen construct micro-moulded (arrowed) with stainless steel wires of

200 um diameter.

5.3.3. Micro-moulding - image analysis

Micro-moulding collagen constructs generated grooves with poor depth fidelity.
One possible factor affecting this is, as mentioned earlier, is the template
width:thickness ratio, and another is template shape. The shape of the template is
likely to play a role as it determines how fluid flows around the template (due to
the template being impermeable). The templates would block the regular upward
fluid flow and redirect fluid around them, which would bring about changes to
collagen movement and fibril deposition during the early phases of compression
when fibrils are significantly relocated and remodelled by fluid flow. With the
circular wires being more hydrodynamic than the flat, square-based kapton
template, it is likely that the latter would generate more resistance against the
upward fluid motion and hence be pushed upwards and out of the gel to a greater

extent than the wires, thus affecting depth fidelity.
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Compressed constructs micro-moulded with grooves of either round or rectangular
bases were fabricated and prepared for histology and stained with sirius red. Cross-
sections of grooves were used for the analysis. Digital images were taken and
analysed using Imagel. Images were converted to greyscale to look purely at pixel
intensities in terms of grey value (grey value; minimum: 0, maximum: 255 — since

images were converted to black & white).

This was then used to measure the local differences in collagen density profiles
associated with micro-moulding using different template shapes for clues to fluid
movement during compression with impermeable templates. Figure 5.4 s
comprised of representative images and scans of unpatterned constructs and
constructs patterned with either round or rectangular grooves. Figure 5.5A shows
that the unpatterned constructs showed no significant differences in collagen
density from one region of interest (ROI) to another, as expected, since fluid
outflow would have been uniform. Micro-moulded constructs on the other hand,
had distinctive local collagen density profiles. Compressed constructs with round
profiles, showed a single peak in collagen density at the base of the groove with a
maximum of 108 a.u.. The densities on either side of this peak gradually decreased
to around 95 a.u. toward the baseline unpatterned areas of the scaffold (Figure
5.4B). Constructs with rectangular cross-section grooves showed two peaks of high
density collagen located at the two internal corners of each groove. The increase in
density at the corners (148 and 150 a.u.) was greater than at the bottom of the

groove (137 a.u.; Figure 5.4C) which was also higher than the baseline unpatterned
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regions. This clearly shows a difference in collagen distribution within constructs at

the sites of structure formation when using templates of different shapes.

To help compare these differences, the mean percentage increase in density from
the baseline was calculated (Figure 5.5). The baseline was taken as the average
density of the unpatterned regions on either side of a groove, from each external
corner to at least 50 um away from the groove. For rectangular grooves, there was
a 16.0+3.5% mean increase in density at the internal corners (15.2+4% at the first
internal corner, and 16.9+3% at the second). The increase at the base of square
grooves was 7.7+3%. For round grooves, the increase in density at the base of the
groove was 21.414%. These were all statistically significantly different to the

baseline density (p<0.05).

It can be seen why then the thick wires did not cut right through the thin collagen
gel during compression. As the process progressed, the area under the wire became
increasingly dense and increasingly more difficult for the wire to be pushed all the

way through the gel.
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Figure 5.4: Collagen displacement analysis of an unpatterned (flat, non-
micro-moulded) construct (A), a construct patterned with glass fibres (B)
and a construct patterned with a Kapton template (C), showing the
differences in collagen distribution in the patterened constructs. i: An
image converted to greyscale with regions of interest (ROI) (grey
rectangular boxes). li: each point on the graph represents the mean pixel

intensity of a ROI.
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the baseline, corners compared to the baseline, and corners compared to
the groove base. Error bars represent the standard deviation to the

mean (p<0.05; n=12).
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5.3.4. Full thickness transverse density analysis

Plastically compressed collagen constructs were produced and processed for
histology and Sirius red staining. Cross-sections were imaged and analysed using
Imagel) to study the distribution of collagen within constructs in the z-plane (bottom
to top surfaces). The purpose of this was to look for clues on fluid movement and
escape during compression. Figure 5.6 shows the analyses of light micro-graphs
across the full transverse thickness of the compressed collagen layers stained with
Sirius red. These graphical representations of pixel intensities assessed the relative
collagen density distribution within constructs for each treatment. The presence of
the FLS with its sharp peak of very high intensity can be seen in each construct. For
unpatterned constructs, Figure 5.6A shows the FLS as a clear, sharp peak which was
more than twice the pixel intensity than that of the rest of the construct. For round
grooves, a similar collagen density distribution was seen in the unpatterned regions
of the constructs, and to a lesser extent, within the grooves themselves. Figure 5.6B
shows that similar to unpatterned constructs, round grooves showed a peak in pixel
intensity at the top surface of the construct and then decreases towards the
bottom surface. This indicates an accumulation of collagen at the base of the

groove.

To quantify this, using the plot profiles, a ratio of the pixel intensity at the first peak
from the top of the construct to the pixel intensity at the last peak was calculated.
The top/bottom ratio for unpatterned and round grooves were 1.19+0.052 and

1.35+0.284 respectively (Figure 5.9), indicating that the top surfaces (with its
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distinct FLS) had a greater density of collagen than the bottom surfaces. That is, the
FLS was dominant on the top surface of these constructs (ratio >1=FLS at top
surface; <1=FLS at bottom surface). Surprisingly, for rectangular grooves, the
top/bottom ratio was much lower at 0.847+0.084, although the overall density was
comparable with other treatments. This shows that a prominent FLS was being
formed at the bottom surface of the construct with rectangular templates, which
suggests that significant fluid flow within the gel had been displaced in the opposite
direction, downwards by the template instead of the more normal flow upwards,

and out of these respective surfaces.
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Figure 5.6: Image analysis of an unpatterned PC scaffold (A), one that is
patterned with round grooves (B), and one with rectanuglar grooves
(C).(i): Images converted to greyscale with a region of interest selected
(red line). (ii): 3-dimensional plot of the region of interest. (iii): Profile

plot of the region of interest. The “x” and grey lines in (ii) and (iii)

correspond to the “x” and lines in (i).
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The round groove constructs showed the most pronounced downward fall in
density of the 3 treatments (Figures 5.5 & 5.6B iii) and this was reflected in the
highest top to bottom ratio (Figure 5.7). If correct, this would suggest the least (or
latest) tendency to form a second, basal FLS. This represents an interesting and
potentially informative trend, though the difference between which it was different
from rectangular grooves in this case did not reach conventional statistical

significance (Figure 5.7).
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Figure 5.7: Graph showing the ratios of the pixel intensities at the top
surface / bottom surface of unpatterned, rectangular-grooved and
round-grooved constructs. This indicates that with flat constructs and
within round grooves, there were single FLS’s at the top surfaces of the
constructs, whereas with rectangular grooves, there were secondary
FLS’s at the bottom surfaces which were denser than the primary FLS’s.

Error bars shown indicate standard deviations (p<0.05).
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5.4. Discussion

Collagen is the most abundant protein throughout the vertebrate body, and has
important roles in structural stability and in influencing cell behaviour
[359,361,362,365-367]. Therefore, it is critical to have effective methods for the
rapid quantification of its density at the cell scale in tissues. This perhaps is even
truer for engineered tissues where collagen is the ‘engineered’ material. It is clearly
essential to be able to monitor local matrix density as these will influence tissue-cell
behaviour. Here, we have described a quick and simple method using sirius red
staining and image analysis to detect and quantify collagen density in PC constructs.
Additionally, by using this technique, we were able to quantify the collagen
distribution profiles of micro-moulded constructs to gain insight into the

mechanisms and dynamics of fluid flow during the compression process.

Controlling material stiffness and engineering topography in PC collagen constructs
have both been previously investigated by this group [244,246,279]. Such collagen
micro-moulding is currently the only, or one of the only feasible approaches to
generate predictable cell-scale topography in soft native (collagen) materials
without harming resident cells. Clearly then, these mechanisms of fluid flow and
collagen fibril accumulation within a collagen construct during PC need to be well
understood if we are to be able to predictably mould topographical features and
cell-scale density changes. However, the detailed mechanisms controlling how such

topography is formed are presently unclear.
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Using the novel analysis method described in this study, we have been able to
measure changes in collagen micro-density which suggest mechanisms behind
micro-structure formation. The collagen density profiles of micro-moulded
constructs obtained may be explained, at least in part, by the obstruction to fluid
flow by the template and the bifurcation of fluid flow it will produce during the
compression process (Figure 5.8). During PC, fluid flows from the bottom of the gel
upwards and out into the absorbent plunger. Some of this flow must divert to pass
around the non-permeable template. Collagen fibrils would be deposited at these
points of bifurcation, especially at the early, low density stages of compression,

leading to accumulations of collagen at these points.

One hypothesis for the poor depth fidelity reported here is the generation of a
secondary FLS beneath the template and the force of upward fluid flow during the
compression process pushed the template up and out of the compressing gel
(Figure 5.10). Initially, the pattern template was pushed fully into the collagen gel.
But because the template was impermeable, fluid was unable to exit the gel at
those points in contact with the template. The three different templates used (50 x
75 um, 100 pm-diameter wires and 200 um-diameter wires) covered 17.2, 7.0 and
14.1% of the construct surface respectively (Table 5.1). This represents a reduced
area of contact between gel and absorbent, limiting fluid outflow. Collagen fibrils at
the main FLS become increasingly compact as PC proceeds, until fluid escape
through that surface (FLS) is restricted. With the main discharge route blocked,
pressure within the compacting gel builds up due to the continual compressive

force. This build-up of internal pressure then forces fluid out of the gel via other
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routes, creating the secondary FLS collagen densities we located in this study. The
fluid forced out of these other surfaces (i.e. under the impervious template) may
cause the template to be lifted up and out of the gel by a few tens of micrometres,
allowing fluid to escape and so forming another leaving surface in the process
(Figure 5.9). This additional FLS would correspond to fluid flow around the stamp,
and incidentally would lead to a shallower groove than expected. De facto (but
paradoxically) this makes the collagen layer oddly strong in compression — i.e. it

does not cut through.

Table 5.1: Area of pattern template in contact with collagen construct.

Template Surface Area (mm?) Percentage of Construct
Surface (%)
Kapton 50 34.5 17.2
100 um-diameter wires 14.1 7.0
200 um-diameter wires 28.3 14.1

Fluid Flow

§_h

Figure 5.8: Collagen constructs stained with sirius red. (A) shows a
construct patterned with round grooves, while (B) shows a construct
embossed with a rectangular groove. Arrows indicate direction of

hypothetical fluid flow.
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Another theory for explaining limited groove depth-fidelity involves the re-swelling
of compressed collagen constructs. It is already known that the plastic deformation
which characterises routine collagen compression eventually becomes elastic at
high collagen densities (Figure 5.10) [355,382]. Compressed constructs are very
dehydrated, and may undergo partial and local reswelling-rehydration after the
compressive load is removed. This reswelling is thought to be small and localised. It
is likely that the regions beneath grooves (“E” in Figure 5.10) become hyper-
compacted during compression and so are liable to elastic recoil and reswelling
compared to the unpatterned regions of the construct surface. As such, any re-
swelling of these hypercompacted regions would result in a reduction in the groove
depth as measured here. Clearly, any contribution from this effect would come
right at the end of the compression process. These potential mechanisms for
differential collagen distributions and limited depth fidelity operate individually, or
may occur in sequence corresponding with the dynamic of the PC process.
Bifurcation of fluid flow may explain the events that occur early, at the initial stages
of the compaction process, until the main FLS becomes very dense. At this, late to
middle stage of compression, formation of localised secondary FLS’s would be more
likely, preventing the template from sitting at the base of the groove. At the very
last stages, where very dense collagen accumulations were produced at the groove
base and the compression load is removed, the last effect, that of elastic recoil and

local reswelling may occur.
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Figure 5.9: Schematic of secondary FLS formation and fluid expulsion
from under the template. (A) Stage 1 — Template is pushed fully into the
collagen gel. (B) Stage 2 — As the compression process proceeds,
pressure lifts the template out of the groove and forms a new FLS at its

rising base. XXX : Dense collagen.
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Figure 5.10: A schematic diagram of a region of a PC construct embossed
with a rectangular groove. This illustrates the uneven re-swelling
explanation for shallow (compared to maximum template thickness)
grooves. E - zone of over-compressed collagen, i.e. compacted beyond its

plastic properties, so becoming elastically compressed.
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5.5. Conclusions

These studies have successfully developed a new rapid technique for measurement
of changes in local (micrometer-scale) collagen fibril density. This technique has
been used to plot out the spatial record of collagen accumulation, providing clues
as to the mechanism by which high density (stiffer) regions of matrix are formed. In
turn, it is probable, based on previous work [36,45], that these local stiff regions
will significantly influence cell behaviour, providing both fine-tuning of engineered
tissues and insight into natural cell mechanics. The study of local density changes
also helps to explain why groove depth by micro-moulding has only limited fidelity.
In turn, this is important in making predictable processes for generating soft tissue -
collagen micro-topography. This is important, as plastic compression micro-
moulding developed using this approach remains the only method for generating
predictable soft tissue micro-topographic features, without cell-lethal conditions

such as chemical cross-linking [244,267,383-388].
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6.1. Introduction

Almost all stromal tissue cells in the body are embedded within the local tissue and
enveloped by its extracellular matrix materials, with the exceptions of surface
(epithelial/endothelial) cells and cell-rich tissues like nerves and muscle. Epithelial
and endothelial cells grow as a thin layer on top (epithelia) or below/inside
(endothelia) tissues, forming barriers between tissues or external fluids (e.g. blood,
air). These interfacial cells grow on extracellular matrix rather than in it, attaching
to their substrate largely by their basal surface, with their apical surface exposed to
the external environment. Cell-rich tissues contain dense cell masses (versus thin

cell sheets) with predominantly cell-cell contacts and little extracellular matrix.

Most other cell types live in a relatively homogenous environment within the
stroma and are surrounded by extracellular matrix proteins, unlike the polarised
epithelial cells with very different apical and basal environments. This makes cell-
matrix and cell-cell attachment an inevitable occurrence in the X, Y and Z planes —
that is, in 3 dimensions (3D). It has been known for some time now that these 3D
interactions are both unavoidable and critical cues for cell behaviour, governing

how cells respond to test drug agents, particles and proteins.
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However, current standard culture systems assess cell responses based on
monolayer cultures, also called "2D", though this is itself a misnomer [170]. Cells in
monolayer attach on one side to ultra-stiff impermeable plastic and are covered on
the other by a large excess of dilute nutrient solution [397]. Clearly the complexity
of native tissue-structure is replaced by a spatially polarised, un-physiologically stiff
substrate, no surrounding matrix, and with almost none of the normal nutrient and

gas gradients which characterise real tissue signalling.

In effect 2D-monolayer cultures mimic few, if any, tissues we normally aim to
model. Although they have provided us with valuable metabolic information, they
do not predict more complex animal or human tissue responses particularly those
with any spatial context. This is evident in drug discovery where therapeutic agents
and nanoparticles which initially seem useful in 2D models, ultimately fail in animal
and patient tests [104]. This high attrition rate is mainly due to lack of efficacy as
well as toxicity in the later stages of testing [116,403,404]. These were perhaps not
detected earlier because monolayer cultures provide excessively stark patterns of
mechanical, spatial and gradient cues which native cells rarely or never encounter
[170]. The later that a therapeutic candidate fails, the higher the costs since the
costs for testing rise significantly with each stage of assessment. There is pressure,
then, for 'more physiological' culture systems which are predictive, interpretable
and accurate. But it is first necessary to analyse what 'more physiological' and '3D'

mean, to avoid the low target of being merely 'not 2D'.
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This is a topical issue, studied by a number of groups, and involves testing nano-
particle behaviour, in putative model systems based on hydrogels (collagen,
alginate, PEG), sponges (collagen, hydroxyapatite, cellulose, silk fibroin, PLGA),
cellular spheroids/aggregates (rotating wall bioreactors, hanging drop and micro-
carrier systems) [69,146-150,152,153,156,159,160,162,200]. Whilst these models
move from 2D towards some forms of 3D culture, they do not necessarily or
automatically reproduce appropriate cell-relevant cues in their native tissue.
Pseudo-3D cultures are produced by seeding (micron scale) cells onto some forms
of macroporous, 3D scaffold since the scale difference only allows cell attachment
to the pore-wall surfaces, like slightly curved monolayers [172]. The various forms
of 3D cell-mass cultures (eg. hanging drop, spheroids, aggregates) can claim to
mimic the enforced cell-cell contact and diffusion gradients of cell-rich tissues (eg.
liver, muscle), but completely misrepresent matrix-rich, connective tissues. Rather
we need to model those key elements of the spatial environment which

characterise the tissue under test.

Specifically, to model nanoparticle delivery/fate in connective tissues, key test
parameters might be movement through the model matrix, access to and uptake by
cells and the influence of matrix remodelling. Cells in the body continually
degrade/replace the matrix. This affects symmetry, diffusion gradients, and particle
access/uptake by cells (not just from upper medium surface). Cells in tissues receive
directional cues from diffusion gradients, including drug/protein cargos from the
test nanoparticles. Key features of a model, then, are density, composition,

asymmetry of the cell-support scaffold as this will affect the mobility of
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particles/molecules. The objective is then to design 3D tissue-like models providing

key information for accurate translation.

The aim of this study was to develop a 3D tissue-like model specifically to predict
the fate and cell-interaction of hyaluronan nanoparticles, and compare the answer
to that produced using 2D monolayer cultures. Hyaluronan nanoparticles were
chosen as they have the potential to be tumour cell-targetting, since it is known
that cancer cells upregulate the receptor for hyaluronan, CD44 or RHAMM
(receptor for hyaluronic acid-mediated mobility) [413,414]. We used cell-seeded,
laminated compressed collagen as a 3D dermis model of composition, density and
organisation. Since type | collagen is the predominant fibrous material in most
connective tissues, the appropriate tissue cells are able to attach to and remodel its
fabric. The plastic compression gives tissue-like density and anisotropy, imitating
the constraints on molecular and nanoparticle mobility predicted in the target
tissue. Intimate enmeshing of test cells in this tissue-density collagen around the
HA-NPs exposes all 3 elements to appropriate mechanical conditions and perfusion

gradients, tailored to those of the target tissue.
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Figure 6.1: Schematic depicting the arrangements of cells in/on different

substrates. Cells cultured as a monolayer on standard tissue culture
plastic take up a flat polarised morphology. Micro-porous and micro-
fibrillar scaffolds initially appear to give cells a 3D environment in which
to grow in. However, the large scale of the pores and fibres relative to
cell dimensions creates a pseudo-3D environment where cells are within
a 3D structure but are still flat or curved slightly, as in monolayer
cultures. On the other hand, fibrils in the nano-scale enmesh cells in the
scaffold, suspending them in 3D and providing attachment sites all

around.
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6.2. Materials & Methods

Compressed collagen constructs were prepared as described in Chapter 2. 0.5 ml

constructs set in 24-well plates were used in this chapter.

6.2.1. Multilayering
0.5, 1.0, 1.5 or 2.0 ml neutralised collagen (with/without HDFs; 10° cells/ml) was
added on top of set collagen gels and allowed to set for 30 min at 37°C, before

compression.

6.2.2. Preparation of chitosan-Nile Red nanoparticles

Chitosan nanoparticles were tested in this system as they are biomaterial-based
and have the potential for delivering a variety of drugs. Also, they are of a different
size range to the HA-NP so that a comparison of particle retention following PC
could be made. Nile red-loaded quaternary ammonium palmitoyl glycol chitosan
(GCPQ-NR) nanoparticles (62.1 nm diameter) were prepared as described by
Uchegbu et al., [405]. Lyophilised GCPQ was prepared and provided by Ramesh
Soundararajan (School of Pharmacy, UCL). 20 mg/ml GCPQ and 1 mg/ml nile red
(Sigma, UK) were resuspended and mixed gently in dH20 at a 20:1 ratio to reduce
foaming. Once the suspension was well-mixed, it was probe sonicated for 3x5 min
on ice, with 3 min intervals in between pulses (Amplitude: 15 um), using a Soniprep

150 (MSE, UK). These were then sized using a Malvern Zeta Sizer 2000 (Figure 6.2).
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6.2.3. Riboflavin crosslinking

Collagen hydrogels were crosslinked using topically applied riboflavin (Sigma-
Aldrich, UK) with the goal of increasing fibril mesh density at the top surface to
improve nanoparticle trapping. Whatman | blotting paper (Whatman) was soaked in
0.25 mM riboflavin solution. This was then placed on the top surface of collagen
gels for 5 min. Photoactivation of the applied riboflavin to crosslink the collagen
was done using a 455 nm light source (power: 80 mW/cm?) from a 10 cm distance
for 10 min [331]. This was done on single 0.5 ml layers as well as on double layer

constructs with 2.0 ml upper layer.

6.2.4. Determination of free FITC

0.5 ml HA-NP resuspended in PBS at a concentration of 20 ng/ml was placed in
dialysis tubing (12-14000 Da MWCQO) and dialysed into 4 ml PBS. After 2 H, the
fluorescence of the dialysate was measured using a fluorometer (LS 50B,
PerkinElmer, UK) and compared to the fluorescence intensity of the suspension

before dialysis.

6.2.5. Measurement of cellular uptake of HA-NP
Cellular scaffolds were digested as above, centrifuged for 5 min at 700 g and

supernatants removed and replaced with PBS. Pellets were shaken to wash and re-
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centrifuged for 3 times PBS washing steps, to remove free nanoparticles. After the

final wash, samples were made up to 4 ml with PBS for fluorometric measurements.

6.2.6. 2D cell culture and measurement of cellular uptake of HA-NP

10° HDF/ml in 0.5 m| DMEM (above) and 19 pg/ml of HA-NP were seeded into wells
of a 24-well plate. This HA-NP concentration was worked out to be the same
concentration as that present in the collagen scaffolds after compression. For
fluorescence microscopy, cells were seeded onto 19 mm glass coverslips placed in a

12-well plate.

At set time points, DMEM from the wells were removed and the wells were washed
with PBS twice, before trypsinising the cells. The detached cells were then
transferred to 7 ml bijou tubes and made up to 4 ml with PBS, before fluorescence

measurements, as above.

6.2.7. Histology and fluorescence microscopy

Histology samples: As per Chapter 2.

2D culture samples: Cells on coverslips were stained with Hoechst 33342 (Gibco,

UK) and phalloidin (Gibco, UK) as described in Chapter 2. Coverslips were then

mounted onto glass slides for imaging using an Olympus BX61 microscope.
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3D culture samples: Cells were retrieved from collagen constructs through
enzymatic digestion using collagenase I. The digested mixture was centrifuged and
the supernatant removed. The remaining cell pellet was then resuspended in
culture media and plated out on 19 mm coverslips in 12-well plates. Cells were left

to attach overnight before staining and imaging as above.
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6.3. Results

6.3.1. Plastic compression, and the mobility of HA-NP

Plastic compression of collagen hydrogels resulted in the generation of dense
sheets of collagen, tens of micrometers in thickness (thickness varied depending on
the initial volume of collagen used). The mobility of HA-NP was investigated at this
initial compression stage. In the initial stages of PC, when fluid content was high,
the nanoparticles appeared highly mobile with the water flow within the
compressing gel. Nanoparticle mobility reduced as the collagen fibril density
increased, during the later stage of PC, and is evidenced by the retention of
substantial fluorescence in the collagen at completion of compression (Figures 6.3
& 6.4). The pattern of fluorescence in histological sections of compressed collagen
shows the distribution of FITC-nanoparticles. In low volume constructs (<1.0 ml
initial volume), a bright band of fluorescence was present at the top (fluid leaving)
surface (red arrowheads), with a decreasing gradient of intensity towards the
bottom of the scaffold, indicating that particles moved with the upward-flowing
fluid and were trapped at the collagen-dense FLS. This simple gradient of
fluorescence intensity was less clear when either more volume was used, or when
cells were included in the system, due to cells obstructing the fluid flow during
compression. This obstruction of HA-NP flow resulted in greater retention of
particles (Figure 6.4). Figure 6.4 shows the relative fluorescence retained at various

points in culture.
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Figure 6.3: Fluorescence micrographs of cross-sections of compressed

nanoparticle-loaded constructs of different initial volumes. Red
arrowheads point to the main FLS. White arrows point to secondary FLS.
These images show the effect of initial gel volume and the generation of
a secondary FLS. Only one FLS is seen in the lower volume gels (0.5, 1.0
ml) (A & B). Secondary FLS’s (white arrows) were only seen in the thicker

constructs (C & D).
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6.3.2. Hyaluronan nanoparticle release from compressed constructs

Diffusion of the hyaluronan (or hyaluronic acid) nanoparticles from compressed
collagen constructs was investigated by culturing HA-NP-loaded constructs for up to
3 weeks. Collagen constructs were loaded with FITC-containing hyaluronan
nanoparticles which were either acellular or seeded with fibroblasts, to study HA-

NP release through diffusion and cell-assisted release.

Figure 6.4 shows the analysis of particle release from the constructs over incubation
time with/without cells. After 24 hours incubation of the 3D model tissue without
cells there was an initial release of nanoparticles of around 50%, with a decrease in
fluorescence from 36.2 + 1.6 to 14.5 + 4.9 arbitrary units (a.u.) for acellular and 55.3
+ 3.8 to 27.9 + 1.5 a.u. for cellular constructs. As shown in Chapter 4, there was a
re-swelling of 0.5 ml constructs by 26.0 um, which is a 65% increase in construct
thickness. Consequently, the compacted collagen fibrillar meshwork must have
relaxed and opened up as the construct re-swelled, thus allowing some particles to
escape through the enlarged gaps. After this initial release acellular construct
fluorescence did not significantly change from day 1 to day 21 (gradient of 1.22).
However, cellular constructs produced a comparable burst release at day 1 but then
showed a gradual decrease in fluorescence intensity over the 21 days (gradient of
3.21). Histology images showed the morphology and fluorescence of constructs
immediately after compression up to 21 days of culture (Figure 6.4B). From this it
was clear that, over the time course, cells remodelled the collagen structure, to

open up the 3D architecture of the collagen, and this was likely to explain the
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release of trapped nanoparticles (see also Figure 6.5). This supports the idea that
release of HA-NP from the constructs is directly dependent on cell-based
remodelling of the collagen. Hence, the NP release from this native protein model is
dependent on local, resident cell activity, as would be expected to be the case in

Vivo.
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Figure 6.4: HA-NPs were retained within acellular constructs after 24 hrs
post-PC, whereas when cultured with cells, HA-NPs were released
gradually from the matrix due to cellular remodelling. (A): Graph
comparing the retention of particles when cells were included or not.
(B): Multiple replicate transverse sections of either cellular or acellular
HA-NP-loaded compressed collagen constructs showing fluorescence
distribution (red arrowheads mark the FLS) and appearance of lace-like
remodelled collagen structure (marked by yellow arrowheads) after 3
weeks in cell culture but not in cell-free constructs. Error bars indicate

standard deviation (p<0.05 n=12).

Tan N. S. Page| 217



Chapter 6: Understanding Local Tissue Fate of Nanoparticles: The Insufficiency of
Non-2D Cell Culture

With HDF Acellular

T=0

T=1day

T=4 days

T=7 days

T=14 days

T=21days

Figure 6.5: Fluorescence micrographs of sections of HA-NP-loaded
compressed constructs, with or without cells, cultured over a period of 3
weeks. When constructs were cultured with cells, they appeared
increasingly lacey over time due to cellular remodelling. Green: FITC,

blue: Hoechst.
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6.3.3. Hyaluronan nanoparticle entrapment within compressed collagen
constructs

Hyaluronan nanoparticles were loaded into 0.5 ml collagen gels and allowed to set
in 24-well plates. These were then compressed, or left uncompressed for
fluorescence measurements of the initial load. Unloaded collagen gels were also
prepared as controls. Unloaded uncompressed gels were pink due to the
neutralised phenol red present in the collagen solution. Uncompressed HA-NP-
loaded collagen gels were orange due to the colour of the HA-NP (Figure 6.6). After
compression, unloaded constructs appeared colourless, whereas the nanoparticle-
loaded constructs retained an orange hue which was less intense than the colour of
uncompressed gels. This provides some evidence of HA-NP retention within the

compressed constructs.

Immediately following plastic compression, constructs were solubilised and the
released fluorescence was measured to determine the proportion of HA-NP
remaining, compared to uncompressed hydrogels. The results indicate a mean
retention of 19+1.2% of the initial HA-NP load (Figure 6.7; pre-compressed gel

fluorescence was nominally taken to be 100%).

As shown previously, the nanoparticles did get trapped in the collagen matrix when
the collagen fibril density had become sufficiently high, we hypothesised that a
greater proportion of the initial HA-NP load can be trapped if the dense FLS was

formed at an earlier time during the process. We aimed to test this idea by addition

Tan N. S. Page| 219



Chapter 6: Understanding Local Tissue Fate of Nanoparticles: The Insufficiency of
Non-2D Cell Culture

of the second collagen (NP-free) layer, which would form its own FLS before too
much of the nanoparticles has a chance to escape with the fluid, so increasing net

retention.

Figures 6.6 and 6.7 indicate that this hypothesis was indeed correct. Figure 6.6
shows that the addition of a 2.0 ml unloaded collagen layer on top of the 0.5 ml HA-
NP-loaded layer increased the orange colouration of the compressed constructs.
This hypothesis was then tested further by using layers of different volumes (0.5,
1.0, 1.5 and 2.0 ml) and measuring the fluorescence intensities of the digested

constructs.

Figure 6.7 shows that the addition of a 0.5 ml collagen gel as a second layer and
subsequent co-compression of both layers together increased the proportion of
trapped nanoparticles to 23.8 + 3.1 %. This was taken further by increasing the
volume of the second collagen layer to 1.0, 1.5 and 2.0 ml, further testing the
hypothesis that the thicker (=larger initial volume) the second collagen layer, the
earlier a retaining FLS would form relative to nanoparticle movement, and so the
greater the amount of nanoparticles that will be retained. This was again the case
and entrapment efficiency rose to 26.1 + 2.4, 28.6 + 3.2 and 31.1 + 3.1 % for the

constructs with 1.0, 1.5 and 2.0 ml second layers respectively.
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Double-layered

Figure 6.6: Photographs of HA-NP-loaded and unloaded collagen
constructs. These photographs clearly show that there were
nanoparticles in the constructs following compression. There is a
significant decrease in the intensities of the orange colouration in the

compressed constructs, indicating a loss of HA-NP.
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Figure 6.7: HA-NP entrapment following compression can be increased
by multilaerying. Results of the entrapment of HA-NP in constructs
following compression (A) with micrographs of cross-sections of different
construct variants (B). CPC0.5: 0.5 ml layer with no nanoparticles; PCO0.5:
single layer; DLB: 0.5 ml bottom layer + 0.5 ml top layer; DLC-1: 0.5 ml +
1.0 ml; DLC-2: 0.5 ml + 1.5 ml; DLC-3: 0.5 ml + 2.0 ml. Red arrowheads
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6.3.4. Chitosan nanoparticle entrapment within compressed collagen
constructs

0.5 ml collagen gels were loaded with nile red-containing chitosan nanoparticles
(GCPQ-NR) and subjected to plastic compression. Figure 6.8 shows the appearance
of loaded and unloaded collagen gels and compressed constructs. The nile red in
the chitosan nanoparticles gave the collagen a deep red colouration, compared to
the pink of unloaded uncompressed gels or the colourless unloaded compressed
constructs. Compressed GCPQ-NR-loaded constructs retained this deep red colour
indicating the entrapment of the chitosan nanoparticles. The degree of particle loss
through observation was less clear here than with the hyaluronan nanoparticles.
These were then digested with collagenase | to retrieve nanoparticles retained in
the constructs following compression for fluorescence measurements and

quantitation.

Figure 6.9 shows that 18.8% of the initial chitosan nanoparticle load was trapped in
the final construct. To determine if an earlier-formed FLS would improve
nanoparticle trapping, a second layer of ‘blank’ collagen was added on top of the
nanoparticle-loaded layer. The volume of this additional layer was 0.5, 1.0, 1.5 or
2.0 ml. With more collagen separating the absorbent plunger from the
nanoparticles, the FLS should be denser when the nanoparticles reach it, which
would result in greater nanoparticle entrapment. Figure 6.9 shows that this was
indeed the case. The entrapment efficiencies for the single layer and double layers

with increasing volumes were 18.8 + 3.9, 27.0 £ 8.2, 27.7 £+ 5.0, 28.2 + 7.5 and 36.2
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t 12.3% respectively. Interestingly, the catch rates for the chitosan nanoparticles

were similar to that of the hyaluronan nanoparticles (Figure 6.7).

Blank Nanoparticle-loaded

Uncompressed

Compressed

Double-layered

Figure 6.8: Photographs of GCPQ-NR-loaded and unloaded collagen
constructs. The GCPQ-NR nanoparticles add a deep red colouration to
the collagen, which is normally pink if uncompressed or colourless (or a
very faint pink) if compressed. It is clear that there was nanoparticle
entrapment following compression with both single and double-layered

constructs.
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Figure 6.9: Entrapment of GCPQ-NR-NPs can be increased somewhat

using multilayering. Results of the entrapment of GCPQ-NR in constructs
following compression with micrographs of cross-sections of different
construct variants. CPC0.5: 0.5 ml layer with no nanoparticles; PCO0.5:
single layer; DLB: 0.5 ml bottom layer + 0.5 ml top layer; DLC-1: 0.5 ml +
1.0 ml; DLC-2: 0.5 ml + 1.5 ml; DLC-3: 0.5 ml + 2.0 ml. Red arrowheads
mark the tops of the constructs. Error bars depict the standard

deviations of the mean (p<0.05; n=6).
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6.3.5. Hyaluronan nanoparticle entrapment within compressed collagen
constructs in the presence of cells

We hypothesised that the presence of cells in the collagen constructs during

compression would increase nanoparticle retention. The cells would act as

obstacles to fluid flow, hindering the movement of the nanoparticles, aiding the

condensing collagen mesh in the FLS to hold back the nanoparticles.

Four different collagen solutions were prepared — one with hyaluronan
nanoparticles, one with human dermal fibroblasts (HDF) at a seeding density of 10°
cells/ml, one with both hyaluronan nanoparticles and HDFs and one plain solution
with neither particles nor cells. These were used to produce single layers of 0.5 ml
gels loaded with HA-NPs, 0.5 ml single layers with both HA-NPs and HDFs, double
layered constructs with a 0.5 ml HA-NP-loaded bottom layer and a 2.0 ml ‘blank’
top layer, double layered constructs with a 0.5 ml HA-NP-loaded bottom layer and

either a 0.5, 1.0, 1.5 or 2.0 ml HDF-seeded top layer (Figure 6.10).

Figure 6.11 shows the cross-sections taken of the double layered (0.5+2.0 ml)
constructs with just HA-NP (A) or with both HA-NP and HDFs (B). What can be seen
here is the difference in the distribution of fluorescence between the two. In Figure
6.11A, the fluorescence distribution is much more uniform through the thicker
upper collagen layer, whereas in Figure 6.11B, the fluorescence distribution appears
more patchy in areas where cells are present (dark gaps in the collagen layer). This,

together with the HA-NP entrapment results, adds to the theory that cells
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embedded within collagen constructs help to block nanoparticle escape and

increased overall particle retention.

To confirm this observation, the different construct variants were digested with
collagenase | to retrieve trapped HA-NP for fluorometric measurements. Figure 6.12
shows that single 0.5 ml layers retained 17.2 + 1.4 % of the initial HA-NP load, whilst
the double layered arrangement of 0.5 + 2.0 ml layers retained 31.4 + 5.2%. 0.5 ml
single layered HA-NP and HDF seeded constructs trapped 17.6 + 3.1 % of the HA-NP
load. The addition of a 0.5, 1.0, 1.5 or 2.0 ml cellular layer on top increased this to
22.2 + 0.7%, 25.6 + 3.0 %, 30.5 + 1.4% and 35.5 +2.4% respectively, compared to
23.8 26.1 28.6 31.1 % in the acellular versions of constructs. Cellular constructs with
a 1.5 or 2.0 ml upper collagen layer, showed greater HA-NP entrapment than
without a cell-seeded upper layer, although these differences are not quite

statistically significant.

Collagen
Cells
HA-NP 2.0 ml 2.0 ml
1.5m|
1.0 ml ) Raai
0.5 ml Wl

B L%E@ PR BT ayer T

Figure 6.10: Diagram depicting the different collagen construct variants

used to test the hypothesis that the inclusion of cells in collagen layers

would increase nanoparticle entrapment.
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Bottom layer

Bottom layer

Figure 6.11: Fluorescence micrographs of double layered compressed
constructs, with a 0.5 ml nanoparticle-loaded bottom layer and a ‘blank’
(A) or a cellular (B) 2.0 ml upper layer. The red dotted lines demarcate
the boundary between the bottom nanoparticle-loaded layer and the
unloaded top layer. This figure shows the effect cells have on
nanoparticle retention. In both A and B, the bottom layers are brightly
fluorescent and there is a bright band of fluorescence at the top (FLS) of
the constructs. In A, the fluorescence in the upper layer is low with a
small gradient decreasing from the FLS towards the bottom layer. In B,
the fluorescence in the upper layer also shows the presence of
nanoparticles, but there are also patches of bright fluorescence in the

regions where cells were present (black holes).
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Figure 6.12: Entrapment efficiency of HA-NP in different construct
variants with/without cells, showing a non-significant increase in
nanoparticle entrapment. Nanoparticle entrapment in the single layer
0.5 ml and the double-layered 0.5+2.0 ml cellular constructs was slightly
higher than in the acellular equivalents, although this difference did not
reach statistical significance. Error bars depict the standard deviations of

the mean (p<0.05; n=5).
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6.3.6. Riboflavin crosslinking

Increasing the rate of retention of nanoparticles is important when the costs of the
nanoparticles and/or cargo are high, as much of it is lost following compression.
One idea to further improve nanoparticle retention was to cross-link the top
surface of collagen hydrogels prior to compressing them. The hypothesis was that
by crosslinking the gels, collagen fibrils would form a primitive FLS even before
compression began, so that the FLS would form faster, leading to greater

nanoparticle retention.

0.5 ml single layer collagen gels as well as 0.5+2.0 ml double-layered gels were
prepared in 24-well plates. Riboflavin crosslinking was carried out by soaking discs
of filter paper in ribloflavin solution and applying the discs to the top surface of
uncompressed gels for a short amount of time and photactivating the riboflavin.
The short application time of riboflavin ensured that there was minimal diffusion of
riboflavin from the top surface into the gel, so that photoactivated crosslinking

could only occur at the top surface where the FLS would form.

16 mm discs of blotting paper were cut and soaked in a solution of riboflavin. The
soaked discs were then placed on top of pre-set collagen hydrogels so that only the
top surfaces of the gels come into contact with riboflavin. 455 nm light was then
used to activate the riboflavin for 10 min, which has previously been shown to

result in collagen crosslinking [331].
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Figure 6.13 shows the effects of riboflavin crosslinking treatment of the collagen
hydrogels before plastic compression, which appeared not to have an effect on the
entrapment of nanoparticles. There was no significant difference in the retention of
nanoparticles following compression (17.1 + 2.6%) for single layers and 28.8 + 7.0%
for the double-layer constructs) compared to untreated constructs (18.2 + 1.2% and
31.2 + 3.6% for single and double layer constructs respectively). This will be because
the cross-linking occurred before compression, so it was stabilising the spaced-out
fibrils rather than tightening up the collagen mesh filter. This may explain why the
cross-linked samples actually showed lower nanoparticle entrapment than non-
cross-linked constructs — the riboflavin treatment may have slowed down surface

compaction by cross-linking the fibrils while they were widely spaced.
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Figure 6.13: Box-and-whisker plot showing the percentage of HA-NP
retained in compressed constructs following cross-linking with riboflavin.
Again, the addition of a second collagen layer showed increased
entrapment of nanoparticles, but riboflavin cross-linking did not affect

nanoparticle entrapment (p<0.05; n=3).
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6.3.7. Determination of release/escape of free FITC from HA-nanoparticles
The loading of FITC in the HA-NP was done through hydrophobic and hydrophilic
interactions of the hyaluronan molecule used. As the HA molecules interact, FITC
molecules get trapped within the particles that are formed (Figure 6.14). However,
the loading process is not 100% efficient, so some FITC molecules remain un-
encapsulated. Although during the processing of these loaded HA-NP, measures
were taken to purify and remove any unbound FITC, some still could have

remained. As such, it was important to determine the amount of free FITC present.

HA-NP suspension was dialysed to determine the proportion of any loosely-bound
FITC. Figure 6.15 shows that after 2 H dialysis, the fluorescence intensity of the
dialysate was 90.9+9.79 a.u.. This was 12.2% of the fluorescence intensity of the
HA-NP suspension before dialysis, and did not change after a further 22 H of
dialysis. This shows that 12.2% of the fluorescence of the HA-NP suspension was
due to free FITC (not trapped within nanoparticles). Taking the presence of free
FITC into account, the real retention of HA-NP by 0.5 ml constructs was 21.3%
rather than 19.0% (assuming that 12.2% of the initial nanoparticle load was free

FITC).
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Figure 6.14: Schematic of the formation (A) of FITC-loaded hyaluronan
nanoparticles, with most of the FITC encapsulated within nanoparticles,
but a small proportion remains loosely associated or free. (B)
Encapsulated FITC is released from the nanoparticles following

nanoparticle degradation possibly either intracellularly or extracellularly.
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Figure 6.15: (A) Entrapment of HA nanoparticles following plastic
compression. Following compression, 19% of the initial nanoparticle load
was trapped in the collagen scaffolds. (B): Determination of ‘free’ FITC in
HA-NP suspension. Error bars indicate the standard deviation of the

mean (n=3).

6.3.8. Cell uptake of hyaluronan nanoparticles

To compare cell uptake between cells in conventional monolayer cultures and 3D
cultures, the concentration of nanoparticles had to be kept constant. The amount
of nanoparticles retained in constructs was measured to be 19% of the initial load -
0.95 pg. Table 6.1 shows that the volume of fluid remaining in the constructs was
1.71 £ 0.36% of the initial volume, which was 0.00855 ml. This gives a nanoparticle

concentration of 111.1 pg/ml in compressed constructs.
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Table 6.1: Amount of fluid remaining in compressed constructs.

Initial Gel Mass (g) Mass after PC (g) Fluid Remaining in Constructs

0.5 0.00853 +0.00182 1.71+£0.36

The concentration of HA-NP in compressed scaffolds was calculated as follows:

(initial Concentration X Initial Volume) X % NP Retained

Concentration =
Fluid remaining after PC

(10 pg.ml~1 x 19%
1.71% x 0.5ml

Concentration =

Concentration = 111.1 ug.ml™!

This calculated concentration was used for the 2D cell culture as a basis for

comparison of cell uptake.

6.3.9. 2D versus 3D cell culture of HA-NP uptake

For the 2D model, fibroblasts were conventionally cultured as monolayers in 24-
well plates, with the culture media containing hyaluronan nanoparticles at a
concentration of 111.1 pug/ml, as calculated above. Fibroblasts were seeded into
HA-NP-loaded compressed collagen constructs for 3D culture. At fixed time-points,
cells were retrieved from their culture systems and washed to remove any loosely-

attached extracellular nanoparticles. The cells were then suspended in PBS and
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measured for fluorescence or imaged which would indicate the presence of

internalised HA-NP.

Cells cultured within compressed collagen were removed from their constructs
through collagenase digestion and centrifugation, and re-plated onto coverslips for
fluorescence microscopy. Fibroblasts were also cultured on coverslips directly and
submerged in culture medium containing suspended hyaluronan nanoparticles.
Before staining, the samples were washed with PBS to remove any remaining
extracellular HA-NP. Phalloidin was then used to stain the cytoskeleton of the cells
to show their morphology, and Hoechst was used to stain the cell nuclei. Figure
6.16 shows the images obtained. The nanoparticles, which fluoresce green due to
their fluorescein isothiocyanate (FITC) cargo, are clearly seen within the cells
cultured with both 2D (Figure 6.16A-D) and 3D (Figure 6.16E-H) systems. The
particles look to have been transported inwards toward the nuclei. From these
images, the green fluorescence appear to be more intense and more abundant in
cells cultured in 2D compared to the cells that were in compressed constructs. This
could indicate that the cells cultured as a monolayer took up the particles more

readily.
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Figure 6.16: Fluorescence micrographs of cells culture as a monolayer (A

- D) or cells initially cultured in 3D then re-plated onto 2D for imaging (C
— H) showing the intracellular distribution of HA-NP following uptake (t=
7 days). A, E: phalloidin staining. B, F: FITC-loaded HA-NP. C, G: Hoechst.
D, H: combined. Perinuclear distribution of nanoaparticles was observed

in cells cultured in both systems.

Tan N. S. Page| 238



Chapter 6: Understanding Local Tissue Fate of Nanoparticles: The Insufficiency of
Non-2D Cell Culture

Figure 6.17 shows the cell uptake dynamics of HA-NP. Cells cultured with HA-NP in
2D showed a rapid uptake from the start (t=0) (15.3 a.u./day); 3.4 times greater
than for 3D cultures over the same period. This continued to increase to a peak of
60.1 a.u. at 3 days. This was followed by a decrease in uptake of 8.47 a.u./day. Cells
cultured within collagen scaffolds showed a gradient of 4.48 a.u./day of increasing
uptake with a peak of 32.8 at t=7 days, before tailing off with a at a rate of -5.42
a.u./day. This pattern was in complete contrast to cells in 3D collagen constructs
where uptake was minimal over the first 3 days then rose slowly (5.7 au/day)
between 3 and 7 days where it peaked at 32.8 a.u.. The nanoparticle uptake
between 2D and 3D cultures were distinctive but the metabolism and loss once

taken up was similar.
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Figure 6.17: Cell uptake of HA-NP differed when cultured as a monolayer
on TCP or within compressed collagen. (A) Graph comparing nanoparticle
uptake by cells cultured in 2D or in 3D as determined by cell
fluorescence. The blue dotted line compares the times to peak of the 2D
and 3D cultures. The red dotted lines compare the peak heights. (B) The
same graph as in (A) was plotted with the gradients of the increase and
decrease in fluorescence calculated for both 2D and 3D cell uptake. Error

bars depict the standard deviations of the mean (n=15).
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6.4. Discussion

The aim of this chapter was to develop a 3D tissue-like model for testing
nanoparticles in vitro which would more accurately predict what would happen in
vivo. The model would thus require tissue-level densities to better mimic native
tissue. Plastically compressed collagen is an excellent system for this study, not
least because collagen is biological and present in abundance in many tissues, and

compressed collagen is of physiological matrix density.

The importance of matrix density was evident right from the beginning of the
compression process. The data from the HA-NP entrapment experiment shows that
about a fifth of the initial nanoparticle load is retained in the construct following
plastic compression, which indicates that 4/5 of the particles escaped with the
expelled fluid. This indicates that the nanoparticles initially moved freely with the
escaping fluid out of the compressing collagen hydrogel with no hindrance since

matrix density was low.

Hydrogels are predominantly water (>95%), and so, at an early stage of the
compression process, the collagen matrix has a density well below tissue levels.
With such low density levels, molecules and larger particles (i.e. nanoparticles) are
free to move about with the escaping fluid unhindered by the matrix. However,
19% of the nanoparticles were retained (Figure 6.7), indicating that at some point
during the process the density of the matrix reached high enough levels to where

free movement was not possible anymore, resulting in the trapping of
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nanoparticles most probably in the FLS. The collagen construct was generated
through simultaneous compaction and absorption of water from the gel. The
upward flow of the fluid combined with the downward pressure of the plunger led
to the condensation of collagen fibrils at the FLS. The FLS became denser and
denser as the compression continued, eventually blocking escape, and was where
the nanoparticles accumulated (Figure 6.18). Particle aggregation could have aided
the retention of the HA-NPs. It is possible that a proportion of the HA-NPs formed
aggregates which were too large to pass through the collagen meshwork, whilst

smaller individual particles flowed out of the gel with the fluid.

Additionally, when higher volume gels were used (>1.0 ml), the fluorescence
distribution within constructs was not the simple gradient of decreasing
fluorescence from the top surface to the bottom. Looking at Figure 6.3, one can see
a bright green line of fluorescence on the top surface and another at the bottom
surface of the construct. This indicated to us that a secondary fluid leaving surface
formed at the bottom surface. This had been observed in previous studies when
thicker gels were used (see Chapter 3). The accumulation of fluorescence at this
second FLS points to a back-flow of nanoparticle-carrying fluid during the
compression. The primary FLS must then have become so compact and dense that
even fluid outflow was hindered. Thus the fluid had to escape through other
surfaces, hence flowing downward and out through the bottom surface of the
construct, and in doing so, created a secondary FLS where the remaining

nanoparticles accumulated (Figure 6.19).
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Since a large proportion of the initial nanoparticle load was lost following
compression, we wanted to see if the efficiency of capture could be improved.
Initially, a pre-compressed collagen construct was placed on top of an
uncompressed HA-NP-loaded collagen gel so that a FLS would thus be present right
from the start, which should give the best results in terms of nanoparticle trapping.
However, it proved difficult to place the compressed construct on top of an
uncompressed gel without damaging both the compressed and uncompressed
constructs, and ensure complete coverage of the gel. Thus, we moved on to the
double uncompressed layers model (Figure 6.20). In this way we could ensure that

the entire top surface of the HA-NP-loaded gel was covered with collagen.
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Figure 6.18: Schematic illustrating the trapping and escaping of
nanoparticles/free FITC during compression. FITC-loaded HA-NP
suspension is loaded into collagen solution during preparation of the
gels. Within the gel there is any unbound FITC that was present in the
suspension, HA-NP of different sizes, as well as clumps of HA-NP when
they aggregate. During compression, free FITC, smaller HA-NP and
possibly smaller aggregates of HA-NP flows with the escaping fluid out of
the gel, whilst the larger molecules get trapped by the collagen fibrils

and remain in the gel.
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Primary FLS

Secondary FLS

Figure 6.19: Schematic of the process of compressing a collagen
hydrogel. 1: The collagen hydrogel is composed mainly of fluid and
randomly-orientated fibrils. 2: As compression begins, fluid leaves
through the top (fluid leaving) surface (FLS), and at the same time,
pressure forces the collagen fibrils downwards. This leads to the packing
of fibrils at the FLS of the construct which becomes denser and denser
through the process. 3-4: The FLS eventually becomes so dense that it
blocks fluid escape. The continuing pressure on the compressing gel
forces the fluid out of the gel through the bottom (secondary fluid
leaving) surface, resulting in a similar compaction of fibrils at this

surface as at the FLS.
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Single Layer Compression

B Double Layer Compression

Figure 6.20: Schematic illustrating the trapping of nanoparticles during
compression in single layer (A), or double layers (B). Nanoparticles
escape from the compressing gel as the dense collagen lamella at the FLS
forms. By adding another collagen layer on top, the collagen lamella is
allowed to develop before the bulk of the nanoparticle load begins to

flow out of the gel.

TanN. S. Page| 246



Chapter 6: Understanding Local Tissue Fate of Nanoparticles: The Insufficiency of
Non-2D Cell Culture

This proved successful with increasing nanoparticle trapping significantly, indicating
that our hypothesis was correct. It appears though, that the better retention was
not a direct effect of the FLS trapping nanoparticles. Figures 6.7 & 6.9 show the
fluorescence images of the different double-layered variants made (with HA-NP or
chitosan nanoparticles). Most of the fluorescence in each double-layered construct
remained in the bottom nanoparticle-loaded layer. The top layers also showed
some fluorescence, with the thicker layers fluorescing brighter. This gives us a clue
as to how the nanoparticles moved with the fluid during compression. At the
initiation of compression, fluid throughout the two gels moved upwards towards
the absorbent plunger, until the FLS began to block fluid escape. At which point, the
fluid was redirected downwards to the bottom surface. This resulted in a secondary
FLS forming at the bottom surface of the constructs (as discussed above).
Nanoparticles in the upper layer would then have moved back down with the
backflow of fluid, hence the depletion of fluorescence. The thicker the upper layer
was, the greater the remaining fluorescence in that layer (Figure 6.7). This was
likely due to the greater distance the nanoparticles had to move back down, and
out through the secondary FLS. Additionally, the collagen fibril mesh at the
secondary FLS would have compacted and restricted nanoparticle escape as well.
Some of the fluid and nanoparticles may have escaped through the sides of the
construct, although this would not have been significant as there were no
significant differences in fluorescence intensities in the middle of the constructs

compared to the edges.
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Taking it a step further, riboflavin was used to crosslink collagen fibrils at the fluid
leaving surface. The hypothesis was that nanoparticle retention could be increased
if the fibrils at the FLS were crosslinked prior to compression so that the fibril mesh
would start blocking fluid outflow at an earlier stage of the process. However, the
retention of nanoparticles of the riboflavin-treated constructs was only slightly
lower compared to untreated constructs with no significant difference (Figure
6.13). The photoactivation process might have caused some bleaching of the
fluorescent nanoparticles resulting in lower nanoparticle-retention measured when
the crosslinking might have actually increased it. This is unlikely since the
fluorescent dye absorbs at 495 nm, although some bleaching might have occurred,
but probably not to an extent as to skew the results. A more probable explanation
is that the fibrils in collagen hydrogels are spaced too far apart to be affected by
photoactivated riboflavin crosslinking, consistent with the very low matrix fibril
density of hydrogels. Crosslinking the entire gel prior to compression could prove to

be more effective, although this might affect the compression process itself.

We wanted to show that this could be done using other types of nanoparticles as
well, and that this system is not limited to the hyaluronan nanoparticles. Therefore
we tested the chitosan nanoparticles in this plastic compression system. The GCPQ-
NR particles were not only of different material, but also of a different size. Being
an order of magnitude smaller than the HA-NP, we hypothesised that much more of
the initial load of GCPQ-NR would be lost following compression as the FLS would

have to be a lot denser before being able to block GCPQ-NR escape.
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The results were surprising. As can be seen in Figure 6.9, the hypothesis was
incorrect, and the trapping efficiency was actually quite similar to that for the HA-
NP in all construct variants. It is possible that the modified chitosan binds to the
collagen fibrils, making their escape from the gel more difficult. Clumping of
particles could also be a contributing factor as larger clumps would trap more

easily.

The effect of matrix density on nanoparticle movement was again demonstrated in
these collagen constructs. In acellular nanoparticle-loaded samples, there was
minimal, if any, release of nanoparticles after 3 weeks in culture (excluding the first
24 hours, which is down to re-swelling of the scaffolds, affecting both cellular and
acellular samples (see also Chapter 4). When cells were involved, remodelling of the
collagen matrix resulted in the loosening of the scaffold, thus releasing trapped
nanoparticles. Predictably, it is clear then, that densely packed matrix retains
nanoparticles better, and that cell action allows them to move and escape. In other
words, particle release from the depots is related to cell remodelling (more rapid

cell-matrix remodelling, faster release).

In our comparison of HA-NP uptake by cells, differences were detected between
the two systems, although further work needs to be done to verify them. Ideally, as
many conditions as possible would have been kept constant bar the cells being
grown in monolayer or in collagen matrices. However, this was difficult in practice,
though some of these difficulties were a simple consequence of the 3D

environment. In 3D cell culture, the HA-NP was contained in a 50 pl fluid volume
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confined in space by the matrix following compression. So for a fair comparison to
2D cell culture, the same amount of HA-NP should be suspended in the same
amount of liquid. This was not literally feasible because 50 pl would not cover the
entire monolayer in a 16 mm diameter well. So to keep at least one component
constant between 2D and 3D cell culture, the same concentration of HA-NP within
compressed scaffolds (19 pg/ml) was used for the 2D cell cultures. This means that
a larger total HA-NP was present in each well as 0.5 ml of culture medium to ensure
the entire monolayer was submerged. But concentration, not total dose, is the
governing parameter for uptake. The results of cellular uptake of nanoparticles in

2D or 3D show the differences between these two culture set-ups (Figure 6.17).

Firstly, when cells were cultured as a monolayer, uptake of nanoparticles reached a
peak that was twice as high as when cells were cultured in collagen scaffolds (red
dotted lines - 60 compared to 30). Secondly, the peak for monolayer cell uptake
was attained twice as quickly as for 3D cultured cells (blue dotted lines - 3 days
compared to 7 days). In 2D cell culture, the nanoparticles are suspended in water
and have no barriers to cross to reach the cells, unlike in the in vivo environment.
Consequently, the monolayer of cells would have come into direct contact with a
large number of nanoparticles throughout the assay. This would be enhanced over
time as the nanoparticles would have begun settling, thus increasing their local
concentration on the surface of the monolayer (Figure 6.21) [406]. In the 2D study,
cells reached their peak uptake within just 3 days compared to 7 days for cells
within a dense matrix. This corresponds to around a 6-fold overestimate of uptake

by cells cultured in 2D if we use the readout at 3 days. This difference may account
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for the cytotoxic effects observed when certain agents are tested on monolayers,

when in 3D tissues, they may not actually be all that harmful [407,408].

However, this comparison maintains HA-NP concentration as a constant in both
systems, which means that cells cultured in 2D were actually exposed to a greater
total amount of HA-NP than cells in collagen constructs. This may account for the
faster uptake of a greater amount of HA-NP. To further examine uptake dynamics

differences, the total HA-NP amount should be kept constant.

6.5. Conclusions

It was shown here that HA-NPs and GCPQ-NR-NPs can be incorporated into PC
collagen constructs. This shows that other types of nanoparticles can potentially be
used with PC constructs for testing. Both particle types were retained within
constructs with similar efficiencies in a single layer construct but slightly different
efficiencies in double-layered constructs. This perhaps indicates a complex
relationship between the fluid dynamics and particle properties that requires
further investigation. It appears that HA-NPs were physically trapped within the
dense collagen meshwork following compression since there was little change in
the entrapped amount after 3 weeks in culture without cells. With cellular
remodeling of the matrix, the HA-NPs were released into the media. Cells were
shown to take up HA-NP at different rates when cultured as a monolayer on TCP or
within compressed constructs. This study indicates that HA-NP-loaded compressed

constructs can be used as a model to study cell-nanoparticle interactions.
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Figure 6.21: Schematic depicting cellular exposure to nanoparticles. (A):
Cells cultured as a monolayer (2D) with nanoparticles dispersed in the
culture medium. Only the apical surface of the cells is exposed to the
nanoparticles. Over time, the nanoparticles will begin to settle,
increasing the nanoparticle concentration in the locality of the
monolayer. (B): Cells and nanoparticles in a collagen hydrogel before and
after compression. The cells cultured in 3D are exposed to the
nanoparticles from all directions. The collagen also acts as a barrier for
transport, limiting nanoparticle movement and creating nutrient

gradients as occurs in vivo.
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7.1. Summary

The aim of this project was to engineer a tissue-like in vitro system to assess
hyaluronan nanoparticles, as an improved system to conventional monolayer cell
culture. This was done by investigating the incorporation of hyaluronan
nanoparticles into plastically compressed (PC) collagen constructs. Firstly, the PC
system was scaled up to the 24-well format and re-characterised. The use of a new
optical confocal meter for measuring construct thicknesses in situ was evaluated
and deemed a better technique for thickness determination of compressed
constructs than histology. An important finding from the use of the optical confocal
meter was that the constructs re-swelled after the first 24 h post-compression.
Rates of compaction can potentially be monitored in real-time using the optical
confocal meter. Being non-invasive, optical confocal scans can be performed
without interfering with the compression process. This real-time monitoring of
construct thickness during compression will allow the user to stop compression

when the desired construct thickness has been reached.

Another novel method was developed and used in this thesis. Image analysis of
Sirius red-stained collagen constructs was performed to investigate the changes in
collagen density distributions within constructs. This revealed the presence of
secondary FLS’s at the bottom of thicker constructs but not in thinner. The

accumulation of HA-NP was also shown to correspond to that of collagen, which
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indicated to us that the HA-NP moved with the escaping fluid and collagen during
compression, until the collagen mesh became too dense for the particles to flow
through. Additionally, this analysis method allowed us to better understand micro-
moulding and the influence of stamp (cross-sectional) shape on groove depth —
round wires generated grooves with better depth fidelities than rectangular-shaped

stamps.

Finally, incorporation of hyaluronan nanoparticles into compressed constructs was
shown to be feasible, albeit with a 80% reduction amount after compression. This
HA-NP retention could be increased by manipulating the system for earlier FLS
generation through multi-layering. The entrapment of HA-NP in constructs was
possibly due to physical blockage since there was little diffusion of HA-NP from
acellular constructs over three weeks in culture, whereas there was a steady
release of HA-NP from cellularised constructs over the same period. This cell- and
nanoparticle-loaded system was then compared to monolayer culture on tissue
culture plastic. The main findings from this comparison were that cells in the
monolayer system took up twice as many HA-NP as cells cultured in collagen, and in
half (3 days) the time (7 days). However, this will need further investigation since
the difference could simply have been due to the greater HA-NP exposure the cells

in monolayer received.

During plastic compression, fluid flow is critical in determining the internal
distribution of collagen within constructs (Chapters 3 and 5). However, no

techniques were available to quantify this. The novel local collagen analysis has
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shown that the lamellae at the FLS have much higher densities than the other
lamellae within constructs as well as backing up early observations of the presence

of a secondary FLS at the bottom of thicker constructs [320].

Poor groove depth fidelities have been reported when patterning compliant gels
using a variety of methods [415-418].Micro-moulding during PC too, results in
grooves being shallower than expected. Density analyses have eluded clues as to
why this is the case, and template shape has an important effect on groove
structure. Embossing micro-topography creates unique collagen distribution
profiles which help to stabilise the engineered structures ([337]; Chapter 5).
Patterning on the opposite non-fluid leaving surface resulted in poor and unstable
structure formation [244]. After collagen density distribution analyses, it is now

clearer as to how and why patterning needs to be performed on the FLS.

The collagen density distribution analysis method has also been used to look at
nanoparticle distributions within constructs following compression (Chapter 3).
Hyaluronan nanoparticles were found to be distributed in the same patterns as
collagen fibrils which shows that the moving fluid within compressing gels carry
with it both collagen and particles. This supported the hypothesis that the FLS
would be dense enough to block nanoparticle escape. The FLS was found to contain
a high concentration of hyaluronan nanoparticles which could serve as a depot for
studying cell-nanoparticle interactions and behaviour, drug (if loaded into
nanoparticles) release kinetics and mechanisms (e.g. if particles breakdown and

release drug cargo before cell interactions or if drug is released intracellularly) and
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importantly, diffusion of nanoparticles through tissue in vitro as tissue-like matrix

barriers are absent in many current in vitro models.

Both cells and hyaluronan nanoparticles were enmeshed within collagen fibres and
cultured for periods up to 3 weeks. The key findings were that cells in compressed
collagen took up hyaluronan nanoparticles at a slower rate and only took in half as
many nanoparticles at peak uptake than cells cultured as monolayers on tissue
culture plastic. This is similar to Biondi et al and Mansfield et al. where cells in
monolayer displayed greater nanoparticle uptake, and also falls in line with other
studies showing that cells cultured in a 3D environment exhibited greater drug
resistance to cells on TCP [69,145,149]. Cells cultured on a flat dish are able to
interact with nanoparticles suspended in the culture medium immediately.
Furthermore, in time, nanoparticles will begin to settle at the bottom of the well,
increasing the local concentrations at the monolayer. This allows cells cultured in
2D to interact with nanoparticles earlier in culture and with a larger number of
particles than cells in a dense collagen mesh, especially so when the same
concentrations of nanoparticles were used in both systems; cells on TCP would thus
be exposed to HA-NP concentrations several times that within compressed
constructs, and may have skewed the results. Further comparisons should be

carried out by keeping the total HA-NP amount constant.
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7.2. Conclusions

Here we described and developed a model of engineered tissue for assessing
nanoparticle fate using a cell-independent approach to fabricating dense collagen
matrices with cells and nanoparticles enmeshed within collagen fibres. This
provided both cells and nanoparticles with a 3D environment as would be
experienced in native tissues. Cells require 3-dimensionality to function as they
would in vivo. The dense collagen network of compressed constructs also acts as a
transport barrier for nanoparticles, which recapitulates tissue environments. This
thus allows more accurate and predictive data to be generated. Drastic differences
were observed when cells were cultured in 2D and in 3D in terms of nanoparticle
uptake, highlighting the need for better test models, especially for the

pharmaceutical industry where billions of pounds are spent on drug discovery.

Further understanding of plastic compression and the implications of fluid dynamics
on collagen deposition leading to fluid leaving surface generation was obtained
throughout the course of this study with the aid of the newly development collagen
distribution analysis method. A more accurate and reliable method for measuring

construct thickness was developed (in conjunction with Lein, A.D.).

7.3. Further work
Further investigation on the mobility of nanoparticles in compressed collagen
constructs could be undertaken. Vertical movement of nanoparticles was studied in

this project; determining how laterally mobile the nanoparticles are during
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compression would allow the fabrication of constructs with predetermined patterns

of nanoparticle distribution in the x-y plane.

Hyaluronan has great capability for swelling in aqueous conditions. It would be
interesting to examine if the hyaluronan nanoparticles behave in such a way, and
how HA-NP re-swelling affects the internal structure of compressed collagen
constructs. Hyaluronan has also been implicated in cell migration, so determining if
HA-NP have the same effect would be important to assess the possible uses of HA-

NP.

The mechanism of HA-NP uptake by cells would be valuable in the advancement of
these nanoparticles. Uptake mechanisms by cells cultured either in monolayers or
in 3D may be compared and contrasted to identify any differences in cell behaviour
in the different culture conditions. Hyaluronan binds to CD44 or RHAMM (receptor
for hyaluronic acid-mediated mobility) [413,414]. Therefore, it is important to
determine if expression levels of CD44 and RHAMM are similar when cells are
cultured in 2D or 3D, and if these HA-NP do indeed bind to CD44, RHAMM or other
receptors. Differences in expression by cells cultured in monolayer or within a

matrix may account for the differences in uptake described in Chapter 6.

Investigating the intracellular distribution of the nanoparticles will be vital in
determining how and when cargo is delivered to the cell. This would involve
determining the HA-NP uptake mechanism and their destination, how and when

the nanoparticles break down, what happens to the cargo and the nanoparticle
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remnants and if and how the cell is affected by the cargo and/or the nanoparticle

material.

Nanoparticle testing in this tissue model can be taken further by using drug-loaded
hyaluronan nanoparticles and investigating the typical toxicological properties
during testing (absorption, distribution, metabolism, excretion and toxicity). Testing
the same drug-loaded nanoparticles in 2D cell cultures and animal models would
make an excellent comparison and should likely strengthen the case for use of 3D in

vitro tissue models.

Plastic compression, being a direct approach to tissue engineering, allows many
levels of complexity to be built up. In this study, a basic system was used. Much
more can be added to make a more sophisticated model. For example, micro-
moulding can be performed to introduce micro-architecture to mimic native tissue
organisation; Micro-moulding nanoparticle-loaded constructs can also be analysed
to look for correlations between collagen deposition and nanoparticle distribution.
Additional cell types, proteins and macromolecules can be added to the construct

to incorporate additional cell interactions.

As the mechanical properties of a compressed construct is affected by the density
of collagen, it will be of interest to determine how the secondary FLS affects
construct stiffness. Primary and secondary FLS’s may also be compared to compare

and contrast the two.
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Exploration down the delivery system route would be intriguing and beneficial.
Collagen constructs can potentially be used as a cell carrier and/or drug-loaded

nanoparticle reservoir for controlled and sustained release.
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