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Abstract

Vascularization is essential for living tissue and remains a major challenge in the field of
tissue engineering. A lack of a perfusable channel network within a large and densely
populated tissue engineered construct leads to necrotic core formation, preventing fabrication
of functional tissues and organs.

While many approaches have been reported for forming vascular networks, including
materials processing techniques, such those involving lithography, bioprinting, and sacrificial
templating; and cell-based approaches, in which cellular self-organization processes form
vessels; all are deficient in their ability to form a vessel system of sufficient complexity
for supporting a large cellular construct. What is missing from the literature is a method
for forming a fully three-dimensional vascular network over the full range of length-scales
found in native vessel systems, which can be used alongside cells and perfused with fluids to
support their function. A large number of research groups are thus pursuing novel methods
for fabricating vascular systems in order that new tissues and organs can be fabricated in the
lab.

In this project, a 3D printing-based approach was used to form vascular networks which
are hierarchical, three-dimensional, and perfusable. This was performed in thick, cellularized
hydrogels similar in composition to native tissue; these being collagen (ECM-like) and fibrin
(wound-like), both of which are highly capable of supporting cellular activities, such as cell
seeding, cell spreading, and capillary morphogenesis.

In order to make use of 3D printed network templates in cellularized hydrogel environ-
ments, it was necessary to develop a new approach in which standard 3D printed materials
were converted into a gelatin template, via an alginate intermediary, which can be removed
quickly in physiologic conditions and which does not reduce cell viability. This multi-casting
approach enables a hierarchical channel network to be formed in three-dimensions, capable
of being perfused with cell medium to maintain the viability of a cell population, thereby
addressing the fundamental problem.

Using standard cell staining and immuno-histochemistry techniques, we showed good
endothelial cell seeding and the presence of tight junctions between the channel endothelial
cells. When fibroblasts were seeded into the bulk of the hydrogel, a high degree of cell
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viability and cell spreading was observed when a threshold flow rate is met. By counting
the number of live and dead cells in a sample regions of the gel, we were able to show a
dependency of cell viability upon the perfusion flow rate and further determine a regime in
which the vast majority of cells are alive and spreading. This data informs future cellular
experiments using this platform technology.

The limits of existing 3D printing technology meant that the micro-scale vasculature
needed to be formed by other means. Cellular co-culture of endothelial and stromal cell types
has been shown to be capable of forming capillary-like structures in vitro. For inclusion with
the 3D printed channel system, we investigated the use of an angiogenic method for capillary
formation, using multi-cellular spheroids, and a vasculogenic approach, using individual cells,
in order that the full vascular system could be constructed. Endothelial and mesenchymal
stromal cells were encapsulated in small fibrin and collagen gels and maintained under static
culture conditions in order to form capillaries by the above approaches. The aim here was
to find a particular gel composition and cell concentration which would support capillary
morphogenesis while being suitably robust to handle the mechanical stresses associated with
perfusion.

As future work, the next step will be to incorporate the vasculogenic co-culture technique,
used to form capillary-sized vessels, into a perfusable gel containing the large templated
channels, formed via the multi-casting approach. The challenge here is to anastomose the
capillary-sized vessels to the large templated channels and thereby enable perfusion of the
capillary vessels. This step would be a highly significant development in the field as it would
mean large constructs could be fabricated with physiological densities of cells, which could
lead to a range of potential therapeutic applications.
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Chapter 1

Introduction

1.1 Tissue Engineering and Vascularization

There exists a need for replacement organs and tissues, with the demand for donor organs far
exceeding the supply [148]. One of the primary aims of the interdisciplinary field of tissue en-
gineering has been the formation of new tissues and organs, to meet this shortage. This tends
to involve the growth and maintenance of large numbers of cells on three-dimensional poly-
mer scaffolds in the presence of signalling molecules such as growth factors and cytokines,
which aid in their development. Ideally, the polymer scaffold acts like the extra-cellular
matrix; providing a range of physical and chemical cues for the cells, enabling interaction
between cells, establishing molecular gradients, and driving such biological processes as cell
seeding, cell growth, differentiation, and ultimately remodelling of the scaffold itself. Thus
any successful tissue engineered scaffold must be able to provide an environment in which
cells can survive and function [7].

In order to meet this requirement, cells must have access to sufficient oxygen and nutrients,
as well as have a mechanism for the removal of waste products. The solution found in nature
is that of the hierarchical vascular network, enabling rapid delivery of metabolites and
removal of waste products efficiently for a large number of cells. Due to diffusion limits
in regions dense with cells, one requires that tissues thicker than 400 µm have access to
vasculature to supply sufficient metabolites for cellular function [7].

In order for tissue engineering to progress to the point where large organs and tissues can
be fabricated on demand, tissue engineered scaffolds require the establishment of perfusable
tubular networks within them, enabling the support of high densities of cells which are
metabolically active, in a fully three-dimensional environment. Further to the provision of
oxygen and nutrients, and the removal of waste products, a tissue requires a tubular system
for the regulation of fluid accumulation and for the recruitment of cells of the immune system;
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roles fulfilled by the lymphatic system in native tissue. Finally, functional organs often have
a tubular network in order to meet biological purposes, such as collecting ducts in the kidney,
bile ducts in the liver, and alveolar ducts of the lung. Therefore, there is a primary need
in tissue engineering for the development of fabrication techniques for vascular systems,
which enable the formation of all these tubular structures present in the physiological tissue,
yielding useful, biologically-active constructs. The formation of these interpenetrating fluidic
networks is seen as an open challenge in the field of tissue engineering and one which is
functionally indispensable for the formation of complex engineered organs and tissues [79].

There are two ways in which one can produce vascular systems in vitro similar to those
found in vivo; one can fabricate tubular networks via physical and chemical processing of
biomaterials, or one can initiate the biological processes by which vessel systems would
normally form in organisms. The latter takes place via two processes; these being vasculoge-
nesis and angiogenesis. Vasculogenesis generates vascular networks de novo in the absence
of pre-existing vessels and angiogenesis describes the process by which new vasculature
is formed from pre-existing vessels [7]. The term, capillary morphogenesis, is used in the
context of both processes. Further, other processes exist to form lymphatic channel networks
(lymphangiogenesis) and epithelial ducts (epithelial tube morphogenesis).

Within the vascular system, the hierarchical network is predominantly defined by changes
in diameter and cell population. Hierarchy is an important characteristic of these networks
as it enables extensive coverage of a large tissue whilst simultaneously providing the low
pressure heads required for efficient diffusion in and out of the bulk. Macroscopic vessels,
such as the aorta, provide high throughput flow over long distances. These branch down
to finer and finer vessels - arterioles vary in diameter from 10-300 µm, consisting of one
or two layers of helically arranged smooth muscle cells, surrounding an endothelium [82].
The boundary between the arteriole and capillary is marked by the disappearance of smooth
muscle cells [82] and the appearance of pericytes, which wrap around the endothelium.
Capillaries have an inner diameter (lumen) of 5-20 µm, with wall thickness up to as much
as half of this [82]. The transition between capillary and venule (20-50 µm) is less well
defined, but the collecting venules increase to 50-300 µm [82]. Vessels at these different
length-scales exhibit noticeably features; the larger ones are coated with layers of smooth
muscle cells and are more permanent, whilst the capillaries are coated with pericytes and are
more temporary, undergoing angiogenic remodelling as a response to growth and repair [79].
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1.2 Formation of the Vascular System

As will be described in depth in later chapters, methods developed in tissue engineering are
capable of inducing capillary morphogenesis, which forms capillaries spontaneously using
the biological processes of vasculogenesis and angiogenesis, and which can be anastomosed
in vivo to the native tissue blood supply. The vast majority of clinically-successful engineered
tissues to date are either thin or tubular in nature, allowing for oxygen and nutrients to diffuse
to the cells from the surface of the construct. Such constructs include large-scale and uniaxial
blood vessels, skin, cartilage, and bladder [8]. However, for high densities of cells and for
thick constructs, one requires a perfusable vascular network as diffusion from the surface
alone is incapable of meeting the metabolic requirements of the cells. Currently, we are
unable to direct the biological formation of larger branched vessels, owing to the high degree
of biological complexity involved.

A range of fabrication techniques have therefore been developed which produce structures
reminiscent of larger vessels (50 µm - 1 mm) with the aim of producing multi-scale hierar-
chical vascular systems. These include lithography-based approaches, in which channels
are patterned in two-dimensions; bioprinting and ‘direct-write’ approaches, in which matrix
materials and cells are deposited layer-by-layer; and planar and three-dimensional sacrificial
techniques, in which the vascular templates are produced for casting and encapsulation in a
matrix material.

A range of cell-based approaches have been studied which produce capillary-sized vessels
via the interaction of different endothelial cell types with other cells, including fibroblasts,
stromal and perivascular cells. This co-culture interaction of different cell types continues to
be extensively investigated as a powerful technique for enacting capillary morphogenesis and
angiogenic sprouting, though this interaction is highly complex, involving a large number
of small molecules and proteins (such as growth factors and other cytokines). Aside from
the myriad of in vitro cell-based approaches that exist, there are also a range of in vivo
approaches which utilize capillary ingrowth and anastomoses of vessels from the native
tissue in order to vascularize a scaffold. These include techniques such as the arteriovenous
loop, in which a native vessel is passed through a polymeric scaffold, and which can produce a
rapid vascularizing response from the surrounding tissue. Other approaches use the organism
as an in vivo bioreactor in which to mature constructs.
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1.3 Key Aims of Project

The primary aim of this project is the formation of a hierarchical vascular network system
capable of supporting a large, three-dimensional, and cellularized construct, in ideal tissue
engineering biomaterials, such as collagen and fibrin, capable of being freely remodelled by
cellular processes. The field requires a technique by which complex vascular architectures,
which are hierarchical, three-dimensional, and perfusable, can be fabricated in a reproducible
manner, and which can be used in ideal biomaterials.

In this project, a novel process was developed in which standard 3D printed thermoplastic
models, which are highly customizable and reproducible, are converted into a gelatin hydrogel
material. This can then be used as a vascular network template in highly bioactive hydrogel
materials, such as collagen and fibrin, which are pre-loaded with cells. The ability to use 3D
printed materials in this way is achieved by casting an alginate intermediary around the 3D
printed model. Alginate hydrogels are stable at high temperatures (∼100 ◦C), and do not
decay in acetone; both properties of which are required to remove the polyester-based model
material in its entirety. By making use of the different physical and chemical properties
of the 3D printed material, and of alginate and gelatin, it is possible to selectively add and
remove positive and negative casts of the original network design, resulting in a channeled
construct made from thermo-gelled collagen or enzymatically-crosslinked fibrin hydrogel.
This approach makes use of commercially-available 3D printing technology in order to
achieve a high degree of reproducibility and precision. The use of gelatin gel as a vascular
template has the added advantage of enabling prompt perfusion once the final construct
has formed. Key challenges however still exist in stabilizing the hydrogel materials and
preventing leakages when under perfusion.

Alongside this templated structure, it was necessary to make use of cellular co-culture
in order to form a capillary-like network; the key challenges here being the formation of a
vessel network, the anastomosis of the capillary bed to the large-scale vessel structures, and
the subsequent perfusion of the whole system. Thus the approach being proposed here is to
use a 3D printing technique to form large vessels and support initial perfusion of the tissue
construct, and make use of capillary morphogenesis to form the microvasculature, which
improves the delivery of metabolites as the tissue develops.

Using standard co-culture and multi-cellular spheroid methods, the formation of a
capillary-like network was investigated, for future connection to the large-scale network
described above, enabling direct perfusion of the capillary bed in a thick construct. In
this approach human umbilical vein endothelial cells (HUVECs) are used, alongside either
fibroblasts or mesenchymal stromal cells (MSCs), to produce the capillaries. Multi-cellular
spheroid cultures, in which cells are localized into small groups prior to casting, showed



1.4 Thesis Outline 5

the formation of more mature capillary structures, with larger lumen, multi-cellularity, and
longer lengths, likely due to the cell-cell junctions that were formed early on in the process,
and the formation of strong gradients of factors. However, there appears to be a trade-off in
using spheroids in this way as coverage of the construct is not as complete as with single
cell capillary morphogenesis, which was found to be more suitable for our approach and the
future aims of this work.

1.4 Thesis Outline

The first half of the thesis explores the fabrication of large-scale vasculature via physical and
chemical processing of polymers. Chapter 2 consists of a literature review of the fabrication
techniques employed to form channels and channel networks, including bioprinting; one,
two, and three-dimensional microfabrication techniques; macro-porous scaffolding methods;
and establishes sacrificial 3D printing as the key approach by which complex vasculature
can be formed, providing a starting point for the research. Chapter 3 describes the approach
to fabricating vascular networks via conversion of standard 3D printed thermoplastics into
gelatin gel, and preliminary cell experiments with this system.

The second half explores the formation of capillary-sized vessels via cellular co-culture
techniques. Chapter 4 reviews the literature on angiogenic and vasculogenic capillary mor-
phogenesis. It compares fibrin and collagen as substrates for use in co-culture experiments,
compares the use of fibroblasts and mesenchymal stromal cells as the supporting cell, and
establishes the use of particular growth factors in the system. Chapter 5 describes the angio-
genic approach to capillary formation, via multi-cellular spheroids, and Chapter 6 describes
the vasculogenic approach, using individually seeded cells. Chapter 7 reports on the con-
clusions and future work. Appendix A reports on a supplementary study of the formation
of densified collagen tubes, which through work with collaborators, were transplanted as
replacement bile ducts in mice.





Chapter 2

Literature Review: 3D Printing
Techniques for Vascularization

2.1 Introduction to Fabricated Vascular Systems

Living tissue requires channel networks over multiple length-scales in order to support a high
density of metabolically active cells [7]. The lack of such a vascular system has held back
progress into the fabrication of new tissues and organs, as diffusion from the surface of a
tissue construct becomes unfeasible for rapid delivery of oxygen and nutrients [8]. Oxygen
transport is seen as the limiting factor for the survival of high densities of cells in three
dimensional systems [75]. In the case of tissue containing high densities of cells, oxygen
diffusion is generally limited to 150-200 µm [79], though other cells show more extreme
behaviour (islets show necrosis when diffusion distance exceeds 100 µm [75]). Thus, for
tissue engineered organs and tissues to be fabricated in vitro, with the required high densities
of cells, in three dimensions and with a thickness larger than 400 µm [79], methods are
required to fabricate vasculature.

In this chapter, a critical review is presented of the range of approaches suggested for
producing vascular networks in vitro, including microfabrication methods, 3D printing, and
other techniques for the processing of polymers. This will not include methods that involve
the direction of cells to form new vessels via angiogenesis and vasculogenesis, which will be
described in Chapter 4.
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2.2 Bioprinting

3D bioprinting is a well known technique in the field of tissue engineering, in which matrix
and other polymeric materials, alongside cells, are deposited layer-by-layer from a mounted
nozzle, thus building up a three-dimensional structure. It promises the ability to place cells
and matrix materials (i.e. bioinks) into spatially organized patterns in 3D, which would
include the formation of vascular channels as the structure is built up [7, 144]. Figure
2.1a shows a typical bioprinting setup in which bioinks are printed to build up a structure.
Common bioprinted structures consist of a ‘woodpile’ arrangement, which is shown in Figure
2.1b, in which filaments are deposited in alternating orthogonal orientations which provide a
degree of mechanical strength in-plane. Spaces are frequently left between these filaments so
as to yield a macro-porous structure.

There exist a number of key challenges when creating perfusable tissue engineered
constructs via 3D bioprinting approaches. Firstly, fabrication of vasculature is particularly
difficult with bioprinting as matrix materials are inherently hydrophilic. This means that
upon deposition, a printed droplet will spread considerably if the substrate is also hydrophilic.
In the case of building up a three-dimensional structure, each layer will be hydrophilic and
so the feature sizes will be large. However, methods do exist which attempt to circumvent
this problem.

One approach [55] is to undertake the printing process in a vat of gelatin, which prevents
significant spreading of the printed drop and via viscous forces, maintains the drop in the
required position prior to gelling, enabling fine vascular features to be formed, as shown in
Figure 2.1c.

Another approach is to add a second, rapidly crosslinking polymer which maintains the
drop in place. For example, a collagen and alginate mixture can be inkjetted onto a substrate
containing upward diffusing calcium ions [131]. The calcium crosslinks the alginate and
enables the collagen to gel into a small feature size. Following collagen gelation, the calcium
is chelated and the alginate is then free to then diffuse away, leaving a collagen structure. This
can yield a cellularized construct containing vascular features, as shown in Figure 2.1d. Other
approaches include the jetting of thrombin onto a fibrinogen substrate, which undergoes rapid
enzymatic crosslinking to form 3D structures [29], and to make use of photocrosslinkable
polymers, enabling structures to be made from cell-laden gelatin methacrylate (Gel-MA)
and polyethylene glycol diacrylate (PEG-DA) hydrogels, which are photocrosslinked upon
deposition [13].

However, bioprinting suffers from another key limitation. The bioprinting process, like
most 3D printing technologies, is very slow since each drop or filament is deposited one
after the other, and this means the process takes an exponentially longer period of time to
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Fig. 2.1 (a) A typical bioprinting setup in which cells and matrix-like materials are deposited
from a fine nozzle to build up a three-dimensional structure [144]. (b) ‘Woodpile’ structures
are common in bioprinting, consisting of orthogonally orientated layers of polymer filaments
with large pores between each feature. Shown here is a structure made of gelatin [63].
(c) Using a bath of liquid gelatin to support the structure and prevent drop spreading, alginate,
collagen, and fibrin can be printed so as to produce fine vascular features [55]. (d) By
printing a mixture of alginate and collagen polymers into a calcium rich environment, fine
features made of collagen can be produced, capable of yielding vascular structures [131].
(e) By printing multi-cellular spheroids, one can produce vascular features via a scaffold-free
approach [125].
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complete as the drop size gets smaller. Importantly, this also means that there is likely a
significant loss of cell viability during the duration of the printing process since perfusion of
a supporting vascular network is unlikely to be able to begin until the construct is completed.

Bioprinting can impart a significant loss of viability upon printing through a fine nozzle
or inkjet, required by bioprinting approaches to form the fine features of the tissue construct
[7]. When cells are extruded alongside polymers through the nozzle, as is the basic idea
of bioprinting, there is a great deal of shear stress imposed upon the cells, decreasing their
viability [15].

Scaffold-free approaches exist within the field of bioprinting in which single cells, or
multi-cellular spheroids, are deposited into 3D structures without the need for a supporting
polymeric material, which could be beneficial to forming tissues [125]. By depositing groups
of cells into complex structures, one is able to form three-dimensional vascular systems, as
the groups of cells bond to each other, shown in Figure 2.1e. This is also a slow process
and a key challenge is producing a mechanically stable structure capable of perfusion [7].
Multi-cellular spheroids have also been bioprinted alongside an agarose vascular template to
form vascular network structures using this scaffold-free approach though the current method
is limited in the network complexity that is achievable.

2.3 One Dimensional Vascular Systems

One can use a very simple system to fabricate a vascular-like channel using either needle-
molding [21, 168] or wire extraction [121]. This involves mounting a needle, or wire, and
casting around them materials such as hydrogels or polydimethylsiloxane (PDMS). Upon
removal of the needle or wire, a one-dimensional channel is left which can be seeded
with cells and perfused. Since needles and wires are freely available over a wide range
of diameters, from the micron to millimeter scale, this simple system is very powerful for
studying vascular systems and transport of oxygen and nutrients into the bulk. However,
these techniques are clearly limited in the vascular structures that are producible, though one
can form arrays of uniaxial channels and simple vascular junctions can also be developed by
having these needles or wires cross.
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2.4 Microfabrication Techniques for Two Dimensional Vas-
cular Systems

Microfabrication techniques and soft lithography systems enable two-dimensional networks
of channels to be fabricated in a highly controlled manner, over a range of length-scales.
Recently, a range of lab-on-chip and organ-on-chip approaches have been reported capable
of producing quite sophisticated systems, using soft lithography and photo-lithography
techniques, such as lung-on-chip (shown in Figure 2.2a) [173], kidney-on-chip, liver-on-chip
(shown in Figure 2.2b) [56], and whole body chips [61]. These microfabricated devices
consist of multiple layers of channels, with multiple different channel systems and chambers.
and can be used to set up a range of growth factor, nutrient, and oxygen gradients, vary flow
rates, and form specific micro-environments for various tissue types, in a highly controlled
manner amenable to imaging [61].

Standard PDMS channels can be coated with bioactive molecules, which improve cell
attachment and cell spreading, and even with layers of hydrogels, such as gelatin and collagen.
PDMS systems can then be perfused and studied closely, making them a valuble platform
tool for studying the effects of drugs and small molecules. These approaches are excellent
for modelling tissue in vitro and for undertaking drug discovery and drug delivery projects.

Angiogenic sprouting is limited in these PDMS channel systems since they are made
of synthetic polymers that cells cannot degrade. However, it is possible to fill chambers in
these devices with biopolymers such as collagen. By seeding surrounding channels with
endothelial and supporting cell types, one can study angiogenic sprouting into the bulk
hydrogel material, an example of which is shown in Figure 2.2c [175].

A more sophisticated version of the soft lithography approach is to use a PDMS mold as
a stamp in collagen gel [175]. By removing the mold and adding a layer of collagen gel to
the other side, one can fabricate a single plane of channels which are entirely encapsulated
by collagen gel. Thus a three-dimensional gel system is formed with a vascular system, in
which cells can be seeded into the bulk or on the channel walls, and can sprout and migrate
from the channels into the bulk, as shown in Figure 2.2d. Such systems have been used to
study vascular biology, thrombosis, and angiogenesis [175].

Other methods have been developed which make use of photolithography to produce very
fine molds made of PDMS (with feature sizes down to 10 µm), consisting of surface grooves
into which one can cast gelatin [49] or alginate [165]. Once gelled, the hydrogel materials
are removed from the PDMS mold and used as very fine templates of capillary networks.
Shown in Figure 2.2e is a gelatin template with template features on the scale of 10-20 µm.
Upon casting in a range of other hydrogel materials and liquefication of the gelatin template,
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Fig. 2.2 (a) Lung-on-chip system, produced using microfabrication techniques, consisting
of multiple flowing channel systems and capable of supporting a variety of different cell
types [173]. (b) A lab-on-chip system with multiple compartments organized to support the
formation of liver tissue structures [56]. (c) Lab-on-chip systems can incorporate chambers
that can be filled with collagen gel. Here, endothelial cells are forming angiogenic sprouts
towards fibroblasts on the opposite side of the chamber [94]. (d) A planar channel network
can be fabricated inside a three-dimensional collagen gel, using a PDMS stamp approach.
This yields structures in which cells can sprout, migrate into, and remodel the bulk collagen
gel [175]. (e) Planar gelatin vascular templates can be made by casting gelatin into a PDMS
mold [49].
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one can produce a planar network in a fully three-dimensional gel. Whilst the ability to
produce an interconnected network with features on the microscale was an important step
forward, limitations still exist in that only a single plane of channels is achievable from such
a system, meaning that only thin fabricated tissue constructs can be supported by perfused
channels. Such channels formed in this way also have rectangular cross-sections, which
produces a non-uniform shear stress from fluid flow (unlike cylindrical channels), meaning
that an endothelial cell lining receives abnormal mechanical cues from that flow [79].

Also relevant here are pseudo-3D systems such as a number of systems involving a layer-
by-layer construction of PDMS-molded channels. However, this technique is impractically
slow for truly three-dimensional tissue constructs and has issues relating to alignment of
the layers. Thus, this microfabrication method has been widely reported [20, 28, 95] but is
limited by the lack of three-dimensionality which is achievable from a single plane, or a few
multiple planes, of channels.

2.5 Three Dimensional Vascular Systems

A large number of approaches have been suggested for the formation of three-dimensional
perfusion systems. A range of techniques exist in the literature that produce macro-porous
structures capable of permeating fluid, and which can be seeded with cells [57, 169]. Ap-
proaches include freeze-drying and critical point drying, solvent casting, particulate leaching,
sintering, and electrospinning, with a vast range of synthetic and biological polymeric
materials [96].

Whilst improving the permeability of scaffolds, porous materials like this are limited in
the capacity for exchange of nutrients and oxygen, especially at biologically relevant cell
densities [101]. At high cell densities, cells near the surface of the structures tend to multiply
and block transport of nutrients to the inside, thus producing the formation of necrotic cores.
Further, most normal tissues have vessel systems and there is a difficulty associated with
getting these vessels to spread throughout a twisting porous structure [79]. Also, porous
scaffolds have no defined single inlet and outlet and so make anastomoses with native tissue
difficult [79]. The lack of directionality in fluid flow also means that any mechanical cues
cells may take from blood vessel flow may be lost [79]. Finally, the harsh conditions and
processes for making these porous structures prevent the incorporation of cells into the
construct until after the scaffold is complete.

3D printing, also known as additive manufacturing, rapid prototyping, or freeform
fabrication, describes a range of different fabrication techniques that build up a structure
layer-by-layer (rather than subtractive manufacturing or casting techniques). This includes
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methods for extrusion-based printing, inkjet printing, and photo-crosslinking of polymers
in 3D. A vast array of different materials can be printed via various approaches at relevant
length-scales for tissue engineering, to form fully three-dimensional structures.

Inkjet printing produces very fine features from thermoplastics and waxes via an inket
process, which is shown in Figure 2.3a. Briefly, build and support materials are passed from
a heated reservoir to a heated print head, which are deposited in a fine stream of droplets
onto a ceramic substrate. The material rapidly cools and hardens forming solid structures.
After each layer is deposited, a plane milling head is passed across the build platform which
mills the material into a very fine layer (we used a 12 µm layer thickness). The build stage is
then lowered and the process repeated until the full structure is completed. Since the support
wax can be removed afterwards, it is possible to fabricate large overhanging features. Inkjet
printing has the advantage of high accuracy, owing to the very fine spray of material from the
nozzle [22].

In fused deposition modelling (FDM), thermoplastic filament (e.g. ABS, PLA) is heated
to just above its melting point and extruded through a nozzle onto the substrate; repeating
this process builds up a three-dimensional structure (the setup for this approach is shown in
Figure 2.3b). Support materials can also be printed by this method to produce overhanging
features and large build volumes are achievable with this approach [22]. However, FDM
suffers from poor accuracy and reproducibility; the diameter of the filament and distortions
from rapid cooling of the filament upon deposition limit the accuracy which is achievable by
this method [22].
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Fig. 2.3 (a) Inkjet 3D printing process [30]. (b,c) Solidscape 3D printing technology, which
is used extensively in this project [43, 1]. (d) Fused deposition modelling (extrusion-based)
3D printing process [30].
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Stereolithography (SLA) and two-photon polymerization (2PP) are techniques which
enable photopolymers to be crosslinked when laser light is shone upon them, usually in the
presence of a photo-initiator [37]. Such methods are capable of producing very fine features
limited by the focal spot size of the laser and therefore can produce features at the micron
length-scale. Materials used are often PEG or gelatin based, such as PEG-DA, which allow
for good adhesion and functionality of the cells. However, the crosslinking mechanism is
quite harsh (laser light, chemical photoinitiators) and so most constructs tend to be seeded
with cells after fabrication (though not always). Since photocrosslinked materials are heavily
crosslinked, they can only be used as the matrix material and not as a template for the channel
system, though materials consisting of a photocrosslinked part and a second soluble part,
may allow them to be fabricated into complex template structures via photocrosslinking and
then removed by thermal or chemical means. Figure 2.4 shows examples of PEG-based
stereolithography. It is possible to fabricate branched structures in this material with fine
feature sizes.

a b

cFig. 2.4 PEG-based hydrogels can be photocrosslinked to form vascular channels. (a) PEG
hydrogel stereolithography using a multi-photon variant [79]. (b) Stereolithograhy of PEG
hydrogels can produce finely branched vasculature [79].

In sacrificial or indirect 3D printing, one prints a removable template structure for the
vascular system and then casts the structure in various hydrogel materials, thereby producing
a complex vascular system in ideal matrix materials. Since casting is used to produce the
bulk matrix, and since this is done after fabrication of the template is complete, cells can
be pre-loaded into the bulk gel prior to gelation. This enables a high density and uniform
distribution of cells to be employed using methods which are minimally damaging to the
cells.

A range of approaches have been reported in the literature in which the template structure
is fabricated using a 3D printing apparatus, with the template material either Pluronic
F127 [84], sugar carbohydrate glass [109], or agarose [14]. One other noticeable example
uses fugitive inks which are deposited from a nozzle into a reservoir of Pluronic F127-
diacrylate, which can be photocrosslinked afterwards and the template material liquefied
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at low temperature [170]. This yields complex vascular designs, as shown in Figure 2.5a.
Rather than create a template under fluid, others have 3D printed freely-hanging vascular
templates, as shown in Figure 2.5b-d.

However, the direct use of a 3D printing rig to produce the template structure severely
limits the architectures that are possible. Invariably, the technique involves drawing out a
fiber from a nozzle, thereby yielding a 1D filament, which is the case in Figure 2.5b-d. In
the case of the sugar-carbohydrate glass (Figure 2.5c), the speed of the nozzle determines
the thickness of the template feature and junctions are created via the joining with other 1D
filaments [109]. Further, the vast majority of methods for the formation of three-dimensional
vascular templates yield three-dimensional arrays of channels as opposed to a hierarchical,
branching network [155].

c

2 mm

d

500 µm

ba

10 mm

Fig. 2.5 Sacrificial 3D printing techniques for the formal of vascular networks. (a) 3D printing
of sacrificial fugitive inks into a photo-crosslinkable reservoir of Pluronic F127-acrylate
material [170]. (b) Agarose template material printed onto a bed of photo-crosslinkable
PEG-DA [14]. (c) Sacrificial 3D printing of sugar carbohydrate glass [109]. (d) Freely
hanging pluronic template consisting of pillars and overhangs [84]. Note all four approaches
generate a sequence of 1D filaments which form junctions by touching at various locations.
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Other work has used removable, thermoplastic 3D printed models to produce internal
channels in porous scaffolds, such as with freeze-dried collagen [138, 97] and PCL (collagen
coating on the channels) [74]. However, they require freezing and harsh solvents as a means
of formation of the scaffold and removal of the channel template material. Thus they must
remain acellular until after the process is completed and both approaches require the collagen
to be chemically crosslinked for stability. Finally, 3D printed materials have recently been
cast in PDMS and removed to reveal a 1D helical channel (500 µm in diameter) [139]. The
use of PDMS as the bulk material limits the use of cells to the channels only.

2.6 Microfluidic Concepts

Murray’s law [117, 145, 103] relates the diameter of daughter branches to that of the parent
branch for a hierarchical vascular system, usually quoted as the addition of cubic terms
though experimentally, the exponent has been measured to vary between 2 and 3,

D3
0 = D3

1 +D3
2 (2.1)

where D0, D1, and D2 are the diameters of the parent and daughter channels, respectively.
This equation holds for symmetrically and asymmetrically branching networks and produces
a network with constant shear forces at the channel surfaces. There are also other relations
that are referenced, relating the lengths of the parent and daughter branches, usually following
a similar relationship.

The bifurcation angle is also something which must be considered in any flow system.
High angles between parent and daughter branches allow for large volumes to be plumbed in
a spatially efficient manner. However, a junction is associated with a change in the velocity
of the perfusate and so generates turbulence. Such viscous flow can be detrimental to the
endothelial layer.

At the bifurcation, the flow rate, Q, is conserved such that

Q0 = Q1 +Q2 (2.2)

where Q0, Q1, and Q2 are the volumetric flow rates in the parent and daughter channels,
respectively. The cross-sectional shape of the channel matters as well when considering
flow. Rectangular-shaped channels produce non-uniform shear stresses at the walls, which is
detrimental to an endothelium to the abnormal mechanical cues it imparts to the cells [79].
One must also consider the pulsatility of the source. Pulses of too high magnitude produce
high shear forces which can rip cells from the channel walls. Air bubbles are also a big
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problem for microfluidic systems. An air bubble in the system can generate a huge amount
of drag upon the channel walls and shear the cells from it. Further, it will generate a large
pressure drop across the channel and prevent flow, thereby increasing the flow rate around
other parts of the network (for the same inlet flow rate).

Nutrients and oxygen are transferred to the bulk tissue via diffusion from the capillaries
and interstitial flow (advection), caused by the difference in pressure from one end of the
capillary to the other. To achieve this transfer, there is a balance of hydrostatic and oncotic
pressures which drive the movement of fluids and thus nutrients and oxygen down osmotic
gradients. By this process of filtration and re-adsorption, oxygen and nutrients are effectively
delivered to cells, dependent on the diameter and flow rate of the channel. For a single
uniaxial channel, the pressure-drop across the length follows the Hagen-Poiseuille law,

∆P = Q
(

8µL
πr4

)
(2.3)

where ∆P is the pressure drop across the channel, Q is the volumetric flow rate, µ is the
dynamic viscosity, L is the channel length, and r is the channel radius [171]. For a symmetric
system of bifurcating channels, the flow rate of the daughter branch is half that of the parent
channel [171]. When expanded for multiple levels of bifurcations, the pressure drop across
any path through the network can be calculated [171]. Our system consists of 5 channel sizes
(including inlet channels) which symmetrically bifurcate and then recombine to a single
outlet. Since the anastomosing channels are the same diameter and length as the bifurcating
channels, the pressure drop contributions from those channels can be combined. Thus the
pressure difference, ∆P, across any path of the network can be written as,

∆P = Q
8µ

π

(
2L0

r4
0

+
L1

r4
1
+

L2

2r4
2
+

L3

4r4
3
+

L4

8r4
4

)
(2.4)

where Q is the volumetric flow rate at the inlet, and Li and ri denote the length and radius
of a specific bifurcation level i in the network, respectively. Note that since the network is
symmetric, every path through the construct will have the same pressure difference across it.

2.7 Hydrogel Materials

This project makes extensive use of the physical and chemical properties of a number of
hydrogel materials. Briefly, a hydrogel (or gel) is a macromolecular polymer network that
consists of a solid phase (i.e. the polymer) and a liquid phase (i.e. water) [99]. They can
absorb and trap huge volumes of water; a property that arises from hydrophilic functional
groups on the polymeric backbone; the solid phase of the gel does not dissolve in the solvent,
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owing to crosslinks between network chains [107]. Gels can be classifed by the way the
network is formed; either by chemical (i.e. ionic or covalent interactions) or physical (i.e.
reversible non-covalent interactions) with the latter occurring due to pH, temperature, ionic
changes or solvent exchanges [52, 36, 146].

Hydrogels can be made from either synthetic (e.g. PVA, PEG, N-isopropylacrylamide
[69]), or biopolymers (e.g. collagen, gelatin, alginate, agar, hyaluronic acid [9], fibrin [3]).
Biopolymers in particular are an excellent material on which cells can function, primarily
due to their tunable mechanical properties and porosity, and hydrophilic nature. Some
biopolymers made from proteins also have various binding sites and peptide sequences in
their structure which are actively recognised by cells and bonded to by a various signalling
molecules.

Gels exhibit a number of phenomena, including syneresis (spontaneous contraction of
solid phase) and swelling (absorption of water), and can be sensitive to multiple factors,
including pH, temperature, ionic content, light, mechanical force, electric and magnetic
forces, and other chemical interactions (such as further chemical crosslinking) [163, 66].
Various polymers, most notably sodium alginate, form reversible ionically-crosslinked net-
works when soluble calcium is added to the solution. Also relevant are high viscosity,
shear-thinning polymer solutions which gel upon the removal of the injection shearing force
(such as hyaluronic acid gels) [52]. One will often see descriptions of hydrogel formation by
sol-gel thermal phase transition behaviour [65, 67] or by photopolymerization [13]. Many
excellent reviews exist on the formation, properties and tuning of hydrogels [146, 67, 99]. For
tissue engineering, such gels are employed as a bulk casting material, or as thin sheets onto
which cell culture is performed, and often display similar properties to collagen and fibrin.
However advantages can be found in their inexpensive and simple means of production, and
the ability to be combined with other materials.

Of particular relevance to this project are gelatin, alginate, fibrin, and collagen hydro-
gels. Gelatin is a biopolymer which has found a wide range of uses in the pharmaceutical
industry, for soft and hard drug capsules, and also in food technology. It is made from
denatured collagen, in either acidic or basic conditions, which can yield different properties
(i.e. isoelectric point, gel strength, etc). It forms hydrogels via a sol-gel process in which
self-assembled helices of gelatin create a macromolecular network, when the temperature
is lowered below a critical threshold, determined by a range of factors (gel strength, pH,
ionic content, concentration, etc). Gelatin gels can be crosslinked via a range of chemicals to
produce a range of mechanically robust gels, for a wide range of applications.

Alginate is a naturally occurring anionic copolymer extracted from brown algae and
is comprised of guluronate and mannuronate blocks [48, 89]. Sodium alginate can form
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hydrogels via ionic bonding of calcium to these groups, which bind the polymer into a large
network. As a gel, it has a number of useful physicochemical properties. A range of gels can
be produced with different properties, such as viscosity, porosity, and type of crosslinking
cation. Alginate gels are also thermally stable, making it particularly useful alongside other
thermogelling polymers. It finds application in the encapsulation of cells and for controlled
drug release, and also in food technology as a stabilizer and thickener [48]. It is also widely
used in dental applications as a casting agent for taking impressions [33].

Collagen is the main constituent protein of the extracellular matrix which is organized
into a heterogeneous structure by the cells, which generate, remodel, and degrade the collagen
network. The collagen polymer itself consists of a triple helix which is self-organised through
several steps into a hierarchically organised fiber network in a process called fibrillogenesis
[70]. These fibers then interact physically and chemically with each other, and other interme-
diate molecules which, under the right thermal, pH and ionic conditions, form a hydrogel.
Collagen, like gelatin, can be crosslinked via a number of chemical processes, most notably
with glutaraldehyde [31] or EDC/NHS crosslinking [32], and also via enzymatic means using
transglutaminase [126].

Fibrin is the main component of the wound-healing matrix material and finds applications
in tissue engineering as an ideal substrate and in surgery as a biocompatible and resorbable
surgical glue [147]. Fibrin clots form in vivo via a complex process known as the coagulation
cascade. Fibrin gels are formed in vitro by the cleaving of fibrinopeptides from the fibrinogen
molecule by thrombin [147]. Fibrinogen molecules then form a crosslinked hydrogel matrix.
Fibrin networks can be crosslinked further via a second enzyme called transglutaminase
which forms isopeptide bonds between lysine and glutamine residues. Like collagen, fibrin
is freely degradable by cells [167] but also plays a key biological role in wound healing
(which includes angiogenesis) making it an ideal material in which to perform capillary
morphogenesis experiments.

2.8 Future Aims of the Field

The ability to fabricate a wide range of different channel architectures is a significant aim in
the field. All the approaches described above are limited in one or more ways when it comes
to fabrication of complex architectures in biological relevant materials and in the presence of
cells. Thus new methods are required to produce channel networks that are the same time
three-dimensional, hierarchical, and perfusable.

In order for a tissue construct fabricated in a lab to be useful medically, it is necessary for
high densities of cells to be incorporated into these devices, in a way which enables them
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to survive and modify the surrounding environment. Currently, most systems are several
orders of magnitude lower in cell density than that required for a therapeutic advantage
in translation [108]. No one method is presently able to produce features over the range
of length-scales present in native vasculature. Thus the near future of the field is likely
to involve a combination of both biomaterials-based approaches, such as those described
above, and cell-based approaches, for capillary bed formation, and also the maturation of the
large-scale vasculature. Thus full hierarchical networks remain a future aim of the field.

Finally, the formation of vascular structures in vitro similar to those found in real organs is
also future aim of the field. Whilst there is likely to be a considerable amount of remodelling
by the cells on the architecture of the construct, this is a slow process and it should be possible
to design networks that at least imitate the gross structure of living tissue found in nature.

2.9 Chapter Summary

In this literature review chapter, a wide range of materials-based techniques for forming
vascular networks have been examined. The challenges present within bioprinting were
discussed, such as the hydrophilicity of ideal tissue engineering materials, issues relating
to maintaining a cell population during the very slow process of printing fine features,
and the loss of viability from shear stresses applied to cells upon deposition. Alternate
bioprinting methods involving scaffold-free methods were also discussed, though suffer from
lack of mechanical robustness. One-dimensional and two-dimensional vascular systems were
described, though are limited by the degree of three-dimensionality that is achievable. 3D
printing-based methods were described, including inkjet printing, fused deposition modelling,
and stereolithography. The lack of suitable bioactive materials limits their use in producing
large scaffolds and harsh fabrication conditions (such as chemical photocrosslinkers) can limit
cell viability or inhibit their incorporation into the scaffold until after the scaffold production
is complete. Sacrificial 3D printing of polymers such as agarose, sugar-carbohydrate glass,
and Pluronic F127 show promise as a means of producing vascular templates in three
dimensions, using a 3D printing apparatus. However, they are limited in the architectural
complexity that is achievable from drawing out polymeric fibers of material. This chapter
also explored relevant microfluidic concepts useful in network design and briefly described
the range of hydrogel materials that are used in this project.



Chapter 3

Multi-Casting Approach for 3D Printed
Networks and Cell-Based Evaluation

3.1 Summary and Overall Process

As described in the previous chapter, tissue engineering requires new fabrication methods for
meso- and large-scale vasculature; one of the most promising approaches at this time is the
use of sacrificial 3D printing to create a vascular template and cast a polymeric matrix around
it. We require this template to be three-dimensional, customizable, reproducible, and made
of a material which can be used alongside bioactive hydrogel materials, such as collagen and
fibrin, and which can be removed in the presence of cells. With such a template, one can
cast matrix materials which are preloaded with cells, producing constructs of a uniform cell
distribution. The ability to cast and gel the construct at once allows a minimal amount of
time between cell seeding and perfusion, meaning high cell viability can be maintained and
high densities of cells can be used.

We have developed a new approach to sacrificial 3D printing in which we convert
a standard 3D printed thermoplastic material into a gelatin template. This enables the
fabrication of templates, which are highly complex in design, reproducible, and can be used
alongside cell-ladened hydrogel materials. This conversion of 3D printed materials into
gelatin is performed by casting with an alginate hydrogel intermediary to produce a negative
of the vascular template. Alginate, which is ionically crosslinked with calcium ions, has long
been used as casting medium in dental and other applications. By casting the 3D printed
material in alginate and removing the 3D printed material, we are left with a negative mold
into which we can cast gelatin. By removing the alginate gel, a gelatin template is produced
of the original 3D printed design; this template is made from a single piece of gelatin and
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as such, has no inherent weaknesses between layers (however the gelatin template is still
fragile). The gelatin template is then cast in either an extracellular matrix-like, thermo-gelling
collagen gel, or a wound-like, enzymatically crosslinked fibrin gel. By placing the construct
in a 37◦C water bath, the gelatin is quickly liquefied and the channel network made patent.
Perfusion can then begin promptly. This method puts minimal strain upon the cells and thus
should maintain a high viability. Thus, by making use of the different physical and chemical
properties of a number of disparate polymers, we are able to bring together a process for
making architecturally useful structures, in three-dimensions and with very fine features,
using a template material which can be cast in ideal and cellularized biomaterials. This
multi-casting process is described in Figure 3.1.

3D Printed Model

in Support Wax

3D Printed Model

(Network Template)

3D Printed Model 

in Alginate Cast

Alginate 

(Open Channels)
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Collagen/Fibrin 
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in Alginate Cast

Gelatin 
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Fig. 3.1 Diagrammatic representation of the multi-casting process. ‘Network template’
denotes a solid cast of the channel structure and ‘open channels’ denotes the inverse cast in
which fluid can be perfused through the channels.
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As part of this work, preliminary cell experiments were undertaken in order to evaluate
the ability of the network to support fibroblasts added to the bulk hydrogel. This provided
information on cell viability and cell spreading, for a range of flow rates. We also seeded the
channel surfaces with endothelial cells and observed tight junctions between them.

The initial development of the technique was further improved with a new chamber
fabrication approach, investigating the addition of a chamber coating, a new 3D printed
model design, and a number of other changes which improved the robustness of the approach.
Such steps were deemed necessary in order that more advanced experiments, including
capillary formation, could be performed successfully.

3.2 Materials and Methods

3.2.1 Cell Culture

Human umbilical vein endothelial cells (HUVEC, Public Health England) and human dermal
adult fibroblasts (HDFs, Public Health England) were used for the experiments. The cells
were trypsinized using TrypLE Express (Life Technologies), centrifuged at 250 g for 5 min,
and counted using a Scepter Cell Counter (Millipore). HUVECs were cultured in a T75
flask to 80% confluence, using endothelial growth medium (no vascular endothelial growth
factor or platelet-derived growth factor) (EGM Plus, Lonza), and HDFs were cultured in a
T75 flask to 80% confluence using high-glucose Dulbecco’s modified eagle medium (Life
Technologies) containing 10% fetal bovine serum (FBS, Life Technologies).

HUVECs were imaged using Green Cell Tracker dye (Life Technologies), allowing for
immediate imaging and tracking of cell seeding and distribution in the channels. Lyophilized
fluorescent dye was resuspended in dimethyl sulfoxide (DMSO, Sigma) at 10 mM and stored
at -20 ◦C until use. A working solution was prepared in DMEM at 10 µM. Plated cells were
washed with phosphate buffered saline (PBS, Life Technologies) and the working solution
added. Flasks were incubated at 37 ◦C for 45 min prior to trypsinization.

3.2.2 3D Printed Design and Printing

The CAD model vasculature was designed using Autodesk Inventor 2014 (Figure 3.2a); the
structure consists of a 1 mm inlet which symmetrically bifurcates into a series of 200-250 µm
channels, which then converge into a single outlet of 1 mm. Thermoplastic models in support
wax were a gift from Solidscape UK. Models were fabricated using 12 µm layer thickness
and 10 base support layers, on a 3Z Studio printer. Following printing, models in support wax
were removed from the ceramic base (8 mm) by placement on a hot plate at 120 ◦C for 7 min.
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Fig. 3.2 Process steps for converting CAD model into hydrogel channels. (a) CAD design,
consisting of 1 mm inlet symmetrically bifurcating to sixteen 200-250 µm channel features.
Each of the finest channels is 2 mm in length. (b) Using a Solidscape 3D printer, models
are produced in support wax. (c) Support wax is removed using a selective solvent to reveal
a high precision thermoplastic model. (d) Schematic of custom-made silicone chamber;
consisting of a silicone sheet mounted on a glass imaging slide, thick-walled silicone tubing
for chamber walls, flexible silicone tubing for inlets, and a CNC-milled silicone lid, which
has two holes for casting. Also shown is the 3D printed model from (a) for size comparison.
(e) Model is mounted into silicone chamber. (f) Chamber is filled with alginate hydrogel and
a lid is fitted to the chamber. (g) Following model removal with heat and acetone, gelatin is
infiltrated into the channels, and the alginate is removed by chelation. (h) Gelatin template
is cast in collagen (shown here) or fibrin hydrogel, which can be loaded with cells prior to
gelation. (i) Collagen gel, containing vascular channels, can be removed from chamber and
perfused.
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Models in support wax could then be gently removed using stiff card. To remove the support
wax from the models (Figure 3.2b), they were put in a bath of selective solvent (BioAct VSO,
Solidscape) and placed in an oven at 55 ◦C for 4 h. The model was subsequently stored in
fresh solvent at room temperature, until use (Figure 3.2c).

3.2.3 Silicone Chamber Design and Model Mounting

The vascularized hydrogel was produced in a custom-made silicone chamber. For the base, a
1 mm silicone sheet (Silex) was adhered to a glass imaging slide (Fisher Scientific) and a
section of 12 mm internal diameter silicone tubing (VWR) attached to this sheet, both using
silicone sealant (Dow Corning). Two holes were drilled on opposite sides of the chamber and
flexible silicone tubing with 1 mm internal diameter (VWR) fitted. A silicone lid was made
using a CNC milling machine from a 3 mm silicone sheet (Silex), into which two 2 mm
filling holes were drilled (chamber design shown in Figure 3.2d). The models were briefly
dried on tissue paper and then very carefully placed between the filled silicone inlets using
tweezers. The inlets were rotated so as to angle the model such that all channel features are
visible under an optical microscope at the same time (Figure 3.2e). The silicone inlets were
then super-glued in place.

3.2.4 Alginate Preparation

Calcium alginate gels were prepared using an ‘internal setting’ method. This involved adding
300 mM CaHPO4 (Sigma) and 600 mM gluconolactone (Sigma) to 7.5% (w/v) sodium
alginate (Sigma). In order to prevent the trapping of bubbles between the fine features of the
3D printed template, the chamber was first filled with DI water. The viscous alginate precursor
solution was then slowly injected into the silicone chamber, displacing the water and fully
encapsulating the thermoplastic model. The gluconolactone functions as an acidifier and
causes the slow release of calcium, enabling a controlled gelling mechanism and a uniformly
crosslinked hydrogel. The alginate gel was left overnight at 4 ◦C for maturation (Figure 3.2f).

3.2.5 Model Removal and Gelatin Template Preparation

The model material was removed by placing the chamber in a bath of near-boiling DI water.
After 5 min, the liquid model material was removed from the channels by gentle suction with
a 1 mL syringe. Following 10 min on ice, the channel structure was cleaned by injecting
2 mL of acetone into the channels to purge any remaining model material. Subsequently,
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6 mL of 250 mM CaCl2 (Sigma) was injected around the network which crosslinks the
surface of the alginate channels more thoroughly, without causing syneresis of the gel.

Liquid gelatin (Sigma, porcine skin, low bloom, 15% (w/v), pH 7.4) was infiltrated into
the channel structure via suction. The chamber lid was removed and the chamber placed in a
bath containing 200 mM sodium citrate (Sigma) and 200 mM glycine (Sigma) to chelate the
calcium crosslinking ions, and was then left for 24 h at 4 ◦C, at which point the alginate was
fully dissolved into solution. Once the alginate gel had dissolved, the chamber was placed in
a bath of sterile, calcium free PBS to remove any residual alginate in the chamber, and a lid
attached under liquid, which was then sealed using super-glue. The chambers were finally
purged of any remaining citrate or alginate by flowing 5 mL of PBS through the lid holes
(Figure 3.2g).

3.2.6 ECM Hydrogel Preparation

Collagen hydrogels were used at 7.5 mg mL−1 final concentration. Soluble collagen solution
was prepared using rat tail tendon. We solubilized the tendon using 0.1% (v/v) acetic acid
on a magnetic stirrer (250 mL/g tendon) for 60 h at 4 ◦C, and centrifuged the solution at
9000 g for 90 min. The collagen was subsequently lyophilized, weighed, and resuspended
at the required stock concentration in 0.1% (v/v) acetic acid. Collagen was gelled using a
standard approach [113], employing the addition of 10×M199 (Sigma), 1 M NaOH, and
0.2% (w/v) NaHCO3 (Sigma), in order to raise the ionic content and pH of the collagen
solution, thereby inducing a gelling response. HDFs were carefully mixed into the neutral
precursor solution at 1×106 cells mL−1, just prior to casting. Owing to the high viscosity of
the collagen solution, it was injected slowly on ice into the chamber using a syringe pump at
15 mL hr−1, displacing the PBS supporting the gelatin template (Figure 3.2h). Following
20 min at room temperature, the chamber was placed for an additional 20 min in a sterile
37 ◦C bath which rapidly gelled the collagen and melted the gelatin. Collagen hydrogels
could be removed from the silicone chambers at this point and connected directly to silicone
tubing (Figure 3.2i). However, it is preferable to continue to keep the gels in the silicone
chamber to maintain their shape and keep them under positive pressure.

Fibrin hydrogels were produced using a final concentration of 10-20 mg mL−1 bovine
fibrinogen (Millipore) and 2 U mL−1 human plasma thrombin (Sigma). Lyophilised fib-
rinogen was resuspended in pre-warmed 0.9% (w/v) NaCl at 60 mg mL−1 and thrombin
was resuspended in 0.9% (w/v) NaCl at 50 U mL−1. Both were stored at -20 ◦C until use.
0.1 M NaOH was added to the fibrinogen solution to raise the pH to 7.4. HDFs, in cell
medium, were carefully mixed into the precursor solution at 1×106 cells mL−1 and thrombin
was added just prior to casting. The solution was subsequently loaded into a 1 mL syringe
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and injected into the chamber via the lid holes, displacing the PBS supporting the gelatin
template. Following 5 min at room temperature, the chamber was placed in a sterile 37 ◦C
bath for an additional 15 min, which melted the gelatin.

3.2.7 Gelatin Removal, Channel Seeding, and Perfusion

Channels were checked for patency using fluorescent 1 µm red tracer beads (Life Technolo-
gies). HUVECs were subsequently suspended in 100 µL of endothelial growth medium and
injected into the channels at 2×107 cells mL−1. The chamber was left for 5h-overnight prior
to commencing perfusion. Non-adherent HUVECs were flushed from the channels and per-
fusion continued with endothelial growth medium at 0.1 mL hr−1 for 7 days, using a syringe
pump. For HDF experiments, high-glucose DMEM containing 10% FBS was perfused at
a range of flow rates (1-30 mL hr−1 at the 1 mm inlet) for 7 days using a peristaltic pump,
and the medium reservoir was replaced every 2 days. The perfusion circuit (Figure 3.3d,e)
for bulk cell experiments consisted of a peristaltic pump, media reservoir, with membrane
for pressure equalization; pulsatililty dampening chamber, to reduce the high pulsatility
generated by the peristaltic pump; a bubble trap, which prevents destructive air bubbles from
entering the device; and humidified experimental chamber, preventing evaporation from the
construct through the PDMS chamber walls.

3.2.8 Characterization of Microchannel Formation

After 7 days of perfusion, the development of tight cell-cell junctions between the channel
HUVECs was determined using CD31 immunocytochemistry. Cells were fixed by injecting
4% (w/v) paraformaldehyde (PFA) into the channels and leaving the chamber at 4 ◦C for 1 h.
Following three 5 min washes with PBS, a permeabilizing solution containing 0.25% (v/v)
Triton X-100 (Sigma) was injected into the channels for 10 min at room temperature,
followed by a blocking solution of 1% bovine serum albumin (BSA, Sigma) for 30 min at
room temperature. The primary antibody, mouse monoclonal anti-CD31 (HEC7, Abcam),
was added at 1:100 in 1% BSA, injected through the inlet and incubated overnight at 4 ◦C.
Unbound antibody was flushed out using three 5 min washes of PBS, and a secondary
antibody, goat anti-mouse IgG H&L conjugated to AlexaFluor 568 (Abcam), was added
at 1:200 in 1% BSA, injected into the channels, and incubated for 2 h in the dark at room
temperature. The unbound antibody was subsequently flushed out using three 5 min washes
of PBS. Fluoroshield with 4’,6-diamidino-2-phenylindole (DAPI, Life Technologies) was
subsequently injected as a nuclear counterstain. Cell viability was performed using a Live-
Dead kit (Life Technologies). Fibrin gels containing 1×106 cells mL−1 were cross-sectioned
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through the center of the construct, and the surface stained with 1 µL mL−1 calcein AM and
4 µL mL−1 ethidium homodimer-1. After 20 min, slices were washed in PBS and imaged.

3.2.9 Imaging

Imaging was performed using phase contrast and epi-fluorescent microscopy (Zeiss Ob-
server.Z1 with ORCA-Flash4.0). Images were processed using Zen software (Zeiss) and
ImageJ. Other images were taken using an overhead microscope (Olympus SZX16 with
PixeLINK camera and software), and also with an optical camera (Canon Digital IXUS70).

3.2.10 Statistical Analysis

Statistical analysis of live-dead data was performed using IBM SPSS Statistics 23. Cells
were manually counted using ImageJ by taking representative sample areas of 1 mm2 (at least
4 were analyzed per flow rate). A Levene’s test showed variances were not homogeneous and
so a comparison of values was carried out using a Kruskal-Wallis and a Games-Howell post
hoc test. Differences were considered statistically significant for p < 0.05. Data is presented
as the mean ± standard deviation.
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3.3 Discussion

The channel network produced for this study has a hierarchical structure, with channels
bifurcating symmetrically from 1 mm to 200-250 µm, producing a single inlet and outlet,
and sixteen channels to support a large three-dimensional volume. 3D printed models are
prepared using a commercially available printer, mounted into a custom-made silicone
chamber which is filled with alginate gel. Following evacuation of the 3D printed model
material from the alginate cast, gelatin is subsequently infiltrated into the channels and the
alginate is removed by chelation of the crosslinking calcium ions. This template is then cast
in a collagen or fibrin gel, which can be pre-loaded with cells, and the gelatin liquefied at
37 ◦C.

The use of standard CAD and commercial 3D printing to generate the first stages of
the process conveys a high degree of precision and reproducibility to the gelatin, and thus
the vascular channel structure. Some 3D printing technologies have a noticeable weakness
in terms of accuracy and reproducibility (e.g. fused deposition modelling technology [22].
However, Solidscape inkjet technology has a notably high accuracy [22] and displays the
necessary degree of reproducibility required for this project, though there still exists some
spread in the diameters of the finest features that were printed (see Figure 3.4b). This is
likely since the finest features of the models are at the lower limit of what is printable on
these machines. Despite this, the Solidscape machines enable very precise features to be
fabricated at significant volumes, and the use of support wax enables a wide range of designs,
including overhanging features. Additionally, there is some choice in the shape of the channel
cross-section and the morphology of the channel junctions. Thus, our approach enables
gelatin templates to be fabricated with a highly complex and fine network architecture, which
is fully scalable.

The CAD design in this study was influenced by a number of considerations, including
a correspondence to physiological channel structures and fluidic conditions, but also to an
ease of handling and imaging. Vascular systems are constrained physiologically by a number
of relationships, most notably Murray’s law relating parent and daughter branch diameters,
usually quoted as the sum of cubic terms which, amongst other results, yields a constant
shear force around the whole network [145, 11]. In this study we have designed a network
that uses the sum of squared terms. If we were to follow the sum of cubic terms, a higher
number of bifurcations would be needed and the same volume would have a much higher
density of channels. Mounting of the 3D printed models requires an inlet size that is not
difficult to handle; hence we used inlets with a diameter of 1 mm. For ease of imaging, a
template was desired with fewer channels such that there is minimal overlap between them.
The chamber is constrained in this study to a volume of 1 mL in order to maximize cell
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Fig. 3.3 (a) Gelatin halo is formed around the desired template features when the alginate
hydrogel is insufficiently crosslinked or gelatin infiltration is undertaken at too high a
temperature. Line denotes outer boundaries of gelatin halo and templated feature. (b) Surface
contours of gelatin template display 12 µm thick terraces from layer-by-layer 3D printing
process. (c) Tight interface between fibrin hydrogel and silicone inlet. Shown in red are
1 µm fluorescent beads, which do not leak around the side of the inlets for a 20 mg mL−1

fibrin gel. (d) Perfusion circuit schematic. (e) Photo of perfusion system.
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concentration, though we postulate that much larger volumes are possible since this is a
casting-based technique, and thus a closer proximity to Murray’s law is possible in the future.

The angles between parent and daughter branches are chosen as 70◦, to minimize flow
stagnation at junctions [79] whilst also maximizing the volume supported by the finest
channels of the network. The finest channels are 2 mm in length and are separated by 1.5 mm
in plane and 1 mm between planes. Thus, these thoroughfare channels enable diffusion of
nutrients and oxygen into a significant proportion of the bulk hydrogel.

The choice of the gelatin and alginate used is essential for this process to be successful. A
low bloom (80 g) gelatin is used that can withstand alginate removal and subsequent casting
with collagen or fibrin, but has a viscosity which is low enough to be easily removed from
the final hydrogel. It is type A gelatin, which has a better gel strength to viscosity ratio than
type B [26]. A concentration of 15% (w/v) is sufficient for the chelation and casting process,
and has a melting point such that a low viscosity liquid is produced upon melting at 37 ◦C.
However, the gelatin template still requires mechanical support from the surrounding liquid
in order to preserve its structure, prior to casting.

To enable the alginate to be cast and removed effectively, a low viscosity sodium alginate
is used at a concentration of 7.5% (w/v), which provides sufficient rigidity for the fabrication
process; in particular resisting syneresis from high temperatures, solvent exchange, and
CaCl2 addition. The alginate gels are fabricated using an internal setting process using
CaHPO4 and gluconolactone as an acidifier, which slowly releases the calcium producing
a uniform alginate hydrogel. Overloading the alginate gel with calcium at gelation causes
significant syneresis and thus poor reproduction of the original CAD design. However, if
extra calcium is not added, the pore size of the alginate gel is sufficiently large to allow the
liquid gelatin to penetrate the surface of the alginate gel. Following chelation, this generates
a ‘halo’ of gelatin around the templated gelatin channels, greatly increasing the diameter
of the finest channels, as illustrated in Figure 3.3a. Additionally, the molecular weight of
gelatin reduces with increasing temperature [84] and thus using gelatin at higher temperatures
produces a thicker halo.

To overcome these issues, one must further crosslink the channel surfaces of the alginate
hydrogel by injecting CaCl2 via the inlets, and use gelatin at 37 ◦C. Sufficient crosslinking of
the alginate at the channel surface prevents the halo effect and produces channels close to the
3D printed model design. In order that the injected calcium penetrates to the alginate surface,
the 3D printed model material must be completely removed; a layer of model material
prevents the calcium from crosslinking the alginate sufficiently. To this end, the remaining
(polyester-based) model material is dissolved using acetone once the channels have become
patent. If acetone is not used, the gelatin template is turbid and some model material can be
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left on the surface. 250 mM CaCl2 is then injected around the channel network, crosslinking
the alginate channel surface but without causing significant syneresis of the whole gel.

The thermoplastic model has in its surface 12 µm thick terraces due to the layer-by-layer
nature of the 3D printing process. This fine stepping is visible in the gelatin template, as
shown in Figure 3.3b, which demonstrates a high casting fidelity of surface features.

The choice of bulk material was influenced by a need for perfusion and thus a requirement
for a tight interface to an external pumping system; thus silicone inlets were used. It is well
known that hydrophobic materials, such as silicone and Teflon, have some protein-binding
capacity [136]. In this study, we rely on this adsorption of protein to the surface of silicone
rather than the use of other agents to directly bond the gel at the interface. This interface, as
shown in Figure 3.3c, was tested using fluorescent red 1 µm beads, which showed minimal
leaking around the silicone inlet surface when used with fibrin gels. Further, perfusion was
tested up to 30 mL hr−1 (at the inlet) with 10 mg mL−1 fibrin gels, which showed no signs
of leaking from the chamber.

Using negative pressure, liquid gelatin was infiltrated into the channel network. If positive
pressure is used instead, gelatin infiltrates the interface between alginate gel and silicone
chamber, and also coats the inlets, which prevents the fibrin hydrogel from adhering to the
(hydrophobic) silicone chamber. When the gelatin is liquefied, this opens leak paths around
the fibrin hydrogel. The alginate gel was chosen to withstand the applied negative pressure
without collapsing.

The perfusion system made use of a peristaltic pump in order to recycle medium around
the system, at relatively high flow rates (Figure 3.3d,e). 20 mL of cell medium was deposited
in a media reservoir. The fluid is drawn through the peristaltic pump mechanism and into
another chamber which acts predominantly as a pulsatility dampener. This sealed chamber
is under pressure such that the air at the top of chamber acts to oppose any changes in flow
rate. Fluid is forced up into the outlet to this chamber and into a bubble trap which consists
of a housed hydrophobic membrane. Fluid flows across one side of the membrane and any
air bubbles are cross the membrane to another outlet open to atmospheric pressure. This
provides an effective means of removing even small air bubbles from the line leading to
the humidified experimental chamber. This sits at the highest point of the perfusion circuit
such that pressure at the inlet comes only from the remaining network and not from any
gravitationally-driven pressure, in order to prevent leaking. Finally, the outlet of the device is
connected to the media reservoir, which is open to atmospheric pressure.

The multi-casting process produces a fully three-dimensional gelatin template with
features very similar to the 3D printed model (Figure 3.4a). However, due to the weak
mechanical properties of gelatin and the suction employed for its infiltration into the alginate
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channels, there is a slight, but measurable, change in the diameter of the channel features in
the various polymeric materials. The choice of alginate as an intermediary casting medium
enables fine features of the network to be translated into the gelatin network, though some
variation was observed between the CAD design and the 3D printed model, between the
model and the gelatin template, and between the gelatin template and hydrogel channels, as
shown in Figure 3.4b. The variation between CAD and 3D printed model is due to printing
feature sizes at the lower limit of the Solidscape machines; a CAD feature with a diameter of
170 µm yielded a 3D printed model with features in the range of 210-250 µm. However, as
shown in Figures 3.4c-j, there is still a good correspondence between 3D printed model and
gelatin template and any differences are marginal.

In this study, both fibrin and collagen hydrogels were used to test the use of the gelatin tem-
plate with ideal tissue construct materials. Fibrin was easier to handle since at 20 mg mL−1,
the precursor solution has a low viscosity and once thrombin has been added, can be cast
quickly using a 1 mL syringe. Conversely, at concentrations of 7.5 mg mL−1, collagen gel
is much more viscous and requires slow casting using a syringe pump. Collagen precursor
solutions gel rapidly at room temperature and so must be kept on ice during this process.

The use of gelatin as the sacrificial template material has the advantage that it is thermally
removed at physiological temperatures. This allows the cell-loaded constructs to be immedi-
ately placed in incubator conditions and puts minimal stress on the cells themselves. The use
of gelatin enables a wide range of materials to be employed as the final cast, beyond those of
thermally-crosslinked collagen and enzymatically-crosslinked fibrin hydrogels. The template
is capable of withstanding a viscous casting material, as shown by 7.5% (w/v) collagen (Fig-
ure 3.2h), which can be infiltrated without significant displacement of the gelatin template,
by way of slow casting with a syringe pump. The release of the template constituents upon
thermal dissolution impacts minimally upon the surrounding cellular environment due to the
relatively benign nature of gelatin. We postulate that the gelatin template could be used with
other hydrogels of relevance to the tissue engineering field, such as alginate, hyaluronic acid,
Matrigel, and synthetic materials such as PDMS.
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Fig. 3.4 Fidelity of hydrogel channels and gelatin template to 3D printed model design.
(a) Gelatin template without acetone wash, displaying three-dimensionality of the network.
Note that without acetone wash, model material remains on the walls of the template.
(b) Comparison of the diameters of the templates finest features, at different stages of the
fabrication process. The CAD model had finest features of size of 170 µm. Box plot displays
minimum and maximum diameters, and 1st and 3rd quartiles. Circles represent median
diameters. Correspondence of 3D printed model (c-f) to gelatin template (g-j) for specific
large-scale features.
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3.4 Cell-Based Evaluation

3.4.1 Bulk Cell Experiments

As a preliminary evaluation of the vascular system, a series of pilot cell experiments was
performed. To evaluate the ability of the channel network to support cells in the bulk of
the hydrogel, HDFs were mixed into the fibrin precursor solution prior to gelation and
cell-loaded fibrin gels (10 mg ml−1) were perfused at a range of flow rates (0.5–30 ml h−1).
After 7 days, a live–dead viability assay was performed by cross-sectioning the gel and
staining the central surface with calcein AM and ethidium homodimer-1 (Figure 3.5a). To
quantify any improvement in viability with increasing flow rate, live and dead cells were
counted in representative sample regions and plotted against flow rate, as shown in figure
3.5b. Static conditions (non-perfused) or low flow rates were incapable of supporting the
metabolic requirements of the cells. Flow rates of 10–30 mL h−1 were shown to be suitable
for maintaining cell viability. There was also a variation in the degree of cell spreading in the
constructs at different flow rates; for flow rates above 10 ml h−1 in which a good viability of
HDFs was observed in the bulk , there was increasing cell elongation with increasing flow
rate, as shown in figure 3.5c.

3.4.2 Channel Cell Experiments

HUVECs were seeded into the channels via the inlets, as shown in Figure 3.6a. HUVECs
spread evenly around the symmetrically bifurcating channels and, after several hours, had
adhered to the hydrogel channel walls. After 8 days of perfusion, a higher number of
HUVECs was observed in all four channel levels of the template (Figure 3.6b–e). These
cells were perfused at relatively low flow rates (0.1 ml h−1) so as to not dislodge the cell
layer in the initial stages of the endothelium formation. Further, the observation of high
numbers of cells over all layers shows that flow is not confined to a single layer and that
nutrients and oxygen would reach a fully 3D volume when cells are added to the bulk.
Immunocytochemistry for the cell adhesion marker CD31 showed the formation of tight
junctions between HUVECs in the channels (Figure 3.6f).
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Fig. 3.5 To determine the ability to support cells in thick constructs, HDFs were encapsulated
in 10 mg mL−1 fibrin gels at 1×106 cells mL−1 and perfused at a range of flow rates. (a) After
7 days, the gels were cross-sectioned and stained with calcein AM (green) and ethidium
homodimer-1 (red). Shown is a cross-section through the middle of the gel normal to the
long axis of the channels. Arrow denotes imaging direction. (b) Live-dead staining for flow
rates at which the majority of cells are viable. At 10 mL hr−1, most cells are round whilst at
30 mL hr−1, most cells are spread out. (c) In order to quantify cell viability at different flow
rates, the number of live and dead cells were counted in sample regions. Static conditions
(no perfusion) and low flow rates produced constructs with high numbers of dead cells and
flow rates above 10 mL hr−1 produced constructs with high numbers of live cells (*p < 0.05,
***p < 0.001). Comparisons show a statistically significant difference between live cell
numbers for flow rates of 1 mL hr−1 and 10-30 mL hr−1, and for those between 10 mL hr−1

and 30 mL hr−1.
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Fig. 3.6 (a) HUVECs, labelled with green Cell Tracker dye, were injected into the channels
of 20 mg mL−1 fibrin hydrogels at 2×107 cells mL−1 and left overnight, prior to perfusion
at 0.1 mL hr−1. Arrow denotes imaging direction. (b-e) After 8 days, all 4 channel layers
of the vascular network have high levels of seeded HUVECs. (f) CD31 immunostaining
was performed on hydrogels containing HUVECs in the channels in order to determine the
early formation of tight junctions between endothelial cells. Shown here is a single channel
lined with HUVECs, after 8 days of perfusion at 0.1 mL hr−1. Red and blue colours display
cell-cell adhesion marker and nuclear stain respectively.
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3.5 Further Development of the Process

3.5.1 New Method for Chamber Fabrication

A more advanced method was developed, using 3D printed molds for casting of PDMS, in
order to better meet our requirements for a more robust and sealed chamber, whilst also
allowing for a greater degree of precision in the design; most notably, a precise placement
of inlet tubing and an interlocking lid structure. Furthermore, PDMS provides a suitable
substrate for the application of a chamber coating onto which alginate can be actively bound.
Finally, a 3D printed chamber mold allows one to customize the external shape of the gel
construct.

An inverse 3D printed mold was fabricated out of PLA into which PDMS could be
cast (Figure 3.7a). In order to be able to remove the PDMS casts from the chamber, it was
necessary to fabricate the mold in two parts; a base piece and wall piece, which could be
separated after the PDMS had cured. Conventional 3D printers produce models with a high
surface roughness and casting PDMS directly onto its surface produces a optically turbid
material. Since this was not acceptable for clear imaging through the base, a solution was
found by which a circular glass coverslip was mounted onto the central surface which, when
cast in PDMS, would enable a transparent base for imaging. A small inset was designed into
the 3D printed mold and the glass coverslip was adhered to the mold via Araldite. In order to
construct the inlet tubes through the PDMS into which silicone tubing would later be placed,
stainless steel hypodermic tubing was mounted through holes in the 3D printed mold. Whilst
the two halves of the 3D printed mold fitted together well, there was some leaking of PDMS
during the degassing stage. Thus it became necessary to fill the space between them with
silicone sealant. Silicone sealant is sufficiently soft enough to be cut through which allowed
the two halves of the mold to be separated after PDMS curing. In order to fashion PDMS
chamber lids, 3D printed molds were made and attached to glass petri dishes using silicone
sealant. This provided a surfaces with sufficient optical clarity for imaging.

PDMS was prepared at a ratio of elastomer to catalyst of 10:1. Following 5 min of
vigorous mixing with a spatula, the solution was centrifuged at 4000 g for 10 min and then
cast into the 3D printed mold. Whilst the centrifuge removed much of the large bubbles,
it was important to remove the small bubbles that formed during pouring of the PDMS,
and those trapped between the 3D printed mold and the viscous PDMS solution. Thus the
chamber, containing the viscous PDMS solution, was placed in a vacuum chamber. By
gradually ramping up to 30 mm Hg, bubbles were eliminated from the PDMS, and the PDMS
solution was then cured at 70 ◦C overnight. To remove the PDMS from the chamber, a sharp
blade was used to cut through the silicone sealant between the base and wall pieces of the 3D
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printed mold. Then the two halves were prised apart and the base piece removed. To remove
the PDMS chamber from the wall piece, a metal spatula was used to go between the interface
between the two materials. The PDMS chamber could be then pushed out of the 3D printed
mold (Figure 3.7b).
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Fig. 3.7 (a) 3D printed molds were fabricated in order to cast PDMS and produce more robust
PDMS chambers. Alongside printed PLA, molds consisted of a mounted glass coverslip,
to improve imaging clarity, and hypodermic tubing, for molding of the inlets. (b) PDMS
chamber with silicone tubing for inlets. Grooves in top enable the tight fitting of a PDMS
lid, also fabricated via this 3D printing approach (not shown). (c) CAD design for new ‘flat’
model. Design still incorporates symmetrically bifurcating channels and has sixteen finest
features of length 2 mm. (d) Schematic of PDMS chamber with mounted flat model. (e) Flat
model in support wax. (f) Flat model without support wax. (g) Flat model mounted in PDMS
chamber. (h) Improved 3D printed model to gelatin process yields better gelatin templates.
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3.5.2 Improvements to 3D Printed Model Design

The original model design (Figure 3.2a) is excellent at supporting cells in a compact and
three-dimensional structure. However, we also require a vascular network design which
enables the clearest imaging, especially in future when investigating capillary morphogenesis
in these systems. We found compact designs like this were particularly difficult to image due
to overlap of vascular channels when imaged from below, the short working distance of even
long-range objectives, and a high fluorescent background level from defocused light. Thus, a
second model was designed which consisted of the same number of channels orientated into
only two planar levels, as shown in Figure 3.7c. It follows the same design characteristics as
the compact model but with junctions rotated to make the structure thin enough for ease of
imaging when high numbers of fluorescent cells are used, whilst still maintaining a degree
of three-dimensionality. Finally, to avoid each level overlapping when imaging from above,
the final bifurcation was rotated to 45◦ about the channel axis. Every path through the
vascular network is identical; this symmetry should provide the same flow rate and pressure
differences for each path. This model, when combined with the new chamber protocol, forms
a more robust system for advanced cell experiments (Figure 3.7d). The dewaxing process
proceeds in the same way (Figure 3.7e) and still yields models with sufficient mechanical
strength for handling and mounting in the PDMS chamber (Figures 3.7e,f).

3.5.3 Chamber Coating

Previously, we relied upon a hydrophobic bonding between silicone or PDMS chambers,
and the alginate, fibrin, and collagen hydrogels. Proteins bond to hydrophobic surfaces by
denaturing onto the surfaces, thereby revealing hydrophobic groups. This however is not a
particularly strong bond, as was discovered over the course of the project. Both collagen
and fibrin syneresis, and the contractile forces applied on the matrix by the cells, contribute
to the shrinking of the gel construct, revealing a flow path which redirects nutrients and
oxygen away from the channeled network and bulk of the gel construct. Many groups rely
on hydrophobic bonding such as this, but others have added a layer of poly-L-lysine coating
to prevent fibrin gel shrinking [68].

Polyethyleneimine (PEI) should have a similar effect as they’re both cationic polymers
which are highly charged at a neutral pH. It was found that a coating on the PDMS surface
on PEI prevents the alginate gel from shrinking during the model to gelatin phase of the
procedure, and may also help prevent the fibrin and collagen gels from undergoing cell-
mediated shrinkage and syneresis, by interaction with the alginate layer. While the PEI-
alginate bond is robust, the bond formed between the alginate and fibrin is weak, since the
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gelatin template is supported by fluid and therefore any bond is necessarily done under wet
conditions.

Following ethanol cleaning and drying of the PDMS chambers, they were plasma cleaned
for 2 min. This exposes silanol groups (-SiOH) on the surface of PDMS, which are negatively
charged. PEI is a branched cationic polymer, consisting of a high density of amine groups,
and has an isoelectric point of 10.6; thus at neutral pHs, it has a high degree of protonated
amine groups and is positively charged. By filling the chamber with 1% PEI solution in
DI water for 2 h (pH 7.4), followed by 3x DI water washes, PEI was adsorbed onto the
PDMS surface. The pKas of the mannuronate and guluronate residues, which make up
the alginate polymer, are 3.38 and 3.65 respectively. Thus at neutral pHs, these are highly
deprotonated and therefore negatively charged. This leads to electrostatic interaction between
the protonated amine groups of the PEI and the alginate polymer, producing a strong bond
between chamber and alginate cast.

3.5.4 Improvements to Alginate and Gelatin Steps

With the advent of the new coating which provided a strong bond between alginate and
chamber, a number of process steps could be modified. With the coating, it was possible
to inject a larger amount of CaCl2 into the alginate channel network without the risk of
the alginate gel shrinking. It was also possible to inject the gelatin solution under positive
pressure, rather than by suction, though with sufficient pressure, gelatin was still able to
penetrate the edge of the gel and reach the surface, providing a leak path when cast in fibrin.
Further, injecting gelatin at high pressure causes the alginate channels to expand radially
which produces gelatin template features of a larger diameter than by the suction method.

The pressure required at the inlet in order to flow gelatin around the network can be
lowered by reducing the rate of gelatin flow (Q) and by reducing the viscosity of the gelatin
(µ), as described by the Hagen-Poiseuille network pressure drop equation (Equation (2.4)).
The viscosity of gelatin can be lowered by increasing the temperature of the system [141].
However, to maintain simplicity and reproducibility, suction was still used as the means of
loading the gelatin. Since a larger amount of CaCl2 can be applied without shrinking the
alginate cast, there is no longer an issue of gelatin halo formation, described in Section 3.3.

It was found that the injection of alginate into the model-mounted chamber could cause
a blockage in the inlets. Upon melting of the 3D printed model, it thus became impossible
to remove the model material due to this calcium alginate filling these inlets. Further, the
addition of negative pressure to the inlet could cause a catastrophic ripping of the alginate
gel near the inlet. This meant that upon gelatin casting, a large mass of gelatin would have
formed as a feature in the final template structure. The solution was to add the viscous



44 Multi-Casting Approach for 3D Printed Networks and Cell-Based Evaluation

Table 3.1 Swelling data for various chelation buffer configurations.

% Mass Difference (24 h)

Chelation Buffer Type
10 % High Gelatin 20 % Low Gelatin

in 50 mM HEPES pH 7.4 in 50 mM HEPES pH 7.4

Sodium Citrate 100 mM pH 7 34.2 91.4
Sodium Citrate 100 mM pH 7 + 1 % Dextran 32.5 84.3
Sodium Citrate 200 mM pH 7 25.8 79.5
Sodium Citrate 300 mM pH 7 12.4 59.4
Sodium Citrate 100 mM pH 7 + 5 % Dextran 10.3 57.9
Sodium Citrate 400 mM pH 7 0.6 39.4
Sodium Citrate 500 mM pH 7 -14.4 12.0
Sodium Citrate 100 mM pH 7 + 10 % Dextran -15.6 17.7
Sodium Citrate 500 mM pH 7 + Dissolved Alginate -20.2 9.1

alginate solution slowly to the chamber and not use a chamber lid. The DI water in the
chamber, which is replaced in the step, is less dense the alginate solution and tends to collect
on top of the alginate gel during filling, which can be subsequently aspirated off. Since the
alginate crosslinks slowly, there is sufficient time for the viscous alginate to diffuse into
any remaining pockets of DI water, thereby casting effectively without risking infiltration of
alginate into the inlets. The PEI coating provides a good bond between chamber and alginate,
though superglue was also applied to bond the outer edge of the alginate gel to the PDMS
chamber, once the alginate gel had formed.

Swelling of the gelatin template weakens the structure and provides a degree of variation
between model and final channels in collagen and fibrin. Thus a short experiment was
undertaken in which blocks of gelatin were gelled and then placed in citrate buffer of various
concentrations. Further addition of dextran was also tested as a way of using a lower citrate
buffer concentration while still preventing gelatin swelling, and dissolved alginate was
included to simulate the process of the alginate gel dissolving in the multi-casting process.
Gelatin was allowed to gel in a 48 well plate for 24 h. The gels were then removed from the
wells, weighed, and placed in 6 well plates, into which 10 mL of chelation buffer solution was
added. After a further 24 h at 4◦C, the gelatin gels were reweighed and the percentage mass
difference calculated; the data for which is shown in Table 3.1. It was found that 400 mM
sodium citrate buffer was ideal as it prevented swelling of the gelatin blocks (compare to
200 mM citrate used in the main protocol). Dextran was shown to be helpful in lowering the
buffer concentration if desired, though concentrations of citrate less than 200 mM increased
the time taken for alginate removal.

The concentration and buffer of the gelatin template material was investigated; most
notably whether a low or high bloom gelatin was better as the template material. Low
bloom, while producing weaker gels, has a low viscosity and can be used up to 20%(w/v).
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High bloom, while producing strong gels, has a high viscosity which greatly increases with
concentration, limiting its use up to 15%. The choice of buffer for the gelatin was considered.
Gelatin is most stable at its isoelectric point (pI of type A is 7-9) and so the use of a buffer,
such as HEPES, is useful. The solution that was decided the best balance of strength and
viscosity was 10%(w/v) high bloom gelatin, in 50 mM HEPES buffer, with the pH adjusted
to 7.4. By incorporating these considerations, and those above, into the multi-casting method,
one is able to produce a gelatin template with improved properties to the original (3.7h).

An alternative method was briefly tested of using methylcellulose instead of alginate,
as the primary casting agent. Methylcellulose is a sol-gel which forms a hydrogel by
hydrophobic interactions, and can be prepared such that it forms a gel when put in hot water
and melts when the water is cooled. It was possible to maintain the methyllcellulose in a
solid hydrogel phase, remove the model material, wash, and inject gelatin. Upon cooling,
the methylcellulose return to liquid form. However, due to its viscosity, one has to allow the
methylcellulose to diffuse away overnight in a way similar to the sodium alginate. While
this approach was seen as novel, alginate continued to be used since it allows for a more
controlled process, and allows more time for the gelatin template to gel inside the alginate, if
so desired.

3.5.5 Improvements to Collagen and Fibrin Casting Step

A difficulty was found when casting the gelatin template in that there was insufficient mixing
between the template-supporting liquid already in the chamber (i.e. PBS) and the precursor
solution of the fibrin gels, due to the rapid rate of gelling once thrombin was added to
the precursor. As such, there occasionally remained pockets of ungelled liquid within the
chamber volume. This was found to be a catastrophic issue if this pocket of liquid formed
around one of the inlets, as the gel would then not perfuse effectively and instead disrupt the
gel structure. The solution was to pre-fill the chamber with a fibrinogen solution, without
the thrombin and other components of the final gel. Since there was no thrombin, the
fibrinogen could be added very slowly and allowed sufficient time to mix thoroughly with the
existing fluid. Subsequently, upon addition of the cell-ladened fibrinogen solution containing
thrombin, fibrinogen in the pre-fill would also become crosslinked with the fibrinogen from
the cell-ladened solution, whilst maintaining the overall concentration of the fibrin in the
chamber. A similar problem was encountered with the collagen, which would gel before
the viscous precursor solution had time to diffuse thoroughly around the whole chamber.
However, while not ideal for the cells, maintaining the collagen-filled chamber on ice allowed
time for sufficient mixing prior to the thermally-activated gelling of collagen.
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3.6 Future of the Approach

It is conceivable that with improvements in commercial 3D printing technologies, models
could be produced with higher precision, smaller feature sizes, and in new materials with
improved mechanical, physical, and chemical properties. The process described here, of
converting these 3D printed models into gelatin vascular templates, and subsequently cellular-
ized hydrogel materials, would utilize these advances. Further, since we make use of standard
3D printing technology, the fabrication method is relatively inexpensive in comparison with
other approaches, such as those requiring custom-made printers, and so could be widely used
for three-dimensional network formation in cellularized constructs.

3.7 Chapter Summary

In this chapter, a novel 3D printing-based method has been described for fabricating three-
dimensional, hierarchical, and perfusable vascular networks. By converting standard 3D
printed materials into gelatin through a multi-casting process, it was possible to use complex
vascular templates alongside ideal tissue engineering materials, such as collagen and fibrin,
and in the presence of cells. The vascular system was subsequently evaluated as a means
of maintaining a cell population in the bulk of a collagen gel. It was found that for flow
rates above 10 mL/hr, the vast majority of cells were viable and subsequent increases in the
flow rate (up to 30 mL/hr) notably increased the amount of cell elongation. Endothelial cells
were also seeded into the channel network itself and a nascent endothelial layer was formed.
Further improvements were subsequently undertaken, including the development of a new
PDMS chamber fabrication method, a chamber coating to improve the alginate casting step,
and other minor improvements to the multi-casting process.



Chapter 4

Literature Review: Cell-Based
Approaches to Vascularization

4.1 Introduction

Endothelial tube networks are fundamental components of living tissue. With a few excep-
tions, all tissues in the human body are vascularized which enables rapid transport of oxygen
and nutrients to cells, and removal of waste products. The previous chapters showed that it
was possible to fabricate complex three-dimensional networks of tubes at the millimeter and
meso-scale, and support cells via network perfusion; here we describe the cellular processes
by which micro-scale vessels are formed and the wide range of approaches undertaken by
researchers in fabricating these capillary networks for in vitro systems and we also describe
a limited number of in vivo systems. Finally, we attempt to determine the best conditions for
capillary formation for our system, based on the literature.

4.2 Capillary Morphogenesis via Vasculogenesis and An-
giogenesis

Capillaries have a diameter of 5-20 µm and are the smallest endothelialized channels of the
vascular system. They facilitate efficient transfer of nutrients and oxygen to cells in the bulk.
In the embryo, the primary capillary plexus is formed in which ‘blood islands’ of endothelial
progenitor cells (EPCs) and angioblasts migrate and join together to form a homogenous
capillary bed, which then forms into a hierarchical structure consisting of arteries, veins, and
capillaries [2]. This process is known as vasculogenesis and only occurs in the embryo.
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While arteries and veins expand radially to increase transport of metabolites to growing
tissues, capillaries undergo the process of angiogenesis in which new capillaries form off
existing ones; this remodelling leads to the formation of more complex networks which are
more effective at meeting the metabolic requirements of nearby cells [23, 2]. Endothelial cells
are thus capable of remodelling existing tissue extensively via physiological angiogenesis.
For example, hypoxic conditions cause bulk cells to produce various signalling molecules
which, along molecular gradients, are detected and acted upon by endothelial and perivascular
cells to induce an angiogenic response. The result of this is the formation of a new capillary
closer to the hypoxic cells which thus provides an increased supply of oxygen to that region.
A specific endothelial cell differentiates into a tip cell, which degrades the local basement
membrane and migrates into the bulk forming a new sprout. Endothelial cells subsequently
proliferate behind it and pericytes are recruited to the new vessel. With the production
of new basement membrane and further remodelling of the extra-cellular matrix, a new
capillary is formed joined to an existing one. Most of the time a non-sprouting endothelium
is maintained and regulated by a tight pericyte interaction [23, 2]. Tissues generally only
undergo physiological angiogenesis in specific instances, such as tissue development and
growth, menstruation, and fracture and wound healing. As such, endothelial cells are
normally in a quiescent state [23, 2]. Pathological angiogenesis is implicated in several
diseases, including the development of solid tumors, and ocular diseases such as retinopathy
and macular degeneration [23].

Both vasculogenesis and angiogenesis involve a complex interplay of a number of
different cell types, matrix components, growth factors, and proteolytic mechanisms. The
field is an active area of research given the importance of angiogenesis to a significant number
of pathologies, and to understanding fundamental biological mechanisms. The ability to
exercise fine control of these processes in vitro would enable a fully vascularized construct
to be fabricated; a network of capillaries approximately 400 µm apart should be able to
support therapeutic concentrations of parenchymal and/or stromal cell types, in the bulk of
the device.

4.3 Vasculogenic Approaches

A widely reported approach for the formation of a capillary-like network is to co-culture
endothelial (or endothelial progenitor) cells with a supporting cell type; these include retinal
and brain pericytes (PCs), smooth muscle cells (SMCs), fibroblasts (in particular normal
human lung fibroblasts (NHLFs) and human dermal fibroblasts (HDFs)), human osteoblasts,
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and progenitor cells, such as mesenchymal stromal cells (MSCs) (see Table 4.2 at the end of
the chapter for a summary of literature).

This process is somewhat different from the vasculogenesis found in the embryo but since
the capillary-like network is forming de novo (rather than sprouting off existing channels) and
involves cells migrating towards each other and forming multi-cellular cords, it is considered
vasculogenic. Table 4.1 summarizes small molecules commonly used in the literature for
fabricating angiogenic or vasculogenic capillary networks. A wide range of pro-angiogenic
growth factors are reported to induce the endothelial cells to form capillary-like structures,
with vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF)
playing a key role [127].

Once endothelial cells have spread and created tight junctions with other endothelial
cells, lumen are formed by intracellular and intercellular vesicle fusion [71]. They then
recruit pericytes by releasing PDGF [116] and cellular processes subsequently produce a
basement membrane. The supporting cell type produces growth factors to help this process
and importantly, is able to stabilize and mature the newly-formed capillaries; for instance
by production of Angiopoetin 1, which is a vessel stabilizing protein [116] and an apoptosis
survival factor for endothelial cells [86]. This interaction with the perivascular cell stops the
endothelial cells from migrating, spreading, regressing, and apoptosing, and thus helps form
a more long-lived structure [116].

One notable paper [41] states a predictable sequence of phenotypic changes that occur
within vasculogenic-like capillary formation. These are: (i) a loss of endothelial cell prolif-
eration in favour of morphogenesis; (ii) pathfinding cell migration; (iii) adherens junction
formation between endothelial cells; (iv) branching morphogenesis and network formation;
(v) basement membrane formation consisting of collagen IV and XVIII; (vi) patent lumen
formation; (vii) anastomosis; and (viii) network stabilization [41].
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Table 4.1 Summary of pro-angiogenic small molecules (growth factors, cytokines,
chemokines) and their functions in angiogenesis.

Growth Factor Functions in Capillary Morphogenesis
VEGF

(Vascular endothelial
growth factor)

Pro-angiogenic growth factor [127, 16]. Stimulates angiogenesis,
vasculogenesis [16], increases vascular permeability [162, 16], and
leukocyte adhesion [16]. EC mitogen [157], and cell survival factor [98].

bFGF
(Basic fibroblast
growth factor)

Pro-angiogenic growth factor [127, 16].
Potent mitogen for a range of cell types, including ECs and fibroblasts [142].

Ang-1
(Angiopoietin 1)

Stabilizes vessels, inhibits vascular permeability [16].
Involved in maintenance and growth of vessels [127].

PDGF
(Platelet-derived
growth factor)

Pro-angiogenic growth factor [127, 124]. Recruits SMCs [16].
Mural cell mitogen and chemoattractrant [150].
Induces SMC and PC proliferation and migration [157].

TGF-α
(Transforming

growth factor alpha)

Pro-angiogenic growth factor [93].
Induces migration of HMVECs but not HUVECs [162].

TGF-β1
(Transforming

growth factor beta)

Stimulates ECM production [16]. Both pro-angiogenic effects at low
doses (upregulating angiogenic factors and proteases) and anti-angiogenic
at high doses (inhibits EC proliferation and migration of ECs) [127, 157].
Promotes basement membrane reformation and stimulates
SMC differentiation and recruitment [127].

SDF-1α

(Stromal cell-derived
factor 1 alpha)

Pro-angiogenic growth factor [16].
Induces tube-like structure formation and migration [72].

S1P
(Sphingosine-1-phosphate)

Pro-angiogenic growth factor. Stimulates EC migration, survival,
and proliferation, adherens junction assembly, morphogenesis,
enhances invasion, and lumen formation [12].

PMA
(Phorbol 12-myristate 13-acetate)

Pro-angiogenic growth factor and tumor promoter.
Induces invasion of endothelial cells and angiogenesis [112].

IL-1α

(Interleukin 1 alpha)
Induces expression of pro-inflammatory genes in stromal and
inflammatory cells [164]. Potential inhibitor of angiogenesis [124].

TNF-α
(Tumor necrosis factor alpha)

Pro-angiogenic growth factor [92]. Induces expression of pro-inflammatory
genes in stromal and inflammatory cells [164].

EGF
(Epidermal growth factor)

Pro-angiogenic growth factor [162]. Regulates PC recruitment to EC tubes.
Induces migration of HMVECs but not HUVECs [162].

HGF
(Hepatocyte growth factor)

Pro-angiogenic growth factor [16]

SCF
(Stem cell factor)

Pro-angiogenic growth factor [151]

IGF-1
(Insulin-like growth factor 1)

Pro-angiogenic growth factor [124, 16]
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4.4 Two vs Three Dimensional Vasculogenic Capillaries

The concentration and ratio of endothelial and supporting cells seeded onto a surface is
critical for producing a capillary bed, as opposed to simple confluent monolayer of cells. The
literature has a number of examples where groups are able to elicit capillary morphogenesis by
mixing the right concentrations of endothelial and supporting cell in two dimensions, such as
on tissue culture plastic; a good example is shown in Figure 4.1a [41]. Here, two endothelial
cell types (HUVEC, HMVEC) interact together to form a single extensive network, in the
presence of smooth muscle cells (SMCs) [41].

In three dimensions, one can encapsulate the cells in a matrix material, such as collagen,
fibrin, or Matrigel. Shown in Figure 4.1b is an example of an endothelial network in a three-
dimensional gel [91]. By incorporating an extra-cellular matrix material into the system,
cells are provided with a range of biochemical and mechanical cues for development which
would otherwise be lacking, and survival of cells is enhanced by reducing apoptosis [44].
The main consituent protein of the extra cellular matrix is collagen and as such, is widely
used by experimenters as an excellent substrate. Fibrin, as the main polymeric component of
the wound healing response, is thought to have a range of pro-angiogenic effects on the cells
that other substrates lack, such as binding domains for angiogenic factors, including VEGF
and bFGF. Matrigel, comprised of solubilized basement membrane proteins, is also able to
induce capillary morphogenesis.

Forming a network in matrix material is generally a slower process than in two dimensions
since it relies heavily on the rate of proteolysis of the matrix material by the cells, in particular
with matrix metalloproteinases (MMPs) and serine proteases (e.g. plasmin). With high
numbers of fibroblasts alongside HUVECs, it has been shown that relatively high fibrin
concentrations (10 mg/mL) can be used to generate capillary networks over 7 days, as shown
in Figure 4.1c [19]. The cells start by spreading and migrating towards one another and then
form larger, more stable structures.

One other approach, between two and three dimensions, is to culture pericytes in a three
dimensional gel, such as densified collagen, and grow endothelial cells (HUVECs) on tissue
culture plastic underneath [4]. This enables rapid development of capillary-like structures,
which are not impeded by the matrix material, and enables the endothelial cells to later sprout
into the gel when more mature structures have formed [4].

The addition of a parenchymal cell type (hepatoblast) to a co-culture of HUVECs and
MSCs was shown to produce organ-like (liver) vasculature; MSCs behaved as pericytes to a
complex vascular network of endothelial cells, which supported the hepatic cell type [153].
Thus it is clear that the addition of a third, tissue-specific cell has the potential to influence
the capillaries by modulating the morphology of the network. Shown in Figure 4.1d is the
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Fig. 4.1 (a) Two dimensional co-culture of endothelial and smooth muscle cell types on
tissue culture plastic - green and red stain two different types of endothelial cell [41].
(b) Three-dimensional co-culture of HUVEC and NHLFs in 10 mg/mL fibrin hydrogel [91].
(c) Development of endothelial network over 7 days. [19]. In both (b) and (c) high levels of
fibroblasts were used (2×106 NHLFs/mL) alongside endothelial cells (1×106 HUVECs/mL)
which allows for capillary morphogenesis in 10 mg/mL fibrin gel. (d) Liver-like vasculature
can be achieved by culturing HUVECs and MSCs alongside hepatic cells [153]. Here,
following 72 h of culture in vitro, constructs were transplanted into mice and grown in vivo.
Note MSCs behaving like perivascular cells in the 3rd image. Arrows show connections from
HUVECs (green) to host vessels (blue) [153].
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liver-like network produced by culturing HUVECs, MSCs, and hepatic cells induced from
iPSCs, for 72 h in vitro followed by transplantation into mice for two weeks.

4.5 Angiogenic Approaches

Angiogenesis can be achieved by coating endothelial cells onto the surface of microcarrier
beads, as shown in Figure 4.2a [116]. Such a method is excellent for studying the process
of angiogenesis and optimizing conditions in which long capillaries form within a three
dimensional matrix.

Similarly, endothelial cells can be made to form multi-cellular spheroids which also
undergo angiogenic sprouting under the right conditions. The outer layer of these spheroids
acts like an endothelial monolayer, which sprouts into the bulk [116]. Figure 4.2b shows a
gel in which spheroids have been seeded in three dimensions. Following several weeks in
vivo, the construct exhibited a complex network of capillaries, which had anastomosed to the
native vasculature [88]. This approach was considered in this project as a method to produce
capillaries in vitro and the details of our experiments are described in Chapter 5. Note that a
surprisingly low number of cells is required to produce a full network like this, when using
multi-cellular spheroids in vivo (i.e. 1×105 ECs/mL) [88].

Lab-on-chip systems, which were discussed earlier, are excellent platforms for studying
angiogenesis and vasculogenesis in vitro. By seeding endothelial cells into one channel and a
supporting cell type into another, across a matrix-like gel, one observes angiogenic sprouting
of endothelial cells [78]. Over time, complex networks can form in that space, as shown in
Figure 4.2c [78]. Further, lab-on-chip systems can be designed to set up molecular gradients
of growth factors; useful in understanding and optimizing capillary growth.

Capillaries can be formed by angiogenic processes from a confluent layer of endothelial
cells, arranged into a tube-like structure as just described, but also from a monolayer on a
hydrogel surface [38]. Sprouting of an endothelial cell monolayer into a bulk matrix material
below is reported to take place in the presence of tumor promoters such as phorbol esters
(e.g. PMA), which is similar to pathological sprouting from large-scale vessels in vivo [112].
This has significance when attempting to connect a large cell-lined channel or surface to a
vasculogenic capillary bed [38].

Finally, native tissue can be used to induce angiogenic sprouting in lab-based constructs.
A mouse aortic ring assay is described in the literature in which sections of the aorta
are embedded in a matrix (collagen, fibrin, Matrigel) along with various growth factors
(e.g. VEGF, bFGF), as shown in Figure 4.2e [10]. Angiogenic sprouts form rapidly off
this already mature structure. In similar work, short sections of microvessels are embedded
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Fig. 4.2 (a) Microcarrier beads, seeded with endothelial cells on their surface, are an excellent
way of studying angiogenesis; shown here are HUVECs in 2.5 mg/mL fibrin gel at day 7,
with an overlying fibroblast monolayer [45]. (b) Multi-cellular spheroids, consisting of large
number number of endothelial cells, can be used in a similar way, and have been shown
to yield complex networks of capillaries in vivo [88]. (c) Lab-on-chip systems enable fine
control of the environment which enables both angiogenic and vasculogenic networks to be
formed [78]. (d) Time lapse of lab-on-chip system [77]. Vasculogenic capillaries form in
the lower chamber, from 5×106 HUVECs/mL and 7.5×106 NHLFs/mL in 2.5 mg/mL fibrin.
Angiogenic sprouting then takes place into acellular region of the gel. (e) In vivo approaches
to angiogenic capillary formation include an aortic ring assay [10]. Section of aortic ring
is shown in the top left and angiogenic sprouting can be seen into a collagen gel [10]. (f)
Arteriovenous loops are also used to vascularise a scaffold rapidly [42]. Shown here is a
micro-CT image of a perfused arteriovenous loop in a rat model, where A and V denote the
arterial and venous sides respectively [42].
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in matrix materials; the cells proliferate and undergo angiogenesis [53, 58, 140]. Finally,
arteriovenous loops and arteriovenous bundles are employed in vivo in which a length
of existing (and connected) vessel is embedded into a gel matrix construct [42, 80, 100,
154]. Shown in Figure 4.2f is a micro-CT image of one such loop in a fibrin matrix [42].
This rapidly yields highly vascularized tissue. All three methods take advantage of native
vasculature which comprises the correct layers of cell types, along with basement membrane.

All the above methods have the advantage that the endothelial cells are in constant
contact with neighbouring cells, unlike the vasculogenic approach. Single endothelial
cells seeded in a suspension culture rapidly undergo apoptosis [85]. Thus, the constant
contact from a monolayer or spheroid in vitro reflects how endothelial cells are organised
in physiological tissue and thus improves their chances for survival. It has been shown
that organising endothelial cells into multicellular spheroids prevents apoptosis and induces
their differentiation [85]. One paper states that cell-cell junctions in endothelial cells may
also transfer intracellular signals that regulate contact-induced inhibition of cell growth,
apoptosis, gene expression, and new vessel formation, providing a range of effects on
vascular homeostasis [35].

4.6 Substrates for Capillary Morphogenesis

Certain biopolymers are suited for capillary morphogenesis, in particular collagen and fibrin,
as they are able to provide molecular binding sites for endothelial and perivascular cells but
also are able to bind specific growth factors, encouraging spatial localization of the various
factors necessary for capillary morphogenesis to occur.

The matrix properties are very important for inducing capillary morphogenesis; the
concentration is key since new capillaries are formed by the degradation of surrounding
matrix. A high concentration, while improving the mechanical properties of the gel, will slow
down the rate of matrix degradation by proteolysis (matrix metalloproteases (MMPs) and
serine proteases are implicated in the degradation of collagen and fibrin) and so, the rate of
capillary formation. Commonly found substrates in the capillary morphogenesis literature are
2.5 mg/mL collagen gels and 2.5-10 mg/mL fibrin gels (see Table 4.2). Alternative matrices
have also been shown capable of producing capillaries under co-culture conditions, such
as glycosaminoglycan (GAG)-based hydrogels [24] and Matrigel [76]. Other components
of the native extra-cellular matrix are likely to aid in the development of tissue structures,
including basement membrane components, such as collagen IV and laminin, and hyaluronic
acid [129].
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One particular matrix composition of note that is used for in vivo studies is 1.5 mg/mL
collagen with 90 µg/mL fibronectin. Fibronectin is an adhesive glycoprotein which aids
cellular adhesion and plays an important role in tissue development [143]. One particular
paper shows that fibronectin can have a dramatic influence on cell proliferation and mi-
crotissue formation, with the morphology of the microtissues dependent on the fibronectin
concentration [143]. Further, physiological angiogenesis occurs predominantly in the wound
healing environment which consists of fibrin, fibronectin, and vitronectin [64]. Thus, the
inclusion of fibronectin into either a fibrin or collagen gel is likely to improve conditions for
capillary morphogenesis.

The incorporation of heparin has also been shown to be useful in regulating growth factor
release from the matrix material, such as fibrin [134], and heparin has been reported to play
an important role in the regulation of VEGF and bFGF signalling, and the wider process of
angiogenesis [62, 25].

Only certain matrix types are degradable by the cells. For instance, in the case of a
calcium alginate, cells lack the specific enzyme required (alginase) to break it down and as
such, are unable to remodel the hydrogel construct, and maintain a spherical morphology.
An alignment of ECM fibrils and a particular stiffness can also encourage the formation of a
capillary bed due to the mechanical cues imparted to the cells, whilst also enabling efficient
migration.

A high concentration of matrix material greatly diminishes the ability of the cells to
migrate and form cell-cell junctions, necessary for preventing apoptosis and also for forming
a contiguous network of capillaries. Also, matrix concentration affects the rate of diffusion
of signalling molecules acting between cells [40]. On the other hand, a matrix of low
concentration can be degraded too rapidly by cells before collagen deposition and remodelling
has had a chance to stabilize the structure.

The thickness and concentration of the gels used in three dimensional capillary mor-
phogenic systems in vitro are thus important variables. Generally, cell medium is deposited
on top of a gel and, since oxygen and nutrients will reach the cells by diffusion only, a thick
construct limits the volume of oxygen that can reach cells at the bottom of the gel. Oxygen
consumption is a faster process than oxygen diffusion and as such, most systems are oxygen
limited [5]. Thus, in systems that do not contain vasculature, or are above a threshold of cell
concentration, a thin gel of low concentration is generally the only option. One alternative
is to introduce interstitial flow which, as well as being a mechanical cue for angiogenesis,
can replenish the oxygen levels in a thick and dense construct. Several papers show that
even in high concentration gels (i.e. 10 mg/mL fibrin), the application of interstitial flow
to the construct yields capillary structures [60, 122, 54, 59]. When combined with VEGF,
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interstitial flow is reported to enhance capillary morphogenesis through setting up gradients
of the growth factor and is better than either parameter used separately [54].

Collagen deposition is another aspect of the matrix development which needs to be
considered, and is a key component of the wound healing process. As the initial fibrin or
collagen matrix is broken down by proteolytic mechanisms, newly organised matrix materials
need to be deposited by the cells in a way which supports further growth and improves the
mechanical properties of the tissue or tissue construct. This is important for producing a
tissue-engineered construct with sufficient strength for implantation.

Crosslinking of the matrix material, by physical, chemical, or enzymatic means, is
likely to have an effect on capillary morphogenesis. Crosslinking will generally enhance
the mechanical properties of the construct (useful in clinical applications), but can have a
beneficial or detrimental effect on angiogenesis. For example, covalent linkages between the
polymers, formed by crosslinking, can prevent or slow down the degradation of the matrix
by proteolysis, thereby making it harder for endothelial cell migration and remodelling of
the surrounding matrix. However, it may also improve conditions for capillary formation by
stabilizing a construct and slowing its degradation rate. In the case of fibrin, the addition of the
enzyme transglutaminase (factor XIII), which is part of the normal coagulation cascade and
which further stabilizes the fibrin matrix by forming amide bonds between fibrin molecules,
has been shown in the literature to be beneficial to capillary morphogenesis [90].
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Table 4.2 Literature on capillary morphogenesis in three dimensional hydrogel systems.

Reference Year
Angiogenic/
Vasculogenic

In Vitro/
In Vivo

Substrate,
Concentration

Endothelial Cell Type,
Concentration

Supporting Cell Type,
Concentration Growth Factors and Medium

1
Angiogenic sprouting and capillary lumen formation modeled by
human umbilical vein endothelial cells (HUVEC) in fibrin gels:

textitthe role of fibroblasts and Angiopoietin-1 [119]
2003

Angiogenic
(beads) In vitro 2.5 mg/mL Fibrin, pH 7.4 HUVEC (beads)

Skin fibroblasts,
(20,000 on top of gel) EGM2 medium

2 An Optimized Three-Dimensional In Vitro Model for the Analysis of Angiogenesis [118] 2008
Angiogenic

(beads) In vitro 2 mg/mL (1 U/mL) Fibrin HUVEC (1×105 on beads)
Lung fibroblasts

(20,000 on top of gel) EGM2 medium (2 day medium changes)

3 The Effect of Matrix Density on the Regulation of 3-D Capillary Morphogenesis [45] 2008
Angiogenic

(beads) In vitro 2.5-10 mg/mL Fibrin HUVEC (4×105 on beads) NHLF, MSCs (1×105 NHLF/mL) EGM2 medium

4
Mesenchymal cells stimulate capillary morphogenesis

via distinct proteolytic mechanisms [46] 2010
Angiogenic

(beads) In vitro 2.5 mg/mL (1 U/mL) Fibrin HUVEC (4×105 on beads) NHLF, MSCs (1×105 NHLF/mL) EGM2 medium

5 Assessing the Permeability of Engineered Capillary Networks in a 3D Culture [50] 2011
Angiogenic

(beads) In vitro 2.5 mg/mL (1 U/mL) Fibrin HUVEC (4×105 on beads) NHLF, MSCs (25,000 on top of gel) EGM2 medium

6 Engineering of In Vitro 3D Capillary Beds by Self-Directed Angiogenic Sprouting [17] 2012
Angiogenic
(channels) In vitro

2.5 mg/mL Collagen, pH 7.4
(with Alginate beads)

HMVEC, 2×106 cells/mL
(from side channel)

Human dermal fibroblasts
(HDF, though not in same study) 50 ng/mL VEGF, EGM2 medium

7 Biomimetic model to reconstitute angiogenic sprouting morphogenesis in vitro [123] 2013
Angiogenic
(channels) In vitro 2.5 mg/mL Collagen

HUVECs, HMVECs -
1×107 ECs/mL (in side channels)

- Large range of factors, EGM2, EGM2-MV

8
Complementary effects of ciclopirox olamine, a prolyl hydroxylase

inhibitor and sphingosine 1-phosphate on fibroblasts and
endothelial cells in driving capillary sprouting [94]

2013
Angiogenic
(channels) In vitro Collagen HUVEC, 2.5×106 HUVECs

(in side channels)
IMR-90 fibroblasts,

25×106 cells/mL (in side channels)
EGM2-MV, 20 ng/ml VEGF, also CPX, S1P

9 Spheroid-based human endothelial cell microvessel formation in vivo [88] 2008
Angiogenic
(spheroids) In vivo

2 mg/mL (0.4 U/mL) Fibrin
with Matrigel

HUVEC Spheroids
(1×105 HUVECs/mL)

1×105 HDF/mL 500 ng/mL VEGF, bFGF, PDGF-BB

10
Dense type I collagen matrices that support cellular remodeling and

microfabrication for studies of tumor angiogenesis and vasculogenesis in vitro [27] 2010 Both In vitro 3-8 mg/mL Collagen, pH 7 HUVEC, 6×106 HUVECs/mL -
40 ng/mL VEGF, 40 ng/mL bFGF,

50 ng/mL TPA

11 Engineering of functional, perfusable 3D microvascular networks on a chip [78] 2013 Both In vitro
2.5 mg/mL (0.5 U/mL) Fibrin

+ 0.2 mg/ml Collagen HUVEC, 2-3×106 HUVECs/mL NHLF, 5×106 NHLFs/mL EGM2 (daily medium changes)

12
Generation of Multi-scale Vascular Network System Within 3D Hydrogel

Using 3D Bio-printing Technology [91] 2014 Both In vitro 10 mg/mL (3 U/mL) Fibrin HUVEC, 1×106 HUVECs/mL
Normal human lung fibroblasts
(NHLFs), 2×106 NHLFs/mL

EGM2 medium

13 Endothelial cell dynamics during anastomosis in vitro [38] 2015 Both In vitro 6 mg/mL Collagen, pH 7.4 HUVEC, 1-2×106 HUVECs/mL
Human Brain Vascular Pericytes

(HBVPs), 0-2×105 PCs/mL
40 ng/mL VEGF, 40 ng/mL bFGF,

50 ng/mL TPA, 50 µg/mL L-ascorbic acid

14
Interstitial flow regulates the angiogenic response

and phenotype of endothelial cells in a 3D culture model [77] 2016 Both In vitro 2.5 mg/mL (1 U/mL) Fibrin HUVECs, 5×106 HUVECs/mL NHLF, 7.5×106 NHLFs/mL
100 ng/mL VEGF,

1 µM Sphingosine-1-phosphate (S1P),
EGM2 medium

15 Tissue engineering: Creation of long-lasting blood vessels [83] 2004 Vasculogenic In vivo
1.5 mg/mL Collagen with

90 µg/mL Fibronectin, pH 7.4 HUVEC, 0.8-1×106 HUVECs/mL 10T1/2, 2×105 PCs/mL -

16
Bone marrow–derived mesenchymal stem cells facilitate engineering

of long-lasting functional vasculature [6] 2008 Vasculogenic In vivo

1.5 mg/mL Collagen with
90 µg/mL Fibronectin, pH 7.4

(25mM HEPES-buffered
EGM medium)

HUVEC, 1×106 HUVECs/mL MSC, 10T1/2 - 2×105 PCs/mL -

17 Engineered vascularized bone grafts [158] 2010 Vasculogenic In vivo
1.5 mg/mL Collagen with

90 µg/mL Fibronectin, pH 7.4 HUVEC, 1×106 HUVECs/mL MSC, 2.5×105 MSCs/mL EGM2 medium

18
Effects of Extracellular Matrix Density and Mesenchymal

Stem Cells on Neovascularization In Vivo [81] 2011 Vasculogenic In vivo
5-15 mg/mL (1 U/mL) Fibrin
(serum-free EGM2 medium) HUVEC, 5×106 HUVECs/mL MSC, 5×106 MSCs/mL -

19
Endothelial cells derived from human embryonic stem cells

form durable blood vessels in vivo [166] 2007 Vasculogenic Both

1.5 mg/mL Collagen with
90 µg/mL Fibronectin, pH 7.4

(25mM HEPES-buffered
EGM medium)

ESC-derived CD34+ cells,
1×106 ECs/mL

10T1/2, 2×105 PCs/mL EGM medium

20
A role for VEGF as a negative regulator of pericyte function

and vessel maturation [51] 2008 Vasculogenic Both Matrigel HUVECs, HMVECs, HAECs HDF, 10T1/2
PDGF-BB, VEGF-165, bFGF at

20 ng/mL, 40 ng/mL, and 50 ng/mL (in vitro)

21
Prevascularization of a Fibrin-Based Tissue Construct Accelerates

the Formation of Functional Anastomosis with Host Vasculature [18] 2009 Vasculogenic Both 10 mg/mL (2 U/mL) Fibrin HUVEC, 0.1-3×106 HUVECS/mL NHLFs, 0.02-0.4×106 NHLFs/mL EGM2 medium

22
Formation of Human Capillaries In Vitro:

The Engineering of Prevascularized Matrices [111] 2009 Vasculogenic Both

7-15 mg/mL Fibrin
(only 10-11 mg/mL

gave lumen structures),
2.5-3.5 mg/mL Collagen

HDMVECs, 1×104-2×105 ECs/mL,
Optimal 3×104 ECs/mL

- EGM2-MV medium

23
Rapid Anastomosis of Endothelial Progenitor Cell–Derived Vessels with

Host Vasculature Is Promoted by a High Density of Cotransplanted Fibroblasts [19] 2010 Vasculogenic Both 10 mg/mL (2 U/mL) Fibrin HUVEC, 1×106 HUVECs/mL NHLFs, 0.2-2×106 NHLFs/mL EGM2 medium
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Table 4.2 (cont.) Literature on capillary morphogenesis in three dimensional hydrogel systems.

Reference Year
Angiogenic/
Vasculogenic

In Vitro/
In Vivo

Substrate,
Concentration

Endothelial Cell Type,
Concentration

Supporting Cell Type,
Concentration Growth Factors and Medium

24
Cooperation of Endothelial and Smooth Muscle Cells Derived from Human Induced

Pluripotent Stem Cells Enhances Neovascularization in Dermal Wounds [76] 2013 Vasculogenic Both Matrigel
hiPSC- and hESC-derived ECs,
1.5×105 ECs/mL (without PCs)

SMCs, 6:4 ratio
(1.2×105:0.8×105 EC:SMC/mL)

EGM2 medium

25 Engineering of human hepatic tissue with functional vascular networks [152] 2014 Vasculogenic Both

1.5 mg/mL Collagen with
90 µg/mL Fibronectin, pH 7.4

(25mM HEPES-buffered
EGM medium)

HUVEC, 8×105 HUVECs/mL.
Vessels from HUVECs alone

disappeared in vivo after 1 month

MSC, 2×105 MSCs/mL
(connected to host vessels

within 14d). Separate
experiment also

includes 1×106 hFLCs/mL)

EGM medium

26
Endothelial tubulogenesis within fibrin gels specifically requires

the activity of membrane-type matrix metalloproteinases [87] 2002 Vasculogenic In vitro 2.5 mg/mL Fibrin
HUVEC and HDMVEC,

1.5×106 ECs/mL
-

Range of factors: 25 ng/mL VEGF,
10 ng/mL bFGF, 10 ng/mL TNF-α , 1 ng/mL TGF-β1,

50 ng/mL EGF, 10 ng/mL TGF-α ,
300 U/mL HGF/SF, 10 ng/mL IL1α ,

100 ng/mL angiogenin

27
Interstitial flow differentially stimulates blood and lymphatic

endothelial cell morphogenesis in vitro [122] 2004 Vasculogenic In vitro 3.5 mg/mL Collagen
Microvascular lymphatic and

blood endothelial cells, 1×106 ECs/mL
- 50 ng/ml PMA and 20% serum

28
Synergy between interstitial flow and VEGF directs capillary morphogenesis

in vitro through a gradient amplification mechanism [54] 2005 Vasculogenic In vitro 2 mg/mL (2 U/mL) Fibrin
Human microvascular blood ECs

and lymphatic ECs, 1.5×106 cells/mL
- 100 ng/mL VEGF121 variant

29
Pericyte recruitment during vasculogenic tube assembly stimulates endothelial

basement membrane matrix formation [149] 2009 Vasculogenic In vitro 2.5 mg/mL Collagen HUVECs, HDMVEC
Bovine retinal pericytes

and human brain pericytes
(20% of HUVEC level)

40 ng/mL bFGF, serum supplement in media,
200 ng/mL stem cell factor, SDF-1α ,

interleukin-3 in media

30
Endothelial-derived PDGF-BB and HB-EGF coordinately regulate

pericyte recruitment during vasculogenic tube assembly and stabilization [150] 2010 Vasculogenic In vitro 2.5 mg/mL Collagen HUVECs, 2×106 HUVECs/mL
Human Brain Vascular Pericytes

(HBVP), 0.4×106 PCs/mL

Culture medium containing reduced serum
supplement and 40 ng/mL bFGF.

In gel: 200 ng/mL of stem cell factor, SDF-1α , IL-3

31
Matrix composition regulates three-dimensional network formation by endothelial

cells and mesenchymal stem cells in collagen/fibrin materials [135] 2011 Vasculogenic In vitro

2.5 mg/mL Collagen and Fibrin
Mixtures Col:Fib 100:0, 60:40,
50:50, 40:60, 0:100 (best ratio).

Also for 40:60, total protein conc
1.25 mg/mL (best), 2.5 mg/mL
(best), 5 mg/mL (worst by far)

HUVEC
(Ratios: 5:1 (worst), 3:2 (best),
1:1, 2:3, 1:5). Fixed total cell

concentration: 6×105 cells/mL

MSC EGM2 medium

32
A microfluidic platform for generating large-scale nearly identical human

microphysiological vascularized tissue arrays [60] 2013 Vasculogenic In vitro 10 mg/mL (3 U/mL) Fibrin
Endothelial colony forming
cell-derived endothelial cells

(ECFC-ECs) - 5×106 ECs/mL

Normal human lung fibroblasts
(NHLFs), 2.5×106 NHLFs/mL

EGM2 medium

33
Aligned human microvessels formed in 3D fibrin gel

by constraint of gel contraction [115] 2013 Vasculogenic In vitro
7.5 mg/mL (2.75 U/mL) Fibrin

with 75 µg/ml Fibronectin HUVECs, 3×106 HUVECs/mL
Human brain pericytes,

0.6×106 PCs/mL

In gel: 150 ng/mL stem cell factor, interleukin 3,
FLT3 ligand, SDF-1α , bFGF. ’Defined medium’:

M199 with 4 µL/mL RSII, 40 ng/mL bFGF,
50 µg/mL ascorbic acid, 2 KIU/mL aprotinin.

’EGM2+’ medium: EGM2 with
additional 8% FBS

34
In Vitro Microvessel Growth and Remodeling within a
Three-Dimensional Microfluidic Environment [130] 2014 Vasculogenic In vitro 2-3 mg/mL Collagen HUVEC, 3×106 HUVEC/mL - 40 ng/mL VEGF, EGM2-MV medium

35
Glycosaminoglycan-based hydrogels to modulate heterocellular communication

in in vitro angiogenesis models [24] 2014 Vasculogenic In vitro StarPEG-Heparin HUVECs, 6×106 HUVECs/mL
MSC, SMC, HDF, 10T1/2,

0.3-1.5×106 cells/mL
In gel: 5 µg/mL VEGF, bFGF, SDF-1α .

Medium: Low-serum endothelial cell growth medium

36
Engineered Microvessels with Strong Alignment and High Lumen Density

Via Cell-Induced Fibrin Gel Compaction and Interstitial Flow [114] 2014 Vasculogenic In vitro 2.5 mg/mL (1.25 U/mL) Fibrin
Human blood outgrowth endothelial
cells (HBOECs) - 2×106 ECs/mL

Human brain pericytes,
0.4×106 PCs/mL

In gel: 200 ng/mL SCF, IL-3, SDF-1α .
Medium: EGM2 + 8% FBS
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4.7 Fibrin vs Collagen as a Substrate for Experiments

Fibrin gels can vary widely between research groups. Fibrinogen, the precursor glycopro-
tein of fibrin, can come from a wide range of sources. The diameter of the fibrin fibrils,
permeability, and porosity of the gel depend greatly upon a number of factors including the
concentration of fibrinogen and thrombin (pore size is smaller for higher concentrations of
thrombin due to faster gelling time), calcium ion content, ionic strength [120], and temper-
ature of gelation. Further, pH has been shown to have a significant effect of angiogenic
sprouting length; gels polymerized at pH 6.8 induced single cell migration whereas gels poly-
merized at pH 7.0 induced sprout formation [116]. Other work suggests that gels prepared at
pH 7.5 (clear gels), rather than pH 7 (turbid gels) are better as there is a greater degree of cell
spreading when cells are seeded on the surface [84]. The addition of a basal medium buffer,
cytokines, and other ECM molecules (e.g. fibronectin) can further influence the structure of
the fibrin gel [116]. Fibrin precursor solutions can be made with relatively low viscosities at
concentrations of 2.5-20 mg/mL whilst collagen precursor solutions tend to be much more
viscous.

As the provisional matrix of the wound healing process, fibrin is pro-angiogenic [116]. It
also promotes the production of extra-cellular matrix proteins such as basement membrane
(e.g. collagen IV, laminin) and collagen I, the main structural protein of a tissue [116]. Fibrin
has heparin binding domains which bind growth factors. All three growth factors, VEGF,
bFGF, and SDF (all heparin-binding proteins), have some binding affinity for fibrin (and
fibronectin) through the heparin-binding domain [105, 39].

Collagen-based gels are widely used for capillary morphogenesis since they allow for
good cell adhesion [174]. However, collagen gels are not as biodegradable and are potentially
antigenic and immunogenic [102, 174]. Fibrin is also significantly cheaper than collagen and
more clinically relevant, since fibrinogen and thrombin can be extracted from the blood of
the patient and are commonly used in surgical glue.

Fibrin found in wound healing environments has a concentration of around 2.5 mg/mL.
However, at such low concentrations, the gels are very weak, undergo significant gel shrink-
age, and degrade rapidly by proteolytic mechanisms, requiring higher concentrations to be
used. Similarly, collagen at 2.5 mg/mL is very weak since it doesn’t have the fibril alignment
and organisation present in native tissue. Thus much higher collagen concentrations are also
employed.

It has been shown in the literature that concentrations above 2.5 mg/mL are detrimental
to capillary morphogenesis, with concentrations of 5 mg/mL showing a significant drop in
total network length, when a relatively low concentration of cells is used (6×105 cells/mL)
[135]. However, examples of vasculogenesis occurring at 10 mg/mL fibrin concentrations
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have been reported in the literature, usually in the presence of high fibroblast concentra-
tions (1×106 HUVECs/mL, 2×106 HNLFs/mL) [91, 19] and also when interstitial flow is
introduced [60].

Various protease inhibitors, such as aprotinin, have been added to cell medium for use
with fibrin constructs, which prevent the rapid proteolytic degradation by the cells and
help to stabilize their development [73, 174]. Aprotinin has also been shown to improve
the wound healing response in vivo where, in one paper, a significant increase in capillary
infiltration was observed and a more fibrous structure formed when aprotinin was added [156].
Aprotinin inhibits serine proteases, such as thrombin and plasmin, whilst other inhibitors can
prevent membrane-type MMPs from degrading the matrix. One paper importantly shows that
when using MSCs, the use of aprotinin does not prevent vascular network formation [46].
Using specific protease inhibitors for membrane-type MMPs did however prevent capillary
formation [46]. For fibroblast-mediated capillary formation, inhibiting either membrane-type
MMP proteases or serine proteases separately did not prevent capillary formation, though
their simultaneous use did inhibit growth [46].

4.8 Cellular Considerations for Experiments

There are a wide range of combinations of cell types that could be used in co-culture models
of angiogenesis and vasculogenesis. Commonly used endothelial cells are human umbilical
vein endothelial cells (HUVECs) and human microvascular endothelial cells (HMVECs),
alongside a range of supporting cells; human dermal fibroblasts (HDFs), human normal lung
fibroblasts (HNLFs), smooth muscle cells (SMCs), mesenchymal stromal cells (MSCs), and
pericytes (PCs), as shown in Table 4.2. In our experiments, we choose to use HUVECs
alongside either HDF or MSCs for reasons which will be discussed below.

The main role of the supporting cell is to provide stability to the capillary structure; the
release of PDGF by the endothelial cells causes the perivascular cells to migrate and interact
with the endothelial capillaries; pericyte recruitment triggering the formation of the basement
membrane [149]. However, in constructs that lack a parenchymal cell, the supporting cell
also signals to the endothelial cells that it is hypoxic or lacking other metabolites.

Whilst endothelial cells are capable of producing capillary structures by themselves,
the lack of supporting cell in vitro and in vivo has been shown to cause microvessels to
regress over time [83, 24]. By knocking out PDGF, pericyte recruitment is blocked [116].
When experiments with and without pericytes were compared, it was shown that there is no
difference in vessel length or branching. Thus pericytes are only responsible for regulating
vascular stability, permeability, and diameter, but not initial micro-vessel patterning [116].
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However, high concentrations of supporting cells (MSCs, SMCs) have also been reported
to inhibit vasculogenic tube assembly [24, 149, 76]. Since pericytes act to stabilize existing
endothelial structures, high concentrations of pericytes could prevent the initial endothelial
cell spreading. The literature suggests a co-culture of endothelial cells with 10% MSCs is
sufficient to yield a mature and stable network for more than 4 weeks [24].

Fig. 4.3 Combination of VEGF, bFGF, and SDF-1α produces a superior capillary network in
starPEG-heparin hydrogels [24]. Note that with SDF-1α , only low levels of supporting cell
(10% MSCs) were needed to produce a robust network.

The addition of growth factors, as an alternative to high levels of signalling supporting
cells, may be suitable. One paper shows that the addition of stromal derived factor (SDF-1α)
alongside VEGF and bFGF enhances the formation of vasculogenic capillary-like structures
[24]. Figure 4.4 shows that when used together, VEGF, bFGF, and SDF-1α produce an
improvement in branch length, branch density, percentage area, and network density [24].
SDF-1α upregulates VEGF-A, VEGF upregulates SDF-1α [132], and SDF-1α induces
more migration of HUVECs. Thus the combination of VEGF and SDF-1α is reported to
be excellent for inducing angiogenesis [132]. Also, the literature reports that HUVECs and
EPCs release a range of pro-angiogenic factors that, along with conditioned medium, can
stimulate cell migration, reducing the need for supporting cells [160].

PDGF is another growth factor that one might consider adding to the co-culture system in
order to induce angiogenesis. PDGF is reported to induce angiogenesis by priming pericytes
and smooth muscle cells into producing pro-angiogenic mediators [51]. It has been used
alongside VEGF in several papers, yielding neovascularization [88, 51].
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The cell concentration and ratio between endothelial and supporting cell types varies
greatly in the literature, which is seen in Table 4.2. As discussed above, the concentration of
the matrix material determines the concentration of cells required for a capillary morpho-
genesis since in denser substrates, diffusion of signalling factors will be slower and with the
same rate of proteolysis, cells will take longer to form physical contacts with one another.
The colocalization of cells, in particular individual endothelial cells, is necessary for the
formation of capillary structures. The passage number of the cells will also determine their
ability to proliferate and form structures in the construct, with higher passage cells exhibiting
increased senescence and apoptosis.

Finally, since the construct is likely to be oxygen limited in its development, a maximum
cell concentration will be determined by the ability to supply oxygen to the cells. Well plate
experiments with static medium are likely to have a low concentration threshold for cell
survival whilst perfusion experiments, in which the medium is continually being replenished
with oxygen, is likely to be able to support a much higher density of cells.

4.9 MSCs vs Fibroblasts

In this project, we use both human dermal fibroblasts (HDFs) and mesenchymal stromal
cells (MSCs). Fibroblasts, while suitable as a supporting cell and capable of undertaking
significant collagen deposition, can proliferate to high densities, which then compete with
endothelial cells for oxygen and nutrients. MSCs have been shown to potentiate VEGF-
induced angiogenesis in co-culture [157]. MSCs also exhibit contact inhibition, meaning
that they don’t overgrow in culture. They also have been shown to turn off endothelial cell
proliferation in favour of capillary morphogenesis. The downside to using MSCs is that they
may cause signficiantly more gel shrinkage than the HDFs, owing to the contractile smooth
muscle and pericyte phenotypes that they develop [24]. Mesenchymal cells have been shown
to enhance the wound healing process, when compared to fibroblast-mediated healing [172]
and produce Ang-1 and Ang-2, which are capillary stabilizing proteins [172].

High concentrations of fibroblasts enable capillary morphogenesis. Comparisons of exper-
iments using 0.2×106 NHLFs/mL and 2×106 NHLFs/mL, alongside 1×106 HUVECs/mL,
showed that the higher concentration of fibroblasts was far better at yielding full networks,
even in 10 mg/mL fibrin [91, 19]. However high concentrations of MSCs are reported
to inhibit tube formation when used above 25% of the HUVEC concentration (10% was
sufficient) [24].

One paper explores the EC-MSC interaction. They found that 1:1 and 3:1 ratios of
EC:MSCs inhibited capillary growth, while 10:1 did not [128]. Further, they found that
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‘MSCs migrated toward the capillaries, intercalated between ECs, established Cx43-based
intercellular gap junctional communication (GJC) with ECs, and increased production of re-
active oxygen species, which led to EC apoptosis and capillary degeneration’ [128]. Another
paper found that long-lived vasculature was achievable in vivo by culturing HUVEC:MSCs
at a 5:1 ratio in collagen-fibronectin gels [6].

The addition of a liver parenchymal cell type, such as hepatoblasts, hepatocytes, and fetal
liver cells, to a co-culture of HUVEC and MSC (5:1 HUVEC:MSC) has been reported to
yield liver-like vascular structures [152, 153]. Thus, given that the end goal of this research
is the formation of useful organ-like vasculature, using MSCs as the supporting cell would
appear more appropriate, as fibroblasts would likely overgrow and create a fibrotic tissue.

While fibroblasts appear to not interact with endothelial cells in the same way as MSCs
(most notably at higher concentrations of supporting cells), they do produce various factors
which enable capillary formation. MSCs, used in lower concentrations, still appear to be the
better option, when considering the addition of a parenchymal cell type, preventing cellular
overgrowth of the supporting cell type, and getting a better perivascular interaction between
the endothelial and supporting cells.

4.10 Perfusion and Anastomosis Mechanisms

One of the primary challenges that follows fabrication of a capillary bed is its perfusion.
Angiogenically-formed vessels are easier to perfuse as they are already connected to an exist-
ing channel. As such, lab-on-chip systems have been able to show perfusion of angiogenic
sprouts which spread from one channel across to another, as shown in Figure 4.4a [123].
Connecting a flow system to a vasculogenically-formed capillary network is more difficult
and requires the capillaries to connect to a larger channel system. Various papers show that it
is possible to anastomose the angiogenic and vasculogenic forms of capillary morphogenesis
in the hope of perfusing the capillary bed, one with [38] and one without [91] the addition of
tumor promoters. Note that we are not aware of any literature which attempts to anastomose
a capillary bed to an acellular, large-scale channel.

One factor to consider when attempting to perfuse capillaries is their permeability. One
paper [50] reports the exclusion of 75 kDa dextran, added to a endothelial-fibroblast co-
culture system in 2.5 mg/ml fibrin, from the lumen in the case of mature capillaries (that
is, stabilized by supporting cells) but not in the case of immature early sprouts [50]. Since
mature capillaries are reported to be impermeable to 65 kDa dextran, this shows that an
impermeable layer can be formed by vasculogenic means.
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Fig. 4.4 (a) Perfusion between two channels in lab-on-chip system via capillary channel
formed via angiogenesis [123]. (b) Long term (130 day) perfusable vasculature was fabricated
using in vivo techniques with HUVECs and MSCs, in a collagen-fibronectin gel [6]. (c) Paper
shows that endothelial-lined channel does not sprout into bulk when flow is applied [91].

There are notable advantages developing vascular constructs in vivo as opposed to in
vitro. The clearest advantage is the anastomosis of a prevascularized construct to the native
vasculature, with the subsequent blood perfusion that takes place. This provides the construct
with a range of new cues for development, including interaction with macrophages. The
downside of in vivo work is the lack of control over such a system and the need for an
animal in order to conduct the research. One good example of perfusion of a construct
in vivo is shown in Figure 4.4b [6]. Here, 1×106 HUVECs/mL and 2×105 MSCs/mL
were encapsulated in 1.5 mg/mL collagen containing 90 µg/mL fibronectin. The work is
notable for showing the long-lived nature of these vessels (130 days) and that the vessels are
entirely perfusable. The application of flow may prevent the large scale vessels from forming
angiogenic sprouts, when flow is maintained. One paper [91] shows budding of endothelial
cells into the bulk when under static culture conditions, but not under perfusion, as shown in
Figure 4.4c.
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4.11 Chapter Summary

In this literature review chapter, the cell-based mechanisms of vascular network formation,
angiogenesis and vasculogenesis, were examined. The literature describes a wide range of ap-
proaches attempting to implement the vasculogenic self-organisation process by which single
cells form a capillary bed spontaneously; researchers have investigated this method in both
two-dimensions (i.e. on surfaces) and three-dimensions (in gels). Angiogenic approaches
have also been described; these include microcarrier beads seeded with endothelial cells,
multi-cellular spheroids, a range of lab-on-chip systems, and a number of in vivo methods,
such as arteriovenous loops and the aortic ring assay. The substrate on which to perform capil-
lary morphogenesis was considered; collagen and fibrin are frequently used to this end due to
their bioactive nature, though alternative gels, such as matrigel and glycosaminoglycan-based
hydrogels, have also been employed. The choice of using either collagen or fibrin in our
experiments was discussed, based on findings from the literature. Further choices of which
supporting cell type to use (fibroblast, MSC, smooth muscle) and which growth factors to
include were also described, based on published data. Finally, existing examples of perfusion
of these systems and potential anastomosis to larger channels were considered.



Chapter 5

Cell-Based Formation of Capillaries -
Angiogenic Capillary Formation

5.1 Introduction

The previous chapter established that there exist a wide range of conditions for fabricating
capillary networks found in the literature; in this chapter we experimentally investigate
capillary formation via angiogenic means, using multi-cellular spheroids.

5.2 Advantages and Limitations of Using Angiogenic Cap-
illary Formation

A co-culture of endothelial and supporting cells types is capable of producing long-lived
capillary structures. By forming endothelial cells into multi-cellular spheroids, tight junctions
between them can be formed prior to seeding in a gel matrix, enhancing cell survival
characteristics and producing a more physiological angiogenesis, as opposed to seeding
spatially separated endothelial cells in a gel which have to subsequently colocalize to form
capillary structures. Endothelial spheroids are considered a good model for angiogenesis in
vitro since sprouting behaviour is similar to the physiologically programmed arrangement of
endothelial cells in vessels [133].

Spheroids appear to produce much more multi-cellular capillary structures early on
when compared to the single cell approach. Single endothelial cells must migrate to their
neighbouring endothelial cells, form cord structures, and undergo vesicle formation and
fusion to produce lumen. In the case of the angiogenic approach, several endothelial cells
migrate behind the tip cell, thereby producing significantly larger lumen early on.
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As supported by results reported in the literature [88], it may also be the case that far
less endothelial cells are needed to produce an extensive network of capillaries, than would
be required for a vasculogenic individual cell approach, due to their colocalized nature, cell
survival characteristics, and communication between cells when organised into spheroids.

Multi-cellular spheroids allow for easy comparison of different experimental conditions
since the endothelial cells sprout from only a few locations (i.e. the spheroids). Structures
can be more easily analyzed for sprout length, sprout diameter, lumen formation, and
interconnectedness, than with single cell experiments. Further they produce recognizable
capillary structures much more rapidly than the vasculogenic route, which also is harder to
analyze since cells are spread uniformly around the gel.

It is possible that cells formed into spheroids may pull less on the surrounding matrix
material and thus produce less gel shrinkage, since only cells on the surface of the spheroid
are in contact with the matrix, at least initially. Further, the incorporation of supporting cells
into spheroids may lower gel shrinkage but more importantly, may produce significantly
stronger spatial gradients of pro-angiogenic factors between spheroids, directing capillary
growth more strongly than with single cells.

There may also be a better chance of spheroid-based endothelial cells migrating and
coating the surface of the larger channels to form a monolayer, owing to the tight junctions
already present between the cells. This is important since the large-scale vessels are fabricated
by an alternative method (i.e. the multi-casting technique of Chapter 3) and a perfusable link
between the two systems is a key challenge.

While it is relatively simple to prepare a low number of spheroids, for the purposes of
creating a capillary network, we require the formation of several thousand spheroids and
a method for their efficient collection. It has been shown that the ‘hanging drop’ method
enables easy spheroid formation and, by pipetting onto a hydrophobic petri dish, large
numbers of spheroids can be harvested easily [88].

There are some limitations to using spheroids as the basis of capillary formation. The
diameter of the spheroid is limited to less than 400 µm at the very most since this is the
defined limit for oxygen diffusion in thick cellularized tissue [7]. Any spheroid larger than
this size is likely to have a large necrotic core of cells, which limits the number of cells that
can be included in a single spheroid.

Further, the overall number of endothelial cells in a device is more limited than the single
cell approach since preparing spheroids is a time-consuming process. Each spheroid is made
by depositing a certain number of cells into a droplet. Thus for an experiment with 2.5×106

endothelial cells, one requires between 2500-10,000 spheroids, for spheroids containing
250-1000 cells/spheroid.
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One key limitation of using multi-cellular spheroids for capillary formation is that they
aggregate and are difficult to spread uniformly around the gel; rather they collect at the
bottom of the gel, especially if the crosslinking time is long. Another problem is that even
with a fast gelling matrix and a uniform distribution of spheroids, the endothelial cells have
to migrate significant distances in order to form an interconnected network of capillaries. In
the case of the single cell approach, each cell does not need to migrate as far in order to form
a network.

5.3 Methods

5.3.1 Reagent Preparation and Cell Culture

VEGF and bFGF (R&D Systems) were resuspended at 100 µg/mL in PBS (no Ca) containing
0.1% BSA, and aliquots frozen at -80◦C prior to use. Collagen and fibrin hydrogels were
prepared as previously described in Section 3.2.6. Human umbilical vein endothelial cells
(HUVEC, Public Health England), human dermal adult fibroblasts (HDFs, Public Health
England), and human mesenchymal stromal cells (MSCs, Lonza) were used for the experi-
ments. The cells were trypsinized using TrypLE Express (Life Technologies), centrifuged
at 250 g for 5 min, and counted using a Scepter Cell Counter (Millipore). HUVECs were
cultured in a T75 flask to 90% confluence, using EGM-2 medium (Lonza), MSCs were
cultured in a T75 flask to 90% confluence, using MSCGM medium (Lonza), and HDFs were
cultured in a T75 flask to 90% confluence using high-glucose Dulbecco’s modified eagle
medium (Life Technologies) containing 10% fetal bovine serum (FBS, Life Technologies).
HUVECs, MSCs, and HDFs were used in experiments at passage 5.

HUVECs, MSCs, and HDFs were imaged using CMFDA (green) and CMTPX (red)
Cell Tracker dyes (Life Technologies), allowing for immediate imaging and tracking of
cell seeding. Lyophilized fluorescent dye was resuspended in dimethyl sulfoxide (DMSO,
Sigma) at 10 mM and stored at -20 ◦C until use. A working solution was prepared in
DMEM at 10 µM. Plated cells were washed with phosphate buffered saline (PBS, Life
Technologies) and the working solution added. Flasks were incubated at 37 ◦C for 45 min
prior to trypsinization.



70 Cell-Based Formation of Capillaries - Angiogenic Capillary Formation

5.3.2 Multi-Cellular Spheroid Formation

Multi-cellular spheroids were formed using the ‘hanging drop’ method. A 1.2% stock
methylcellulose (MC) solution was prepared by autoclaving 1.2 g methylcellulose powder in
a 100 mL bottle and adding 100 mL of basal medium pre-heated to 60 ◦C. The solution was
magnetically stirred for 20 min at room temperature and then stirred overnight at 4 ◦C. The
solution was subsequently aliquoted into 50 mL Falcon tubes and centrifuged at 3,500 g for
3 h at 4 ◦C. The solution was then stored at 4 ◦C until use.

For spheroid formation, cells were resuspended in cell medium and 20% of the methyl-
cellulose solution such that a 10 µL drop contained 250-1000 cells, and the medium cell
suspension was poured into a disposable reservoir. Using a 12 channel pipette, 10 µL
was pipetted onto a square, non-adherent petri dish (Greiner). Once the dish was full of
drops, the lid was replaced, the dish turned upside down (see Figure 5.1a), and placed in an
incubator overnight. The process was repeated until all the cell suspension had been used
(10-20 dishes).

10 mm

(a) (b)

Fig. 5.1 (a) Multi-cellular spheroids form in droplets of cell medium containing methylcel-
lulose when suspended upside-down. (b) Multi-cellular spheroids (green) encapsulated in
fibrin gel, alongside single supporting cells, at day 0.

Multi-cellular spheroids were harvested by adding 5 mL cell medium to the petri dish.
The solution was subsequently pipetted onto the other petri dishes, thereby collecting all the
individual spheroid drops in a 50 mL Falcon tube. Individual cells (e.g. supporting cells)
were added at this point and the combined solution centrifuged at 300 g for 5-10 min. The
supernatant was removed and the pellet resuspended in the required volume for seeding in
collagen and fibrin gels.
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5.3.3 Gel Construct Preparation

Collagen and fibrin hydrogels were prepared as described previously (Section 3.2.6). Final
concentrations of collagen were 2.5-7.5 mg/mL and final concentrations of fibrin were 5-20
mg/mL, with 20 µg/mL fibronectin added to the precursor solution to improve cell adhesion.
The constructs were gelled as either gel sheets (200-1000 µL) as shown in Figure 5.1b, or as
small gel drops (50-200 µL) in 24 well plates. Cell concentrations and ratios between cell
types were varied between experiments. EGM cell medium (Lonza) containing 20 ng/mL
VEGF and 20 ng/mL bFGF was added to the wells. Medium was changed every 2 days.

5.4 Summary of Multi-Cellular Spheroid Experiments

A range of conditions were explored making use of multi-cellular spheroids. We tested a
range of different concentration substrates, and combining endothelial cells, supporting cells,
and even both together into multi-cellular spheroids, to determine any specific conditions
which may be useful when used alongside the 3D printed channels and perfusion. Table
5.1 summarizes the parameters and observations of a number of experiments, and allows
comparison between them; the following sections explicitly reference this table and provide
the scientific rationale for the undertaking of each experiment.
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Table 5.1 Spheroid Experiments

Cell Description
Number of
Cells per
Spheroid

Substrate, Concentration Gel Volume Ratio
HUVEC Cell
Concentration

(cells/mL)

Supporting Cell
Concentration

(cells/mL)

Growth
Factors

Duration
(days) Comments

1
HUVEC Spheroids,

HDF Single Cell 500
10 mg/mL and 20 mg/mL Fibrin

with 20 µg/mL Fibronectin
1 mL and 200 µL gels

in 24 well plate 2:1 1×106 0.5×106
20 ng/mL

VEGF, bFGF
in medium

75
High number of long sprouts, multicellular,
lumen formation, interconnected network,

long term stability, CD31 and DAPI staining.

2
HUVEC Spheroids,

HDF Single Cell 1000 7.5 mg/mL Collagen
200 µL gels

in 24 well plate 3:1 1.5×106 0.5×106
20 ng/mL

VEGF, bFGF
in medium

14
Long sprouts, lumen formation,

multicellular, very high diameter capillaries.

3
HUVEC Spheroids,

MSC Single Cell 500 5 mg/mL and 10 mg/mL Fibrin
200 µL gel sheets

in 24 well plate 1:2 1×106 2×106
20 ng/mL

VEGF, bFGF
in medium

12
Sprouting in both 5 mg/mL and 10 mg/mL gels.

High concentration of MSCs appears to aid sprouting.

4
HUVEC Spheroids,

HDF Single Cell 500
10 mg/mL Fibrin

with 20 µg/mL Fibronectin
or 7.5 mg/mL Collagen

200 µL gel sheets and
drops in 24 well plate 5:1 1.5×106 0.3×106

20 ng/mL
VEGF, bFGF

in medium
14

Limited number of spheroids visible.
Fibrin: High number of sprouts, shorter

and multi-cellular. Lumen visible by day 4.
Collagen: High number of sprouts, long

and multi-cellular. Clear lumen visible by day 4.

5
HUVEC Spheroids,

HDF Single Cell 500
5-10 mg/mL Fibrin

or 2.5-7.5 mg/mL Collagen
200 µL gel sheets

in 24 well plate 5:1 1×106 0.2×106
20 ng/mL

VEGF, bFGF
in medium

10 5 mg/mL was best at this concentration of HDF

6
Mixed HUVEC-HDF

Spheroids 500
10 mg/mL Fibrin

with 20 µg/mL Fibronectin
200 µL, 300 µL, 500 µL

gels in 24 well plate 2:1 3×106 1.5×106
20 ng/mL

VEGF, bFGF
in medium

8
HUVEC media disrupted some gels leading to

multicellular sprouts, significant sprouting

7
Mixed HUVEC-HDF

Spheroids 500
10 mg/mL Fibrin with 0.2% TG

and 20 µg/mL Fibronectin
Gel drops

in 24 well plate 2:1 2×106 1×106
20 ng/mL

VEGF, bFGF
in medium

6 High number of sprouts, shorter in length.

8
Mixed HUVEC-MSC

Spheroids 1000
5 mg/mL and 7.5 mg/mL Fibrin

with 20 µg/mL Fibronectin
400 µL gel sheets

in 12 well plate 3:1 2.4×106 0.8×106
20 ng/mL

VEGF, bFGF
in medium

4

HUVECs coated outside of spheroids,
MSCs inside, MSCs spread from spheroids,

HUVEC sprouts formed with MSCs as they spread
out. However no sprouts beyond MSC range.

9
HUVEC Spheroids -

with and without
HDF or MSC Spheroids

500 7.5 mg/mL Fibrin
200 µL gel sheets

in 24 well plate 3:1 1.5×106 0.5×106
20 ng/mL

VEGF, bFGF
in medium

14

HUVECs sprouted long distance towards supporting
cell spheroids. By day 6, all MSC spheroids had

been penetrated by HUVEC sprouts. MSCs appeared
to coat HUVEC capillaries better than HDFs.

10
HUVEC Single Cell,

MSC Spheroids 500 5 mg/mL and 7.5 mg/mL Fibrin
200 µL gel sheets

in 24 well plate 1:1 1×106 1×106
20 ng/mL

VEGF, bFGF
in medium

14
HUVECs remained round. HUVECs briefly formed

networks near MSC spheroids but degraded
rapidly. MSCs spreading from spheroids.
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5.5 Spheroid Capillary Formation - HUVEC Spheroids with
HDF Single Cells

Preliminary experiments were conducted using fibroblasts as the supporting cell (see Experi-
ments 1 and 2 in Table 5.1). Both 10 mg/mL and 20 mg/mL fibrin gels were investigated at
relatively low cell concentrations (1×106 HUVECs/mL and 0.5×106 HDFs/mL) in order to
evaluate spheroid sprouting and the stability of these networks in the long term (75 days).
While cells in the 20 mg/mL fibrin gels were found to be relatively inactive, in 10 mg/mL
fibrin, the initially round spheroids were detected to have formed a significant number of
sprouts by day 2 (Figure 5.2a), displaying thin strands protruding out into the bulk gel. By
day 4 (5.2b), these sprouts had matured into noticeably wider structures with visibly clear
lumen.
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Day 2(a)

Day 4(b)

Fig. 5.2 (a) HUVEC multi-cellular spheroid, in the presence of HDFs, and 20 ng/mL VEGF
and bFGF growth factors, in 10 mg/mL fibrin exhibited sprouting as early as day 2. (b) After
4 days, the same spheroid had extended its sprouts into the bulk hydrogel and multiple lumen
are clearly visible. Arrows denote examples of lumen structures.
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After 75 days, the gels were fixed and stained for CD-31 and DAPI, which displayed
large networks over the whole of the gel, as shown in Figures 5.3a and 5.3b. An equivalent
experiment was performed using collagen, extracted from rat-tail tendon. While collagen
is not considered pro-angiogenic in the same way as fibrin, the unpurified collagen likely
contained a range of other matrix materials (e.g. laminin, collagen IV, elastin) which
enhanced capillary formation. Thus after 14 days, large structures, as shown in Figure 5.3c
and 5.3d, and large lumen were observed, as shown in Figure 5.3e. It seems to be the case
that between 14 and 75 days, the spheroid structures disappear and a more interconnected
network forms in which the original spheroid structures are no longer recognizable.

(a) (b)

(c) (d) (e)

Fig. 5.3 (a,b) After 75 days, large networks of capillary-like structures were observed in
rat-tail tendon collagen, as shown by CD-31 staining (red) and DAPI nuclear stain (blue).
(c,d) When rat-tail tendon collagen is used, large vessels were produced (day 14). (e) Highly
multi-cellular structures were observed, with large lumen (day 14).
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5.6 Spheroid Capillary Formation - HUVEC Spheroids with
MSC Single Cells

Mesenchymal stromal cells, with their ability to differentiate into both pericytes and smooth
muscle cells [34], should provide a more physiological interaction with the endothelial cells,
wrapping around the nascent capillary structures and supporting their development. In this
experiment (Experiment 3 in Table 5.1 and Figure 5.4), we compare 5 mg/mL and 10 mg/mL
fibrin gels containing HUVEC spheroids (1×106 HUVECs/mL) with MSC single cells
(2×106 MSCs/mL). It does appear as though MSCs do closely interact with the HUVEC
capillary structures as seen by the (red) MSCs wrapping around the (green) HUVEC sprouts
(an example is shown by the asterisk and figure insert in Figure 5.4f). Also, HUVECs in
5 mg/mL fibrin produce longer sprouts than 10 mg/mL fibrin. This is expected since a higher
density of gel means more matrix material must be broken down for the sprouts to grow.
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Day 4Day 4
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(c)

(d)

(e)
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*

Fig. 5.4 HUVEC spheroids (green) sprouting in the presence of MSCs (red) and 20 ng/mL
VEGF and bFGF growth factors, in (a-c) 5 mg/mL and (d-f) 10 mg/mL fibrin gels. Note
that MSCs are thought to interact more closely with nascent capillary structures owing
to their ability to develop a perivascular phenotype. Arrows denote examples of lumen
structures. Asterisk and insert show example of interaction of (red) MSCs with (green)
HUVEC structure.
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5.7 Variation of Substrate and Substrate Concentration

A set of experiments was conducted to compare different substrates and substrate concen-
trations, using collagen and fibrin (see Experiments 4 and 5 in Table 5.1). It was found
that spheroids embedded in 2.5 mg/mL collagen expanded in diameter with a few sprouts.
No noticeable differences were observed between 5 and 7.5 mg/mL collagen. However
significant differences were observed between 5, 7.5, and 10 mg/mL fibrin. 5 mg/mL fibrin
produced the longest sprouts whilst 10 mg/mL fibrin produced short but wide diameter
sprouts, as shown in Figure 5.5.

5 mg/mL Fibrin

(a)

7.5 mg/mL Fibrin

(b)

10 mg/mL Fibrin

(c)

2.5 mg/mL Collagen

(d)

5 mg/mL Collagen

(e)

7.5 mg/mL Collagen

(f)

Fig. 5.5 Comparison of concentrations of (a-c) fibrin and (d-f) collagen substrates, for
HUVEC cells in spheroids (green) in the presence of HDF single cells (not shown). Shown
is day 4.

5.8 Mixed Cell Type Spheroids

A study looked for any beneficial effects of localizing the supporting and endothelial cell types
to the same spheroid (see Experiments 6-8 in Table 5.1). These heterogeneous spheroids,
consisting of HUVECs and either HDFs or MSCs, meant that cells producing pro-angiogenic
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factors (i.e. fibroblasts or mesenchymal stromal cells) were in high density and close
proximity to the sprouting endothelial cells. Thus it was thought that this may enhance
sprouting. It was observed that in the case of MSCs as the supporting cell, the cells organised
themselves such that the MSCs were in the center of the spheroid and the endothelial cells
were in a shell around them. Both fibroblast and MSC cell types could be seen migrating
into the gel by day 2. However, it was found that the endothelial cells only spread as far as
the supporting cell had migrated into the bulk gel, with and without the presence of VEGF
and bFGF in the cell medium, and looked much migratory in form than when individual
supporting cells were seeded in the bulk. This can be compared to the organisation and
lumen structures observed in Figure 5.3 where long multi-cellular sprouts were observed; the
sprouts in the mixed spheroid case remained thin by day 4. Thus it was concluded that this
was not a viable way of producing a good coverage of the gel with capillary-like structures.

5.9 Supporting Cells Organised as Spheroids

A series of experiments were performed where both endothelial cells and supporting cells
were prepared into separate multi-cellular spheroids (see Experiment 9 in Table 5.1). In the
mixed spheroid approach, a high concentration of supporting cells was added to the same
spheroid as the endothelial cells so as to provide a boost to the development of the capillaries
by producing various pro-angiogenic factors. This was not found to yield large networks.
As an alternative, supporting cells were placed in distinct spheroids and spatially separated
from the endothelial spheroids. In doing so, it was thought that pro-angiogenic factors would
be produced in high concentrations around the supporting cell spheroids and provide strong
gradients in the gels for the HUVEC cells to follow, over relatively long distances. We
were able to show that the endothelial capillary sprouts were indeed directed towards the
supporting cell spheroids. Further, they were able to penetrate the supporting cell spheroid
and continue spreading. This was true when using either MSCs or HDFs as shown in Figure
5.6.

When no supporting cell is present but the cell medium still contains 20 ng/mL VEGF
and bFGF, the HUVECs produce a migratory response and do not form significant sprouts,
thereby showing that the supporting cell is a necessary component; as shown in Figure
5.7(a,b). When the 20 ng/mL VEGF and bFGF growth factors are removed from the cell
medium, the HUVEC spheroids neither migrate nor form angiogenic sprouts. This is shown
in Figure 5.7(c) and 5.7(d) for MSCs and HDFs respectively. Thus, both a supporting cell
type and sufficient growth factors in the medium are required for angiogenic sprouting.
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Day 2 Day 2

Day 4 Day 4

Day 6 Day 6

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5.6 Multi-cellular spheroids of HUVEC (green) in the presence of supporting cell
spheroids. (a-c) MSCs and (d-f) HDFs (red), in a 7.5 mg/mL fibrin gel.



5.9 Supporting Cells Organised as Spheroids 81

Day 2 Day 4(a) (b)

(c) (d)Day 4 Day 4

Fig. 5.7 (a,b) HUVEC spheroids without a supporting cell type undergo a migratory response,
rather than forming capillary-like sprouts. In the presence of (c) MSC spheroids (red) or (d)
HDF spheroids (red), but without 20 ng/mL VEGF and bFGF in the cell medium, HUVEC
spheroids (green) do not undergo either migration or capillary sprouting. Shown is day 4.
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Finally, we tested single cell HUVECs alongside spheroids of MSCs (see Experiment 10
in Table 5.1). It was thought that, like the above, supporting cells arranged into spheroids
would yield strong spatial gradients of growth factors which should induce the endothelial
cells to form capillary-like structures. As shown in Figure 5.8, no significant capillary
formation was observed in this experiment. At day 4, it is possible to see some spreading of
HUVECs nearby to the MSC spheroids, though the cells quickly regress back to a spherical
morphology.

Day 4

Fig. 5.8 Single cell HUVECs (green) alongside MSC multi-cellular spheroids (red), in
7.5 mg/mL fibrin gel. No noticeable spreading of HUVECs was observed in this setup.
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As described in Chapter 4, high concentrations of mesenchymal stromal cells have been
reported to prevent the formation of capillaries by intercalating between the endothelial
cells and causing the endothelial cells to apoptose. In the reported case, the MSCs were
also single cells and the literature puts a 25% threshold of MSC concentration (to HUVEC
concentration) above which the HUVEC capillary structures are not stable [24]. Here, we
hypothesize that near to the MSC spheroids, the high concentration of MSCs first enables
structures to form. However, as the MSCs migrate out from the spheroid, they cause any
nascent capillary structures to degrade. In the cases where the endothelial cells were also
formed into spheroids, as in Figure 5.6, the endothelial cells already have formed tight
junctions with one another and thus the MSCs could not intercalate between them. Thus
the endothelial cell sprouts were able to penetrate dense regions of cells, such as the MSC
spheroids, without their capillary structures degrading.

Note that in the multi-cellular spheroids work, no stromal derived factor (SDF-1α) was
used, as opposed to the single cell vasculogenic approach where it was found to be necessary,
since low concentrations of MSCs, relative to HUVECs, were required. If it was to be used
in the spheroid experiments alongside MSCs, one may observe a useful increase in sprouting
though this is an experiment for future work.

5.10 Multi-Cellular Spheroid Cells Coat Internal Surfaces

Spheroid-based endothelial cells were observed to coat the surface of air bubbles in fibrin
gels, which rapidly formed a monolayer of cells, as shown in Figure 5.9(a-c). These findings
suggested the idea of coating the inside of large channels fabricated via the multi-casting
approach of Chapter 3. A network was prepared and set up for a perfusion experiment in
which HUVEC spheroids and HDF single cells were seeded into the bulk of a 7.5 mg/mL
fibrin gel. In Figure 5.9(d), one can see that some of the large channel (to the right of the
image) had been coated with endothelial cells (stained with Cell Tracker Green). It was noted
that the rest of the channel remained acellular due to the presence of an air bubble which had
infiltrated the system, preventing the formation of an endothelial lining. While capillary-like
structures had formed in the gel as well (discernable by the green in the background), they
remained unperfusable after 7 days.
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200 μm 200 μm

200 μm200 μm

(a) (b)

(c) (d)

Fig. 5.9 (a-c) Multi-cellular spheroid cells, stained with Cell Tracker Green, quickly coat the
surface of bubbles trapped in fibrin gel, shown in the center of the images (shown is Day 2).
(d) When multi-cellular spheroids are added to a gel containing large channels produced via
the multi-casting technique and subsequently perfused with cell medium, they coat some of
the 3D printed channels with cells (shown middle-right of the image). However, capillary
bed was unperfusable by day 7 (shown in the background).
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5.11 Chapter Summary

In this results chapter, multi-cellular spheroids were used to produce capillary-like structures.
It was thought that an angiogenic approach would be preferable due to tight junctions between
endothelial cells being present from the beginning of the experiment leading to better cell
survival and function, and the fact that this angiogenic approach more closely mimics the
normal physiological process. A series of experiments investigated their use, including
a comparison of fibroblasts or MSCs as the supporting cell type, the influence of matrix
concentration upon spheroid sprouting, and several experiments looking at incorporating the
supporting cell type into a multi-cellular spheroid form.

Multi-cellular spheroids produce long-lived capillary-like structures with large lumen
early on and have the potential to coat the large-scale, 3D printed vessels. However, they
suffer from several limitations; most notably a lack of uniformity achievable (when using 500
cells/spheroid), the time-consuming nature of their preparation, and the limit in the number
of cells which can be realistically added to a culture system. Thus, it was concluded that
the single cell vasculogenic approach would be pursued, which overcomes each of these
limitations.





Chapter 6

Cell-Based Formation of Capillaries -
Vasculogenic Capillary Formation

6.1 Introduction

The previous chapter explored the possibility of generating blood vessel networks via an
angiogenic approach using multi-cellular spheroids. Here we investigate the possibility
of seeding individual cells into a bulk matrix and having them undergo vasculogenic-like
capillary formation.

6.2 Advantages and Limitations of Using Vasculogenic Cap-
illary Formation

Through the process of vasculogenesis, angioblasts migrate and differentiate into endothelial
and blood cells, aggregating and forming into cords to form a capillary plexus [161]. The
seeding of individual mature endothelial cells into a gel matrix is considered a vasculogenic
form of capillary formation since single cells migrate and form cords to produce vessels de
novo.

Single cells are advantageous as they enable an unlimited number of cells to be encapsu-
lated in the matrix material with little prior work. They also produce a much more uniform
distribution of cells throughout the gel matrix than spheroids. All cells are in immediate
contact with the surrounding matrix material which should enable rapid degradation of the
tissue-engineered gel and replacement with extracellular matrix components.

However, single cells are harder to maintain in a matrix since they are more likely to
apoptose as they have to re-establish tight junctions between endothelial cells. Gel shrinking
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may also be more of a problem for single cells as all cells will apply forces directly upon the
matrix. Further, the formation of lumen is by the process of vesicle formation and fusion (as
described in Section 4.3) which means only small lumen will be possible early on.

6.3 Methods

6.3.1 Reagent Preparation and Cell Culture

VEGF, bFGF, and SDF-1α (R&D Systems) were resuspended at 100 µg/mL in PBS (no
Ca) containing 0.1% BSA, and aliquots frozen at -80◦C prior to use. Collagen and fibrin
hydrogels were prepared as previously described in Section 3.2.6. Cell culture was performed
as previously described (Section 5.3.1). MSCs were used as the supporting cell type alongside
HUVECs. The HUVEC cell type was stained with Cell Tracker prior to addition to the gel
precursor solution (Section 5.3.1).

6.3.2 Gel Preparation

Capillary experiments were performed in adherent well plates or in specially fabricated
PDMS wells, using the same approach as Chapter 3; fibrin hydrogels were also prepared
as described previously. Final concentrations of fibrin were 2.5-10 mg/mL fibrinogen (0.5-
2 U/mL thrombin), prepared in pH 7.5 endothelial growth medium (EGM2-MV, Lonza), and
20 µg/mL fibronectin was added to the precursor solution to improve cell adhesion. Cellu-
larized fibrin was gelled as either gel sheets (100-200 µL), as small gel drops (25-100 µL)
in well plates, or in PDMS wells which allows for a flat gel surface. Cell concentrations
and ratios between cell types were varied between experiments. Endothelial growth medium
(EGM2, Lonza), containing 20 ng/mL of growth factors (VEGF, bFGF, SDF-1α), was added
on top of the gels typically with a volume of 400 µL which was changed every other day.
For variation between experiments, see Table 6.1.

Single cell HUVEC-MSC experiments were formed in 2.5-10 mg/mL fibrin gels. 2.5 mg/mL
fibrin is near to the physiological concentration though produces significantly weak gels,
prone to gel shrinking. 10 mg/mL fibrin gels are significantly stronger and resist gel shrink-
age, though cells are less able to spread and migrate in them since there is more matrix
material to degrade and metabolite diffusion is slower. 20 µg/mL fibronectin was added
to the precursor solution since fibronectin enhances cell adhesion and helps induce tissue
formation [143].

Ideally we wish to use high concentrations of endothelial cells (i.e. 3×106 HUVECs/mL)
as the endothelial cells would then have less distance to migrate to one another and, by
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interaction with each other, would form larger lumen early on, rather than requiring significant
cell proliferation. Further, it was thought that high concentrations of cells would negate
the effect of using 10 mg/mL fibrin, rather than 2.5 mg/mL fibrin. However, since well
plate experiments rely on diffusion of nutrients and oxygen from the surface of the gel
to the cells, and since cells compete for oxygen consumption, lower concentrations of
1− 2× 106 HUVECs/mL (with relative concentrations of MSCs) were also tested. As
described in Section 4.9, the literature suggests that a 10-20% concentration of MSCs relative
to HUVECs is sufficient for the stabilizing influence that they impart upon the nascent
capillary structures [24].

Fibrin gel formation is reported to be highly sensitive to the pH of the precursor solution
[120]. It was thought that using cell medium as the primary buffer for the precursor solution
would be beneficial in supporting the cells while fibrin formation takes place and, in the
case of using 3D printed channels, the removal of the gelatin template material. Further, we
required a cell medium that did not contain heparin as this is known to inactivate thrombin,
which would yield poorly formed fibrin gels. Thus, the proprietary medium, EGM2-MV
was used which contains no heparin. Whilst this medium is defined for microvascular
endothelial cells and not larger vessel HUVECs, the contents are similar, also containing low
concentrations of VEGF and bFGF which are useful as survival factors against apoptosis
early on. EGM2-MV was found to have a pH of 7.9 and so, to adjust the gel precursor
solution to pH 7.5, the cell medium pH was set using 0.1M HCl and the pH of the fibrinogen
stock solution was raised as well, prior to its addition into the gel precursor solution.

To induce capillary formation with relatively low concentrations of supporting cells,
we used 20 ng/mL VEGF, bFGF, and SDF-1α growth factors, added to endothelial cell
growth medium. It was found that adding 20 ng/mL of VEGF, bFGF, and SDF-1α growth
factors was in fact a necessary condition for forming capillary structures; the low levels of
VEGF and bFGF found in the EGM2 medium, used to culture the gels, were not capable of
inducing a noticeable vasculogenic response from the cells, at least using our supporting cell
concentrations.

6.4 Summary of Single Cell Experiments

A range of conditions were tested in a series of experiments in well plates, in order to
help determine suitable parameters for future experiments combining 3D printed channels
and capillary networks. Table 6.1 summarizes the conditions and briefly comments on the
observations from each experiment. The experiments are organised with the most recent
(and successful) experiments at the top of the table. The purpose of the table is to present



90 Cell-Based Formation of Capillaries - Vasculogenic Capillary Formation

a range of experiments that had both positive and negative results; the following sections
subsequently use this data to attempt to find ideal conditions for use in a perfusion experiment
(which is thought to require a higher concentration of fibrin gel).

A large number of parameters were found to be important to the success or failure of
a particular experiment. Firstly, the fibrin gel concentration played a key role with lower
concentration gels generally producing more complete networks. This was thought to be due
to increased cell migration, cell spreading, and cell remodelling of the scaffold, as well as a
higher rate of diffusion of nutrients and oxygen from the cell medium surrounding the gel.
Various cell concentrations, and ratios between endothelial cells and MSCs, were attempted
with the rationale that higher concentrations would mean that cells would be closer together.
Thus in higher concentration gels, the cells would have less fibrin to break down and shorter
migration distances in order to form vessels. However, at high cell concentrations, cells
would also compete for oxygen and nutrients, and limit their transfer to the gel center. Gel
volume was found to be important as larger gels contained a higher number of cells (for a
fixed cell concentration), and so have higher requirements for oxygen and nutrients from the
medium. Further, the shape of the gel was found to be important; if the gel was too flat, cells
would not form structures; if the gel was too round, insufficient oxygen and nutrients reached
the center of the gel meaning only the edges of the gel yielded any capillary-like structures.
The buffer medium of the precursor solution was eventually optimized to best meet conditions
ideal for maintaining the cell popuation during the gelation process (as opposed to using
PBS as the buffer); the use of EGM2-MV, adjusted to pH 7.5, appeared the best solution as it
provides a suitable pH for fibrin gel formation and is free from heparin (which can inhibit
thrombin crosslinking of fibrinogen). The volume of medium that would be added on top of
the gels was assessed; too little medium would starve a large cell popuation, whilst excessive
cell medium would block significant oxygen diffusion from the medium surface. Further, the
frequency of medium changes was examined; too frequent medium changes would remove
potential cell-derived factors necessary for capillary morphogenesis and use up significant
volumes of costly growth factors, whilst infrequent medium changes led to cell starvation
and poor capillary formation. Consideration was put into where to add the growth factors; it
was generally the case that growth factors were added to the medium on top of the gel as
they could be replenished with every medium change. Growth factors added to the gel prior
to gelation were thought to be washed out with each medium change and thus did not act
sufficiently upon the cells for capillary formation.
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Table 6.1 Single Cell Experiments

Substrate,
Concentration Gel Volume

Buffer in
Gel Precursor Cell Ratio

HUVEC Cell
Concentration

(cells/mL)

Supporting Cell
Concentration

(cells/mL)
Medium Volume Growth Factors

Duration
(days) Comments

1
2.5 mg/mL (0.5 U/mL) and
10 mg/mL (2 U/mL) Fibrin
with 20 µg/mL Fibronectin

50 µL gels in PDMS
chambers (not pre-wetted)

and 100 µL gel drops
(not pre-wetted)
in 48 well plate

EGM2-MV
medium
adjusted
to pH 7.5

3:0.6, 2:0.4, 1:0.2 1-3×106 0.2-0.6×106 400 µL EGM2
(2 day changes)

With and without
20 ng/mL VEGF, bFGF,

SDF-1α in medium
8

Gel drop 2.5 mg/mL: Less spreading in 3:0.6,
but 2:0.4 and 1:0.2 produce dense networks.
Gel drop 10 mg/mL: Only spreading at edges

of 3:0.6 and 2:0.4. PDMS 2.5 mg/mL: 3:0.6 shows
large structures, only some spreading in 2:0.4, same

dense structures as gel drop seen in 1:0.2.
PDMS 10 mg/mL: No spreading in 3:0.6, significant
spreading in 2:0.4, very limited spreading in 1:0.2.

2
2.5 mg/mL (0.5 U/mL) and
10 mg/mL (2 U/mL) Fibrin
with 20 µg/mL Fibronectin

25 µL, 50 µL gel drops
(not pre-wetted) and 100 µL

gel drops (pre-wetted)
in 48 well plate

EGM2-MV
medium
adjusted
to pH 7.5

3:0.6, 2:0.4, 1:0.2 1-3×106 0.2-0.6×106
400 µL EGM2

with and without 20 µg/mL
Aprotinin (2 day changes)

20 ng/mL VEGF, bFGF,
SDF-1α in medium 8

2.5 mg/mL: No structures in 3:0.6, average network
in 2:0.4, dense network in 1:0.2. 10 mg/mL: No

structures in 3:0.6 apart from 100 µL gels. Minimal
structures in 2:0.4 apart from 100 µL gels. Significant

networks in all 1:0.2 gels. No difference with aprotinin.

3
2.5 mg/mL (0.5 U/mL)

with 20 µg/mL Fibronectin

25 µL, 50 µL, 100 µL
gel drops (not pre-wetted)

in 48 well plate

EGM2-MV
medium
adjusted
to pH 7.5

3:1 3×106 1×106
200 µL, 400 µL EGM2

with and without 20 µg/mL
Aprotinin (2 day changes)

20 ng/mL VEGF, bFGF,
SDF-1α in medium

or 200 ng/mL VEGF, bFGF,
SDF-1α in gel

14

GFs in medium: Dense networks in gels. Clearly
visible lumen in center of 100 µL gels but not in

25 µL or 50 µL gels. GFs in gel: round cells in 25 µL,
50 µL, structures in 100 µL gels but regressed by day 6.

4

5 mg/mL (1 U/mL)
or 10 mg/mL (2 U/mL) Fibrin

with 20 µg/mL Fibronectin
and 0.2% TG

100 µL gels
(pre-wetted) in 48 well plate

EGM2-MV
medium

2:1, 1:1, 1:0.5 1-2×106 0.5-1×106 400 µL or 1000 µL EGM
(daily or 2 day changes)

200 ng/mL VEGF, bFGF
in gel 10

2:1: spreading of cells up to day 6, regressed after then.
1:1: Areas of higher density cells in 1:1 produced large

capillary-like structures within 4 days.
1:0.5: No structures.

5
2.5 mg/mL (0.5 U/mL)

with 20 µg/mL Fibronectin

100 µL, 200 µL gels
(pre-wetted) in 48 well plate

and 100 µL gels in
PDMS wells (pre-wetted)

EGM2-MV
medium

3:0.3, 3:0.6,
1.5:0.15, 1.5:0.3 1.5-3×106 0.15-0.6×106

400 µL EGM2 in well plate
and 1000 µL EGM2 in PDMS

wells (2 day changes)

200 ng/mL VEGF, bFGF,
SDF-1α in gel 4 Cells remained round for duration of experiment.

6
2.5 mg/mL (0.5 U/mL)

or 10 mg/mL (2 U/mL) Fibrin
with 20 µg/mL Fibronectin

100 µL gels
(pre-wetted) in 48 well plate

EGM2-MV
medium

3:0.3, 5:0.5 3-5×106 0.3-0.5×106 400 µL EGM2-MV
(2 day changes)

200 ng/mL VEGF, bFGF
in gel

with and without SDF-1α

4 Cells remained round for duration of experiment.

7

5 mg/mL (1 U/mL)
or 10 mg/mL (2 U/mL) Fibrin

with 20 µg/mL Fibronectin
and 0.2% TG

100 µL gels
(pre-wetted) in 48 well plate

EGM2-MV
medium

5:1, 5:2.5, 3:1.5 3-5×106 1-2.5×106 400 µL EGM2-MV
(daily or 2 day changes)

200 ng/mL VEGF, bFGF
in gel 6

Cells remained round for duration of experiment,
except for 3:1.5 in 5 mg/mL fibrin, which lost

structure by day 6.

8

5 mg/mL (1 U/mL)
or 10 mg/mL (2 U/mL) Fibrin

with 20 µg/mL Fibronectin
and 0.2% TG

50 µL and 100 µL gels
(pre-wetted) in 48 well plate

EGM2-MV
medium

2:1, 1:1, 1:2 1-2×106 1-2×106 200 µL (daily changes) or
400 µL EGM (2 day changes)

20 ng/mL VEGF, bFGF
in medium 10

2:1 structures formed but regressed by day 6. Limited
spreading in 1:1 and 1:2. 50 µL better than 100 µL

gels. 5 mg/mL better than 10 mg/mL gels.
400 µL better than 200 µL medium.

9

5 mg/mL (1 U/mL)
or 10 mg/mL (2 U/mL) Fibrin

with 20 µg/mL Fibronectin
and 0.2% TG

150 µL gels
(pre-wetted) in 48 well plate

EGM2-MV
medium

2:1, 1:1, 1:2 1-2×106 1-2×106 400 µL EGM
(daily or 2 day changes)

20 ng/mL VEGF, bFGF
in medium 8

5 mg/mL: 1:1 better than 2:1 and 1:2. Lumen visible
in 1:1 by day 6. Most structures regressed by day 8.

10 mg/mL: regions of higher cell density yielded
significant structure. Marginally better changing

medium every day than every 2 days.

10
5 mg/mL (1 U/mL) Fibrin

with 20 µg/mL Fibronectin
and 0.2% TG

150 µL gels
(pre-wetted) in 48 well plate

EGM2-MV
medium

1:1, 1:0.5, 1:0.2 1×106 0.2-1×106
200 µL or 400 µL

EGM or EGM2-MV
(2 day changes)

20 ng/mL VEGF, bFGF
in EGM medium 12

Day 4: 1:1, 1:0.5, 1:0.2 all displaying structure. Day 6:
1:1 retained structure better than 1:0.5, which was better

than 1:0.2. 400 µL better than 200 µL medium.
Day 8: Only 1:1 maintained structure.

11
5 mg/mL (0.5 U/mL) Fibrin
with 20 µg/mL Fibronectin

and 0.2% TG

150 µL gels
(pre-wetted) in 48 well plate

EGM2-MV
medium

0.3:1.5, 0.3:0.6,
0.3:0.3, 0.3:0.15,

0.3:0.06
0.3×106 0.06-1.5×106 200 µL EGM or EGM2-MV

(3 day changes)
20 ng/mL VEGF, bFGF

in EGM medium 10
Limited disconnected structures in 1:2 and 1:1.

Others show no structure.

12
5 mg/mL Fibrin

with 20 µg/mL Fibronectin
and 0.2% TG

150 µL gels
in 48 well plate

MSC medium 1:2, 1:0.33, 1:0.2 1×106 0.2-2×106
250 µL or 1000 µL
EGM, EGM2-MV

(3 day changes)

With or without
20 ng/mL VEGF, bFGF

in medium
8

Limited spreading of cells, though 1:2
marginally better.

13
5 mg/mL

or 10 mg/mL Fibrin
200 µL gels

in 24 well plate
MSC medium 1:2 1×106 2×106 2000 µL EGM

(2 day half medium changes)

With or without
20 ng/mL VEGF, bFGF

in medium
12 Limited spreading of cells.
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6.5 Capillary Formation under Optimal Conditions

The optimal condition for interconnected capillary growth throughout the fibrin gels was
found using 2.5 mg/mL fibrin gels, using relatively low levels of cells overall, with a 5:1 ratio
between HUVECs (1×106 HUVECs/mL) and supporting MSC cells (0.2×106 MSCs/mL).
Figure 6.1 shows gel drops (more spherical gels) in a 48 well plate (100 µL gel volume).
400 µL of endothelial cell growth medium (EGM2) was added to the wells on top of the gels,
containing 20 ng/mL VEGF, bFGF, and SDF-1α growth factors.

By day 2, a high degree of cell spreading was observed. By day 6, a large number of
connections appeared to have been made between endothelial cells. While lumen may indeed
have formed, they are hard to discern in this dataset.

Note however that the vessels produced in this way, despite producing complex networks
of cells, still have small diameter lumen. This is thought to be down to the limited concen-
tration of endothelial cells which are cultured in this experiment. Thus in order to enable
perfusion through this structure, a higher cell concentration is thought to be required. Further,
we consider 2.5 mg/mL fibrin gels to be too susceptible to gel contraction present with higher
cell concentrations and not ideal for running with a high flow rate perfusion experiment.
Thus, in the following sections, we look to increasing both the matrix concentration and the
cell concentration to yield a structure more suitable for a perfusion experiment.
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Day 2 Day 4

Day 6 Day 8

Fig. 6.1 Fibrin gel droplets (2.5 mg/mL) with 1×106 HUVECs/mL and 0.2×106 MSCs/m, for days 2-8. 20 ng/mL
VEGF, bFGF, and SDF-1α growth factors were added to 400 µL cell medium on top of the gels. Images show single
droplets; the center of the drop is to the left of the image and the edge of the drop is to the right. Shown in white are
the endothelial cells.
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6.6 Effect of Increasing Matrix Concentration

With increasing matrix concentration, the length and degree of interconnectedness of capillary
structures decreased. Over the course of the single cell experiments in well plates, fibrin
concentrations of 2.5-10 mg/mL were tested. 2.5 mg/mL gels, while optimal for capillary
growth, were not considered capable of supporting high flow rate perfusion, due to the
associated high shear and pulsatile flow, and were less capable of resisting cell-mediated gel
shrinkage. Both perfusion and preventing gel shrinkage were necessary conditions for the
addition of 3D printed networks and so higher concentration fibrin gels were tested.

Figure 6.2 shows a comparison of 2.5 mg/mL and 10 mg/mL fibrin gels organised as
50 µL gel droplets, over days 2-6. Both matrix concentrations show extensive network
formation but 2.5 mg/mL forms a significantly higher density of structures. 10 mg/mL fibrin
gels appear to have a more delayed formation of capillary structures and a less dense network
formed by day 6. This is expected as the cells in 10 mg/mL fibrin have significantly more
matrix to digest prior to be able to spread and connect to other endothelial cells. Also, the
diffusion of nutrients, oxygen, and growth factors will be greatly slowed in 10 mg/mL fibrin,
compared to 2.5 mg/ml fibrin gels. This appears to have an effect on the proliferation and cell
survival rates of the endothelial cells, as shown by the increased cell number in 2.5 mg/mL
fibrin (Figure 6.2(a)) and reduced cell number in 10 mg/mL fibrin (Figure 6.2(d)) by day 2.

However, the fact that 10 mg/mL fibrin gels do indeed form networks means the higher
concentration fibrin can be used alongside perfusion and 3D printed channels. Further,
perfusion is likely to be a far more effective system of delivering metabolites than static cell
medium since perfusion involves both diffusion from the channel and bulk movement of
fluid (advection).
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Day 4

Day 6

Day 4

Day 6

Day 2 Day 2

(a)

(b)

(c)

(d)

(e)

(f)

2.5 mg/mL

2.5 mg/mL

2.5 mg/mL

10 mg/mL

10 mg/mL

10 mg/mL

Fig. 6.2 Matrix concentration comparison of (a-c) 2.5 mg/mL and (d-f) 10 mg/mL fibrin gels, using 1×106 HU-
VECs/mL and 0.2×106 MSCs/mL, for days 2-6. 20 ng/mL VEGF, bFGF, and SDF-1α growth factors were added to
400 µL cell medium on top of the gels.



96 Cell-Based Formation of Capillaries - Vasculogenic Capillary Formation

6.7 Regions of Higher Cell Density Yield Rapid Capillary
Formation

Having shown that it is indeed possible to form networks in 10 mg/mL fibrin gels, we looked
to improving the formation of the capillary-like structures and larger lumen. In experiments
using 5 mg/mL fibrin gels (between 2.5 and 10 mg/mL gels), with 1×106 HUVECs/mL and
1×106 MSCs/mL, it was found that regions with a locally higher density of cells produced
large capillary structures very rapidly, with clear signs of lumen formation by day 4, as
shown in Figure 6.3. As stated previously, with single cell capillary morphogenesis, lumen
are formed by intracellular vesicle formation and fusion, meaning the lumen are significantly
thinner and less well developed than spheroid-formed lumen at the same time-point, and
more susceptible to movement (compare with Figure 5.2 and Figure 5.4 for angiogenic lumen
formation).
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Day 2

Day 4

Day 6

Fig. 6.3 Regions that by chance had a higher density of cells yielded capillary-like structures
as early as day 4. Here, 5 mg/mL fibrin gel was used with 1×106 HUVECs/mL and
1×106 MSCs/mL (1:1). Arrows show examples of early lumen formation.
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6.8 Increased Cell Concentrations in 10 mg/mL Fibrin Gels

Having established that a higher density of cells enables rapid capillary structures to form
with relatively large lumen, we looked to increasing the concentration of cells throughout
the whole gel, with the aim of improving capillary formation. Further, it was thought that
in higher matrix concentrations, a higher density of endothelial cells would mean that they
would have less distance to migrate to form junctions with one another and would each have
less matrix to degrade to form capillary structures, thereby reducing the effect of matrix
concentration upon capillary morphogenesis.

Thus we tried raising the HUVEC concentration (up to 3×106 HUVECs/mL), whilst
maintaining a ratio of HUVEC:MSC at 5:1, in 10 mg/mL fibrin gels, as shown in Figure 6.4.
Cell spreading was observed in both 2×106 HUVECs/mL and 3×106 HUVECs/mL, though
the spreading was limited to the edge of gel droplets, which was thought to be due to a
reduced diffusion distance of metabolites through a higher concentration matrix (as described
in Section 6.6), but also due to increased cellular competition for oxygen and nutrients, now
present with higher cell densities. To maximize supply of metabolites to the cells in the well
plate static culture conditions, gel drops were formed which were relatively low volume
(100 µL), the data for which is shown in Figure 6.4.

Thick gels were also explored, using wells fabricated out of PDMS. By tailoring the
dimensions of a chamber in the bottom of the well, a gel of the same volume (100 µL)
can be fabricated with a known depth (2 mm) and with a flat surface, leading to a uniform
gel thickness, not present in the gel drops. The results of these experiments are shown
in Figure 6.5. Gels of 2.5 mg/mL fibrin yielded network structures at both 3×106 and
1×106 HUVECs/mL, with the lower concentration producing noticeably thinner structures
(shown at day 6). The equivalent in 10 mg/mL fibrin gels yielded no noticeable structures for
3×106 HUVECs/mL and only a disconnected network for 1×106 HUVECs/mL. Differences
in observed cell number at day 6 suggest that the reduced diffusion distance produced a
nutrient-limited experiment for the 10 mg/mL fibrin gels.
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3:0.6

2:0.4

1:0.2

Fig. 6.4 Comparison of different cell concentrations in thin (100 µL) gel drops (day 4). Shown is 1-3×106 HU-
VECs/mL with 0.2-0.6×106 MSCs/mL respectively (5:1 ratio maintained), in 10 mg/mL fibrin gel. Grown with
20 ng/mL VEGF, bFGF and SDF-1α growth factors added to cell medium. Note that with decreasing cell concentra-
tion, cell spreading is observed increasingly further from the gel surface, thought to be due to increased penetration of
metabolites and growth factors as cell competition is lower.
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(a) (b)

(c) (d)

3:0.6, 2.5 mg/mL 1:0.2, 2.5 mg/mL

3:0.6, 10 mg/mL 1:0.2, 10 mg/mL

Fig. 6.5 Comparison of different cell concentrations in thick (2 mm deep) PDMS wells in 2.5 mg/mL and 10 mg/mL
fibrin gels (day 6). 2.5 mg/mL fibrin gels, (a) 3×106 HUVECs/mL and (b) 1×106 HUVECs/mL, yield networks.
Lower concentrations of cells yielded thinner features. 10 mg/mL fibrin gels, with (c) 3×106 HUVECs/mL and (d)
1×106 HUVECs/mL, did not produce networks. Lower concentrations of cells formed disconnected strands. Grown
with 20 ng/mL VEGF, bFGF, and SDF-1α growth factors added to cell medium.
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6.9 Variation in MSC Concentration

We also investigated any potential effects of increasing the MSC concentration, relative
to the HUVEC concentration. In the case of fibroblasts, the literature suggests a high
concentration is preferable as they produce a significant number of pro-angiogenic factors
and undergo collagen deposition [159]. In the case of MSCs, the literature suggests that a
high concentration of the cell type inhibits capillary formation as they intercalate between the
endothelial cells and cause their apoptosis [24]. As shown in Figure 6.6, we compared cell
ratios either side of the 25% threshold stated in the literature, testing HUVEC:MSC ratios
of (a) 3:1 (33%) and (b) 3:0.6 (20%). The difference was slight but the 3:1 version seemed
marginally better in terms of interconnectness and lumen formation. This could be explained
by increased presence of MSC-derived factors which aid in the capillary development, though
it conflicts with the threshold stated in the literature.

Both HUVEC:MSC 3:1 and 3:0.6 were grown in the presence of stromal derived factor
(SDF-1α). The use of SDF-1α alongside relatively low levels of MSC (HUVEC:MSC 5:1)
means that the oxygen and nutrient requirements of the cell-ladened gel are significantly
lower than would otherwise be needed for high supporting cell concentrations (i.e. with
fibroblasts) and SDF-1α is able to replace some of the factors produced by the supporting
cell type. This could be beneficial for the perfused gel system as less exogenous growth
factors will need to be added to the perfusate. However, MSCs are still required for other
factors and for stabilizing the nascent capillary structures.
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(b)

(a) 3:1

3:0.6

Fig. 6.6 Variation in MSC concentration with fixed HUVEC concentration of 3×106 HU-
VECs/mL in 2.5 mg/mL fibrin gels, at day 6. (a) 1×106 MSCs/mL (3:1) and (b)
0.6×106 MSCs/mL (3:0.6). Grown with 20 ng/mL VEGF, bFGF, and SDF-1α in cell
medium. 3:1 appears slightly better than 3:0.6 in terms of connected networks and lumen.
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6.10 Location of Growth Factors and Incorporation of Apro-
tinin

We investigated placing the growth factors in the gel precursor solution, thereby inducing
growth factor binding to the fibrinogen and fibronectin, via their heparin-binding domains.
The aim here was to present bound growth factors (i.e. 200 ng/mL bound to the gel matrix) to
the cells rather than soluble growth factors added to the cell medium (20 ng/mL). These bound
growth factors could then be broken down by the cells over the course of the experiment to
provide spatial cues for capillary development. Further, the binding of growth factors into
the gel would mean that growth factors would not need to be added to the cell medium. The
use of significantly larger gels containing the 3D printed channels requires a proportionally
larger volume of cell medium to maintain the cell population, including an increase in the
usage of growth factors. Thus were we able to add growth factors to the gels, the cost of
the experiment would be reduced and high volumes of cell medium could be employed, for
delivery of higher levels of nutrients.

However, growth factors added to the precursor solution were thought to be rapidly
washed out since regression of any nascent capillary structures was observed by day 8,
suggesting the growth factors had not bound to the matrix material and were free to diffuse
through the gel matrix. Figure 6.7 shows 200 ng/mL VEGF, bFGF, and SDF-1α growth
factors added to the gel precursor solution and deposited in well plates as 25 µL and 100 µL
gel drops, with a cell concentration of HUVEC:MSC 3:1. As one would expect if the growth
factors were free to diffuse away into the surrounding medium, the cells in the smaller 25 µL
droplets (Figure 6.7a,b) remained completely round (as did the 50 µL drops (not shown)).
However, the cells in the larger 100 µL droplets did sprout and form structures by day 4
(Figure 6.7c). However these structures had regressed by day 8 (Figure 6.7d). Thus, these
results support the hypothesis that the growth factors were diffusing out of the gel; diffusion
from the larger gel taking longer to complete.

Under perfusion conditions, these factors are likely to be washed out even more rapidly
and so unless a method can be found to bind growth factors into the matrix, we must continue
to add growth factors to the cell medium rather than to the gel precursor solution.
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(a) 25 μL

Day 4

(b) 25 μL

Day 8

(c) 100 μL

Day 4

(d) 100 μL

Day 8

Fig. 6.7 VEGF, bFGF, and SDF-1α growth factors added to gel precursor solution at 200 ng/mL did not yield
long-lived capillary-like structures. Cells in (a,b) 25 µL gel drops remained spherical for duration of experiment and
100 µL gel drops sprouts and formed structure by day 4 (c), but by day 8 (d), had lost most of its structures. Shown
here is 3×106 HUVECs/mL and 1×106 MSCs/mL in 2.5 mg/mL fibrin gel.
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Findings in the literature do suggest that modifying the current process of gel formation
may enable growth factors to be bound to fibrinogen (which are reported to have a high
affinity for certain growth factors [105]) and thus incorporated into the gel structure. Growth
factors bound in this way may produce spatial cues for vascular development, as well as
providing an inexpensive way of delivering growth factors to cells (as opposed to adding
growth factors to cell medium). However, on the other hand, growth factors added to the
cell medium, which is delivered via the channel network, may set up spatial gradients which
enhance capillary formation and anastomosis with the larger channels.

The literature suggests that bFGF binds strongly to fibrin, but standard VEGF-A121
and VEGF-A165 do not [105]. Thus, it is likely that the VEGF is being washed out of the
gels. The solution found in the literature is to fuse a particular peptide sequence, which is
a substrate for the transglutaminase factor XIIIa, to the N-terminus of either VEGF-A164
[137] or VEGF-A121 [54, 176]. The transglutaminase (with bound growth factors) then
covalently binds to the fibrin during the crosslinking reaction, thus binding the VEGF to the
fibrin network, which can only be released under enzymatic cleavage [137].

An alternative approach may be to bind growth factors to fibronectin, prior to its addition
into the gel precursor solution. Fibronectin is reported to have a high binding affinity for
VEGF-A165 and VEGF-B, but not to VEGF-A121 [106]. Comparing experiments from two
papers [105, 106], fibronectin appears to have double the binding affinity for VEGF-A165
and VEGF-B to that of fibrinogen. Further, the conformational state of fibronectin may
be important to the degree of VEGF binding, due to the presentation of binding sites in
the fibrillar state (through decreased extracellular pH which is an indication of deficient
vascularization or the presence of heparin) [110, 47]. Fibronectin binds reversibly to fibrin
and can subsequently be covalently cross-linked to the fibrin by the transglutaminase factor
XIIIa [104]. Though perhaps not as effective, this may be a simpler way to incorporate VEGF
into the fibrin gel matrix than via the addition of a peptide sequence.

We also investigated the use of aprotinin, added to the cell medium, as it has been reported
in the literature to produce better organized gels, whilst not inhibiting capillary growth in
HUVEC and MSC co-cultures. Our findings corroborate the finding that aprotinin does not
inhibit capillary formation (similar structures were observed, not shown) though no advantage
was found in its addition. Further, we looked at adding 0.2% transglutaminase which has
also been reported to improve fibrin structure, mechanical strength and gel transparency [84].
In these limited experiments (not shown), we did not see any significant improvement when
using transglutaminase (a degree of gel shrinking was still observed with 2.5 mg/ml fibrin
gels) and so it was not included in subsequent experiments since it adds complexity to the
method without significant advantage.
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6.11 Synthesis of 3D Printed Channel Network and Vascu-
logenic Capillaries

One of the limitations of well plate and PDMS well experiments is that the nutrients and
oxygen are delivered to the cells via diffusion from the gel surface, and cells compete for
these metabolites. In the case of perfusion experiments, oxygen and nutrients are more
actively delivered both by diffusion from the capillaries and by interstitial flow in the bulk gel
(advection). Further, since there are potentially significantly more metabolites available to a
gel under perfusion than in a well plate experiment, the cells may be much more proliferative
and metabolically active, and as such require a significantly larger volume of medium to
support capillary formation. Thus, the experiments of this chapter only provide a starting
point for determining the best conditions for perfusion experiments.

6.12 Chapter Summary

Having established the limitations of using a spheroid-based system for producing a capillary
network, this chapter investigated the use of a single cell approach. A large number of
parameters were found to be important for success, including the matrix concentration,
the volume and shape of the gels, and cell concentrations and ratios between endothelial
and MSC cell types. Whilst a successful protocol was established for vessel formation in
low concentration gels, it was thought that for perfusion, a higher concentration fibrin gel
would be necessary to resist perfusion-related stresses and prevent gel shrinking from large
numbers of metabolically active cells. Thus a series of experiments attempted to find suitable
parameters for capillary morphogenesis in a relatively high concentration gel.

The key difference of perfusion experiments is the ability to support high concentrations
of cells, if desired. When performed in well plate experiments, an increase in cell concen-
tration (either endothelial cell or MSCs) led to poorer capillary formation and could lead to
rapid regression of the capillary structures, as shown in Figure 6.4. However, since higher
endothelial cell concentrations will help produce capillary structures earlier, and with larger
lumen, as shown in Figure 6.3, and likely produce more interconnected networks, using a cell
concentration of 3×106 HUVECs/mL and 0.6×106 MSCs/mL, with the additional SDF-1α

growth factor in the cell medium, seems the preferred condition on which to begin synthesis
of the two vascular network approaches, when employing single cell capillary formation.
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Conclusions and Future Work

7.1 Conclusions

Vascular network formation is a key challenge in the pursuit of forming thick tissue-
engineered cellular constructs. As can be seen by the range of techniques reported in
the literature, no one method is yet capable of producing the three-dimensionality, hierarchy,
and perfusion of a vascular system with sufficient complexity and architecture to support
therapeutic levels of cells, in materials ideal for tissue engineering.

Techniques for forming vascular channel networks included materials-based approaches,
including lithography, bioprinting, and sacrificial 3D printing, and cell-based approaches,
using co-culture systems of endothelial and supporting cell types to produce a vessel network
via biological self-organization processes. A thorough literature review of materials-based
approaches (Chapter 2) to vascularisation revealed that no one technique is currently able
to meet the requirements for a vascular system, limited by the length-scale of channel that
can be produced, by a lack of three-dimensionality that is achievable from the particular
technique, a lack of scalability, or the complexity of the structures that can be fabricated.

In this project, we have assembled the building blocks of a full vascular system, capable
of being deployed in ideal tissue engineering materials, such as collagen and fibrin hydrogels.
A novel 3D printing-based approach has been invented in order to produce vascular networks
which are hierarchical, three-dimensional, and perfusable with culture medium (Chapter 3).
Templates made from standard 3D printed thermoplastic materials were converted into
gelatin gel, via an alginate gel intermediary, which allows us to make use of intricate and
reproducible 3D printed network designs in materials ideal for tissue engineering, and which
can be pre-loaded with cells to produce scaffolds with high and uniform cell densities.

Further, these three-dimensional and hierarchical gelatin templates were cast in collagen
(extracellular matrix-like) and fibrin (wound healing-like) gels and removed rapidly under
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physiological conditions (i.e. 37 ◦C), making them ideal for use as a vascular template.
This multi-casting process is a key finding of this project and enables large-scale and three
dimensional tissue constructs to be fabricated in the lab.

A series of pilot cell experiments were performed as a preliminary evaluation of these
vascular networks. By seeding fibroblasts into the bulk of the gel matrix and perfusing
the channel network with cell culture medium, we investigated how the cell viability was
dependent upon the flow rate, and a regime was found in which the vast majority of fibroblasts
were alive (i.e. above 10 mL/hr). It was observed that increasing the flow rate further caused
the cell morphology to change from being round to highly elongated; this is suggestive that
the cells were more metabolically active. Thus we were able to maintain a high cell viability
in a thick and densely populated scaffold.

Further to this work, the channels were seeded with endothelial cells so as to form a
nascent endothelium. It was found that by perfusing at a very low flow rate, the endothelial
cells would remain attached and would proliferate to cover the whole surface of the channels.
Increasing the flow rate led to poor cell attachment, thought due to high shear stresses
associated with pulsatile flow from the peristaltic pump.

Thus this novel process allows 3D printing technology to be used to produce hydrogel
templates without the requirement for a custom-made machine and using relatively inexpen-
sive materials. Further improvements to the method were then undertaken. The addition
of a custom-made PDMS chamber (fabricated using another 3D printed cast) and a surface
coating of PEI enabled a more stable alginate casting step to be performed, improving the
relaibility of the method and a more customizable device to be fabricated.

Limitations in 3D printing technology at this time led us to investigate forming micro-
scale vasculature via cellular processes. A literature review of three-dimensional capillary
experiments (Chapter 4) found no consensus on the best approach to their formation.

Thus two primary methods were investigated as a means to form a capillary-like vascular
network. An angiogenic approach using multi-cellular spheroids was first considered, in well
plate experiments (Chapter 5). The use of spheroids, in which high numbers of endothelial
cells are in immediate contact prior to encapsulating the gel matrix, yielded long, multi-
cellular structures with visible and large lumen, and were capable of creating long-lived and
interconnected networks.

Experiments were carried out using both fibroblasts and mesenchymal stromal cells as the
supporting cell type, and over a range of substrate concentrations. Furthermore, experiments
were also carried out which investigated incorporating the supporting cell type into the same
spheroid as the endothelial cell or into distinct spheroids themselves, though no particular
advantage was found in these approaches. Further, it was found that cells from spheroids
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were able to coat the inside of the large-scale, 3D printed channels, which may provide a
means of connecting the two systems together. However, deficiencies in this method were
found in the lack of uniformity of the spheroids in the gels, the time-consuming nature of
their fabrication, and importantly the limits on the number of cells which can be realistically
incorporated into the device.

A vasculogenic single-cell approach was investigated (Chapter 6) which would overcome
the limitations associated with the angiogenic, multi-cellular spheroid method. Optimal
conditions were identified in which cells seeded individually into a low concentration gel
matrix were able to form capillary-like structures. However, a large number of parameters
were observed to affect capillary morphogenesis in the well plate experiments.

In order to undertake perfusion experiments involving the addition of the 3D printed
channels, it was thought necessary to investigate capillary formation in higher matrix con-
centrations. The results suggested that networks were possible in these higher concentration
gels, suitable for perfusion experiments by using higher concentrations of cells, and that
capillary-like vessels would form with large lumen early on. However difficulties were
encountered in sustaining the high populations of cells by diffusion-based medium culture
alone, as was the case in the well plate and PDMS chamber experiments.

The findings of these experiments guide future work, in which the challenge will be to
incorporate the cellular co-culture techniques with the 3D printed channels approach, thereby
producing a vascular network over the full range of length-scales found in nature. At this
point, we should be able to support the survival of liver parenchymal cells which would add
functionality to the tissue construct.
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7.2 Future Work

7.2.1 Perfusion Experiments with 3D Printed and Cell-Based Vascular
Networks

The next part of this work is to combine the large-scale channels produced by the 3D printing
method with the capillary vessels produced by vasculogenic co-culture of endothelial and
mesenchymal stromal cell types, in 10 mg/ml fibrin gels and with higher concentrations of
cells, thereby producing perfusable lumen.

Based on the results of perfusion experiments performed with fibroblasts alongside the
3D printed channels, it should not be too difficult to induce a similar degree of spreading
of both endothelial cells and MSCs, at similar flow rates. The challenge will be to optimize
conditions under medium perfusion such that an interconnected network forms between
the capillary bed and the large-scale 3D printed channels. Flow of cell medium, carrying
nutrients and oxygen, through the capillaries is a pre-requisite for further cellular work
incorporating liver parenchymal cells.

7.2.2 Incorporation of Growth Factors into Gel Matrix

The binding of growth factors into the gel matrix itself, rather than as supplements to the cell
medium, is thought would enhance the formation of capillary structures and is preferable
as an inexpensive means of stimulating the cells. Two methods were described for doing
this; via the addition of a peptide sequence which allows the growth factors to be covalently
bound into the matrix, or by using the affinity of the growth factors to fibronectin, which
itself can be bound into the fibrin matrix. Both methods will be investigated in future.

7.2.3 Optimization of Gel Matrix Concentration

We also wish to improve the robustness of the gels, allowing them to be handled, whilst
maintaining the ability of the endothelial cells to form capillary networks. Further, a self-
supporting gel into which tubes can be attached directly would be beneficial. Thus a
20 mg/mL fibrin gel, rather than the 2.5-10 mg/mL concentrations employed in this project,
would produce a rigid structure capable of being handled. The main hurdle against using
high concentration gels is that the cells have to break down significantly more matrix to
migrate and spread, and that diffusion of metabolites and signaling factors is diminished
considerably.
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In this project we have shown cell spreading in 10 mg/mL fibrin gels despite being denser
than the optimal 2.5 mg/mL fibrin gels. Thus, increasing the flow rate to increase interstitial
flow, increasing cell concentration to lower cell-cell distances, and tailoring the 3D printed
channel structure to incorporate a reduced diffusion distance may mitigate the effects of using
high concentration fibrin as the matrix material. The ideal outcome would be a construct
with a solid outer shell and a soft internal structure formed by the degradation of the matrix
by cells. This will be investigated in future experiments.

7.2.4 Addition of Hepatoblasts to Add Funtionality to the Scaffold

The end goal of this research is a solid organ structure capable of supporting high densities
of parenchymal cells. Thus, once it has been shown that a full hierarchy of vascular channels
has been produced, hepatoblasts will be incorporated into the precursor solution, alongside
endothelial cells and MSCs. The literature has suggested that hepatoblasts are able to
modulate the capillary network formed by co-culture of HUVECs and MSCs, to form a more
liver-like vasculature [152, 153]. Thus the addition of the hepatoblast to our system would
greatly help in forming a more functional tissue construct.
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Appendix A

Densified Collagen Structures

A.1 Introduction

A key component of a vascular system separate from the bulk tissue is connecting tubes.
We investigated the use of densified collagen as a means of producing these tubes, which
culminated in the production of a replacement bile duct.

A.2 Densified Collagen

Densified collagen is closer to its native form than standard collagen gels, in which collagen
fibrils are aligned and organized into structures, providing mechanical strength. Further,
standard hydrogels are hyper-hydrated (i.e. 99%) while native tissue structures have far
less fluid. Densified collagen does not require chemical crosslinking to provide it with
suitable strength for in vivo work (though this can be done). Finally, while densification does
dramatically increase the matrix concentration, it is thought that since the fibers are well
organized, cells can migrate around the structure more freely than a higher concentration
collagen gel with randomly orientated fibrils.

To produce densified collagen, a normal collagen gel is first produced. Using relatively
high concentrations of 5-10 mg/mL collagen, the gel plastically compresses to form a thin
sheet as the water is withdrawn from the hydrogel. Experiments with other hydrogels
(gelatin, alginate) suggest that they do not undergo this deformation. Further, once densified,
immersion in water does not cause the structure to return to its original state but instead
remains unchanged. Thus the collagen fibrils are actively remodelling themselves into a
more stable configuration as water is removed, leaving a better organized construct.
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The primary interest of using densified collagen was the formation of inlets and outlets
for a tissue structure. Its use as a replacement for the bulk fibrin gel was likely to cause
problems in producing capillary networks and would require a project in itself to optimize
the gel thickness and concentration. As shown in Figure A.1(a), layers of densified collagen
can be produced on planar surfaces of gels. Tubular structures can also be fabricated for use
as inlets to the bulk gels, as shown in Figure A.1b,c.

(a)

1 mm

(b)

10 mm

Fig. A.1 (a) Densified collagen gel is produced by loading the top surface of the gel whilst
simultaneously withdrawing the water. The figure shows a region of densified collagen at the
top with normal collagen gel underneath. (b) By rolling a sheet of partially-densified collagen
into a tube and repeating the densification process, one is able to produce a large-scale tube
structure. This tube can be placed at the inlets of collagen gel, which forms a weak bond
with the tubes.

A.3 Replacement of a Common Murine Bile Duct

One of the primary aims of tissue engineering is an organ reconstruction or replacement
using primary cells expanded in vitro. To this end, collaborators were able to mechanically
isolate primary human cholangiocytes which formed into organoids. They subsequently
approached us for a method for fabricating a bioengineered conduit into which these cells
could be seeded and which then could be transplanted back into the animal.

Fabricating a collagen tube with a lumen diameter on the order of 250 µm with a
wall thickness of 50-100 µm, provided a challenge. Several approaches were investigated,
most notably rolling a thin sheet into a tube and suturing along its length. However, such
approaches invariably led to leaking around the sutures and a lumen unable to support itself
under its own weight. Thus we required a new method for the fabrication of a solid tube.
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A.3.1 Method

Densified collagen tubes were prepared using a novel approach, shown in Figure A.2. A
3D printed chamber was fabricated from PLA, consisting of a funnel piece and a base plate
250 µm thick metallic wire was mounted into the base plate and fed through the centre of the
funnel. Absorbent paper towels were compacted between the two 3D printed parts, which
were then screwed together. 5 mg/mL collagen gel solution, loaded with cells, was poured
into the funnel and gelled at 37◦C for 30 min. After that time, the screws were loosened and,
by placing the 3D printed chambers at 37◦C for 2-4 h, water was drawn out of the collagen
gel. A cell-loaded densified collagen tube was thus formed with a 250 µm lumen and a wall
thickness of 30-100 µm, determined by the duration of the drying phase. Upon removal from
the chamber, the tube was trimmed for excess collagen and cut to the required length.

Fig. A.2 Fabrication process for replacement bioengineered conduit.
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A.3.2 Results

As shown in Figure A.3, we were able to fabricate a tube by this process with a lumen of
250 µm and a wall thickness of 35 µm. The central channel was self-supporting and could
be cannulated with suture wire and metal stents.

1 mm

Fig. A.3 (a) Collagen tubes, seeded with primary human cholangiocytes, were generated via
the above process. Shown here is a tube, after removal from the 3D printed support and prior
to excision for implantation. (b) Tubes were fabricated with a lumen diameter of 250 µm
and a wall thickness of 35 µm.

Extensive biological characterization of the replacement bile ducts was performed. How-
ever, we were not involved in this part of the project and it is outside the scope of this chapter
on the tube fabrication method. The ability to produce fine collagen tubes over a range of
dimensions is useful for our research as a potential means of producing bioengineered inlets
for our devices.
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