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Regenerative medicine and tissue engineering solutions of heavily innervated tissues are at
this point lacklustre. This thesis expands our knowledge of appropriate acellular scaffolds for
tissue repair in general and nerve regeneration in particular. The optimal surgical procedure
for the implantation of artificial extracellular matrix (ECM) was evaluated for recombinant
human collagen (RHCIII) implants. Suturing techniques, as well as the usage of human amniotic
membrane “bandages” were evaluated. While complete regeneration of corneal tissues occurred,
only slight differences in effects of surgical technique could be found.
The safety and efficacy of clinical trials using mesenchymal stromal cells (MSCs) was
evaluated by conducting a systematic review and meta-analysis. MSC therapy was shown to
be safe, with no increases mortality, rehospitalization or adverse events. There was also an
indication of efficacy, as the overall mortality in the studies included was significantly smaller
in the MSC treated group.
Multicomponent hydrogel capsules encapsulating single cells were developed. Capsules
manufactured from gelatin, agarose and fibrinogen were compared to pure gelatin capsules. The
composite capsules successfully delayed cell release and prolonged cell survival.
Surface patterning of collagen based biomimetic corneas was performed by microcontact
printing. The ability of different sizes of fibronectin stripes to stimulate cell adhesion and
proliferation was compared. The patterned surfaces improved cell adhesion, as well as
proliferation markers.
Conductive polymer composites were manufactured for use as nerve guides. The guides were
created from electrospun polycaprolactone fibers coated with a series of different poly(3,4ethylenedioxythiophene) films. A comparison of nerve progenitor growth and differentiation on
the composite fibers was performed. Both the effects of fiber composition and MSC co-culture
was investigated, with or without electrostimulation. MSC treatments and polymer coating was
both important for nerve cell differentiation and growth.
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Advanced therapy medicinal product
Central nervous system
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Myocardial infarction
Cardiomyopathy and heart failure
Poly(methyl methacrylate)
Human amniotic membrane
Human umbilical vein endothelial cell
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2-methacryloyloxyethyl phosphorylcholine

Scope

This thesis examines a multi-pronged approach to regenerative medicine in
the eye. The primary focus is the regeneration of corneal stromal neurites after
corneal grafting and optic nerve regeneration using conductive fibers. In addition, this thesis examines the delivery of mesenchymal stromal cells (MSCs)
to regions of trauma and their efficacy in eliciting a paracrine immunosuppressive effect.
Our group has traditionally had a focus on corneal regeneration, so the research questions tend to be about general tissue regeneration. I have always
had an interest in neurobiology and nerve regeneration; this interest is something I wanted to guide my research in regenerative medicine, chemistry, and
material science. My primary aim for my doctorate was the development and
validation of conductive fibers. The test systems and the design of the fibers
themselves have been refined over time, and other projects have improved our
knowledge about how to best design a system where these guides might be
most successful. Parallel to the work on a nerve guide, I have been involved
in projects designed to improve the corneal regeneration solutions the group
are making.
To create improved regenerative scaffolds, we investigated the impact of
structure, design and procedures (paper I, III and IV).1-3 We also investigated
the feasibility of using cell-based solutions in clinical settings (Paper II).
Based on the knowledge acquired in these studies and through extensive literature searches, a regenerative device was created (paper V). The device consists of acellular scaffolds that have the capacity of draw in and guide axons
and MSCs that improve the growth of these nerves as well as supply an antiinflammatory effect.
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Introduction

Tissue Engineering
The human body has a great innate capacity for repair and regeneration. As a
response to large injury, evolutionary pressures have prioritized fast repair
over complete functional recovery. Tissue engineering is a discipline within
medical science where material and engineering solutions are used to improve
survival and functional recovery. Extracellular matrix as well as cell based
treatments have been investigated as ways to engineer tissues that can serve
as replacements for parts of damaged organs. Tissue engineering might be
seen as a subsection or regenerative medicine, or as a separate field with large
overlap. Where regenerative medicine includes centrally administered therapeutics, similar to traditional medicine, tissue engineering has a narrower focus on the organ or tissue where the damage resides. Tissue engineering covers some pragmatic, non-regenerative solutions that can not be said belongs
to regenerative medicine. Static tissues, such as bone, might be repaired with
non-biodegradable, non-regenerative materials. A non regenerative approach
is sometimes preferred, particularly in patients with limited regenerative capacity.4 Biosynthetic corneas are both functional prostheses and regenerative
implants, and would therefore be considered as an example of both tissue engineering and regenerative medicine (Fig 1).5
Corneas, being one of the most densely innervated tissues in the body is a
good model for developing material solutions to generalized nerve regeneration. The entire eye has unique, diverse, and complex nerve populations. In
this thesis we focus on both the cornea and the optic nerve, two very different
tissues that share the recurring medical issue of incomplete re-innervation following trauma.6, 7
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Figure 1. Pig eyes, implanted with biomimetic corneas. The corneas are covered by
a human amniotic membrane and the two eyes were operated with either (a) interrupted or (b) overlying sutures. Figure reproduced from paper I.

The importance of physical characteristics
Mechanical characteristics
The modulus of an implant is of fundamental importance to avoid rejection.
A modulus mismatch between the implant and the surrounding tissue may
cause constant stress on the interfacing surfaces. This can cause detachment,
cell and tissue damage, and will almost always lead to inflammation. When
materials of different elasticity or pliability are in contact, they will deform to
different degrees which will cause tearing at their interface. As the material
damages the surrounding tissue, this becomes a site of constant inflammation
and the implant will reject. The tolerance for mismatch will be higher in a
static tissue, but it’s still an important factor to consider. A mismatch in the
cornea between the implant and the surrounding tissue can be tolerated. Both
biomimetic corneas and keratoprostheses can be tolerated by the surrounding
tissue; there is however a difference in the inflammatory response that is likely
stemming from differing modulus.1, 8-10 While biomimetic corneas have mechanical properties in the approximate range of the cornea (Table 1), the Boston K-pro is created from solid PMMA plastics, which have a Young’s Modulus in excess of 600MPa.11 The Boston K-pro requires lifelong daily local
immunosuppression in the form of topical steroids; biomimetic corneas do not
require regular maintenance for more than the immediate post-operative period.9, 10
The optic nerve is a more mechanically complex tissue compared to the
cornea. Due to the biaxial rotation of the eye, parts of the optic nerve are exposed to much higher deformation compared to other sections.6 The nerve fibers themselves, particularly in early stages of regeneration, will be prone to
damage from deformation due to the lack of surrounding support tissue that
can shield from mechanical forces.
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When determining the appropriate material and design, some required characteristics are obvious, and some are far less intuitive. While a hard, strong
material might be beneficial during the implantation procedure, those same
characteristics might cause rejection due to a modulus mismatch with the surrounding tissues12. A flexible and stretchy material might be able to deform
well with the movements of the surrounding tissues, but might not shield cells
and nerve fibers on its surface from mechanical stress. If the support deforms
more than the nerve fibers that grow on it, the axons will be severed.
Table 1. Material properties of RHCIII and RHCIII-MPC hydrogels. Reproduced
from paper III.
Properties
Water content
(%)
Optical properties
Refractive index
Transmission
(%)
Backscatter (%)
Mechanical properties
Tensile strength
(MPa)
Elongation at
break (%)
Elastic modulus
(MPa)
Thermodynamic
properties
Td ( C)

13.7% RHCIIIMPC

18% RHCIIIMPC

18% RHCIII

Human cornea

90.1±2.4

85.5±0.2

86.0±0.2

78

1.35

1.36

1.35

1.37-1.38

98.3 ± 1.5
1.8 ± 0.0

91.6 ± 0.46
1.9 ± 0.2

87.4 ± 0.9
1.3 ± 0.4

87
3

1.29 ± 0.31

2.12 ± 0.18

2.37 ± 0.4

3.81 ± 0.4

37.89 ± 10.31

33.34 ± 3.87

28.21 ± 2.01

5.26 ± 1.5

9.46 ± 3.58

15.33 ± 2.67

54.1

57.6

53.1

65.1

Chemical characteristics
The chemical composition of the surface of the device or material needs to be
carefully considered based on its intended function. Most cells tend towards
adhesion to a moderately hydrophobic surface. Proteins are comprised of both
hydrophobic and hydrophilic regions, this causes selective absorption to surfaces, where differences in surface hydrophobicity changes which proteins are
primarily absorbed to the surface.13 As a general rule protein absorption to a
surface is reduced as hydrophobicity decreases.14 Cell adhesion is generally
higher on hydrophobic surfaces; both due to a more chemically diverse surface
with a higher degree of absorbed dissolved protein, and also as a result of
hydrophobic interactions between the cell surface and the scaffold.
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While surface adhesion is important on most materials for biomedical engineering; the ability for cells to infiltrate or exfiltrate the scaffold is also important. Animal or human derived polymers rely heavily on enzymatic degradation for removal. Collagenases and other matrix metalloproteases (MMPs),
are present in most human tissues.15, 16 Depending on solid content, and cross
linking density the speed of material breakdown can be controlled. Synthetic
materials, and materials from a biological source far removed from humans
often do not suffer enzymatic degradation.17 If the target is to have the scaffold
gradually soften, polymers with hydrolysis prone sites, such as polyesters, polyanhydrides or polyethers are good candidates;17 examples of these materials
would be polycaprolactone, poly(bis carboxyphenoxypropane) (pCCP) and
polyethylene glycol (PEG) respectively.17, 18
The use of cells
Schwann cells are PNS glial cells that trigger regeneration in the PNS.19 In the
CNS, retina and optic nerve included, nerves are generally not regenerated. In
these tissues the glial cells are activated to form glial scars. In animal studies,
MSC treatment has reduced glial scar formation and improved the repair of
the CNS.20 MSC based treatments have been investigated in several animal
models, with good result. A canine spinal cord model used NeuroGen (Collagen based commercial nerve guide) seeded with MSCs, and saw significant
functional improvement compared to the group of animals implanted with
NeuroGen alone20. In the canine model, increased re-myelination was also
seen in the MSC treated group. Rat sciatic studies have found similar results;
PCL based NeuroLac implants incubated in MSC culture media showed improved neurite extension, nerve tissue organization, as well as improved functional outcomes21. There was an increase of nerve regrowth both in the groups
with co-implantation of both MSC and SC, as well as in the group that only
received MSCs. While the improvement in PNS repair was greatest in presence of SC on the nerve guide, there was a large effect even in absence of
these cells.
Modulation of inflammatory response is one of the fundamental routes of
action for the paracrine effects MSCs.22 Inflammation is also known to have a
strong effect on nerve regeneration. There is a large amount of evidence from
animal studies that MSC injections, local or centrally administered, have a
beneficial effect on recovery after trauma.23, 24 To show that MSCs are clinically relevant, we performed a systematic review and meta-analysis (paper II),
investigating the risks as well as beneficial effects of injected MSC treatments
in vascular trauma.
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Regenerative scaffold materials
The papers in this thesis utilize a wide array of base building blocks. The main
components are made up of synthetic or biologically derived polymers. To
understand the choices in scaffold design, an understanding of the constituent
polymers is required.

Synthetic Polymers
The initial stage of device development requires evaluation of appropriate materials (Table 2). The researcher needs to identify the most critical properties
of each constituent of the intended device, and review the available materials.
When considering synthetic materials, most mechanical and chemical properties are often well documented. Different variants of each polymer under review can be compared; and the manufacturer controls the production in detail
to achieve a consistent product.
Table 2. Brief description of polymers used. Poly-2-methacryloyloxyethyl phosphorylcholine (PMPC), polyethylene glycol (PEG), polycaprolactone (PCL), poly(3,4ethylenedioxythiophene) (PEDOT), collagen, gelatin, and agarose.
Polymer

Synthetic/Natural

Primary route of biodegradation

MPC
PEG

Synthetic
Synthetic

Hydrolysis
Hydrolysis

PCL

Synthetic

Hydrolysis

PEDOT

Synthetic

N/A

Collagen

Natural

Enzymatic

Gelatin

Natural

Enzymatic

Agarose

Natural

Hydrolysis

MPC
2-methacryloyloxyethyl phosphorylcholine (MPC) can be polymerized or copolymerized to form hydrogels through free radical reactions (Fig. 2).25 Many
co-polymers containing MPC or poly-MPC (PMPC) have increased biocompatibility compared to their non-phosphorycholine containing parent materials. The low cost and easy integration into materials made from other polymers have lead to wide spread use of MPC and PMPC in medical device manufacture; some examples being urethral stents, nephrostomy drains, coronary
stents, and contact lenses, as well as contact lens solutions.26-29
PEG
Polyethylene glycol (PEG) is one of the most widely used polymers in medical
applications. An almost endless supply of PEGs of different sizes exist; and
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they serve many functions. PEGylation is used for modification of both single
molecules as well as surfaces of devices and implants.30 The two main properties conferred by PEGylation in therapeutic substances in increased biocompatibility and solubility. Manufacture of PEG is simple, cheap and allows for
manufacture of variants with beneficial properties for varied biomedical applications.
PCL
Polycaprolactone has been widely used as a base scaffold in regenerative applications due to it’s low immunogenicity and its biodegradability. This polyester has been used as a scaffold for bone regeneration alone and in conjunction with micro-particles of hydroxyapatite.
The properties dictating viscosity of PCL containing solvent system are the
molecular weight of the PCL, as well as the solid content31. Leaching of solid
PCL based structures is affected by surface structure, internal porosity, molecular weight of the polymer32, 33. Hydrolysis speeds are determinants for loss
of solid content in structures manufactured from PCL. Hydrolysis will be affected by ionic strength of the environment, pH, as well as any chemical substitutions in the PEG backbone; oxime- or imine- substituted PEG backbones
will greatly expedite the hydrolytic breakdown of PEGs34.
PEDOT
Poly(3,4-ethylenedioxythiophene) is a polymer that combines several advantageous properties for both medicine and device manufacture. PEDOT is conductive, and depending on its state it can be made transparent. PEDOT is not
biodegradable, and any hydrolysis of the polymer is extremely limited or nonexistent.35, 36 The pure PEDOT polymer is highly insoluble in most systems,
which can limit the manufacturing options. The conductivity of bare PEDOT
is relatively poor, which is overcome by doping the material. Both n- and pdoping of PEDOT is possible; however, n-doping can only accomplish a fraction of the conductivity reached by p-doping.37 Some composite materials partially made up by PEDOT can however surpass that issue, the most commonly
used variant being PEDOT:PSS.
PEDOT:PSS is a macromolecular salt of PEDOT and polystyrene sulfonate; this material has a dark blue appearance and while not soluble, it is
easily made into a dispersion in both alcohols and aqueous systems. The sulfonyl groups in this composite are partially deprotonated, holding negative
charge, while the PEDOT holds positive charge. Standard manufacturing procedures for PEDOT:PSS coated surfaces most often use spin coating or dip
coating.
PEDOT:PSS can be deposited directly to a surface using dip- or spin coating, but there will be some leaching of the material over time, particularly
when it is absorbed to a surface that can undergo hydrolysis. An alternative
solution is to create the PEDOT polymer in situ; this can be accomplished by
13

coating the surface with a catalyst (oxidant) and exposing it to vapor phase
EDOT. We used Iron (III) Tosylate as the oxidant in our system, leaving the
tosylate as the counterion. The conductive element in both the PEDOT:PSS
and PEDOT:Tosylate is the PEDOT, the latter has comparatively higher conductivity, which can be explained by the higher PEDOT/counter-ion ratio
(Fig. 2).

Figure 2. The interaction between PEDOT and its dopants; PSS, and Tosylate.

Biologically derived polymers
An immense library of large molecules derived from biological sources exist
today; many produced under controlled conditions, with the specific target
being medical science and clinical applications.
Biopolymers and bio-macromolecules isolated from organisms often display characteristics that we can use to create a biocompatible treatment or device. It’s easy to find materials with specific bioactivity, inflammatory properties, or enzymatic degradation profiles in this family of materials.
The trade-off that has to be made when using bio-derived materials is the
decrease in control of production consistency. Biological systems are infinitely more complex than in vitro chemical synthesis. Even with the inherent
complexity of production, the most common bio-macromolecules can be
14

found with a very high degree of purity, and very low batch to batch variability.
Collagen
The main ECM component in any higher animal comes in a vast array of types.
The main types (I – VI) are well characterized in both sequence and structure.
Collagens are most frequently made up of a heterotrimeric coil, one α2 subunit
and two α1 subunits. Collagens are initially excreted and assembled by a multitude of cells, mesenchymal stromal cells and fibroblasts being the most abundant sources in the target tissues discussed in this thesis. Collagens follow the
rule of XaaYaaGaa; where Xaa denotes any amino acid, most commonly Pro,
Asp, Glu, or Ala. Yaa is in animal collagens often a hydroxyproline; other
common residues in the Y position is Lys, Ala, Thr, and Gln. Gaa is always a
glycine.38, 39 The collagen is initially held together by structural entanglement
and ionic interaction (salt bridges).40 Over time more of the collagen becomes
covalently cross-linked both by free radicals and enzymatic activity; the main
collagen cross linker being lysyl oxidase.41 The triple helical tropocollagen
assembles to form larger coiling collagen fibrils and fibers (Fig. 3).42 Deficiencies in lysyl oxidase expression can cause connective tissue disease, and
can cause keratoconus.43

Figure 3. Scanning electron microscopy (SEM) images of collagen fibers found in
human skin.42

Gelatin
Gelatin, the denatured, or partially denatured variant of Collagen. While the
helicity of this protein is lower than in collagen, the tendency to partially reassemble makes gelatin useful for the manufacture of thermal gels, and thermoresponsive materials. In manufacturing gelatin, collagenous tissues are
used; these are put through denaturing treatments that include sheering, heating and acid treatments. Depending on the isolation method the resulting gelatin strands might be of more or less heterogeneous size, milder treatments
where less acidic conditions, or lower temperature are used results in longer
and more homogenous protein.44 The processing conditions when extracting
15

gelatin and is classified either by referring to the average single strand molecular weight, or by using the “bloom value” based on the rheological properties of gelatin hydrogels.45 A higher bloom value corresponds to a higher
average strand length. The ratio of certain amino acids is an important determinant of thermostability as well as rheological properties in partially re-assembled gelatin. Proline and hydroxyproline are the main determinants of tertiary structure stability, a feature shared with collagen.46, 47
Agarose
A plant derived proteoglycan, agarose, has some very interesting gelation
properties. Agarose is a largely bioinert and nontoxic material in humans,
making it a useful support material.48 The lack of enzymatic breakdown, or
clearance of agarose means it can be used in cases where a soft, lasting structure for implantation is needed.49
Agarose melts in the range of 60-95 C, and gels when falling below 3055 C depending on posttranslational modifications, and synthetic methylation.50, 51 Below 0.1% aqueous agarose solutions behave as Newtonian liquids,
above this range they display plastic behaviour.52 The dynamic modulus of
low concentration agarose hydrogels peaks close to 30 C. There is a strong
effect of pH on agarose gel stiffness, the dynamic modulus is highest close to
pH 9.5, and below pH 2.5; the lowest dynamic modulus occurs at pH 5-6.
Agarose hydrogels are incompressible (have a fixed volume), and the strain
at failure is almost exclusively dependent on the agarose strand molecular
weight.53 The stress and Young’s modulus of agarose hydrogels are determined by both molecular weight, as well as solid content; increasing with
both.

Crosslinking and polymerization
EDC-NHS
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) is used to activate
carboxyl groups, forming an o-acylisourea intermediary.54 EDC is a water soluble, zero length crosslinker. The o-acylisourea is unstable, and will be displaced either by nucleophilic attack or hydrolysis. At pH 4.5 nucleophilic attack by primary amines is highly efficient and rapid.55 Sulfo-N-hydroxysuccinimide (sulfo-NHS) can be used in combination with EDC to create a
second more stable sulfo-NHS ester intermediary (Fig 4). The sulfo-NHS ester
is less prone to hydrolysis, and will react with primary amines at neutral pH.
The unstable nature of EDC makes it necessary to prepare these solutions
fresh, and to use them within minutes of dissolving the powdered EDC.
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Figure 4. Carbodiimide crosslinking can be performed with or without NHS/SulfoNHS. The reaction described in the top row occurs readily at pH 4.5. In the presence
of Sulfo-NHS both of the above described chemistries occur.

Free radical polymerization
N,N,N′,N′-Tetramethylethylenediamine (TEMED) is a tertiary amine that can
be used to generate free radicals from ammonium persulfate (APS) or riboflavin.56 Free radicals initiate radical chain growth polymerization, which can
propagate as long as there are monomers to act as substrate; conjugation of
two chains containing free radicals can however terminate the extension
through combining, disproportionation can also occur in which case one polymer terminated in a double bond.57, 58 An example of this type of chemistry
is the growth of PMPC from MPC (Fig 5).
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Figure 5. The polymerization of 2-methacryloyloxyethyl phosphorylcholine (MPC)
into PMPC, using a free radical initiator; TEMED, and APS.

PEDOT:tosylate polymerization
3,4-Ethylenedioxythiophene (EDOT) is the monomer building block of PEDOT. The base polymer, lacking a dopant, can be manufactured by FeCl3
initiated polymerization.59 For a high degree of doping, and for in situ
polymerization, an oxidant that carries the dopant is beneficial.60, 61 Iron coupled charged organic molecules are used for this purpose; some variants of
doped PEDOT are made using iron(III)-trifluoromethanesulfonate, dodecylbenzosulfonic acid, and Fe(III)-Tosylate; pictured is the polymerization
and doping of PEDOT using Fe(III)-Tosylate.35, 62

Figure 6. PEDOT polymerization from EDOT and Iron(III) p-toluenesulfonate hexahydrate.
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Biology of the eye and its nerves
The eye is a complex organ and with a wide variety of tissues that serve vastly
different purposes. Of specific relevance to this thesis are the cornea in front
of the eye with its nerve supply from the trigeminal ganglion, and the optic
nerve that originates from cranial nerve II and connects to the retina in the
eye.6

Cornea
The cornea is a convex layered organ with three main tissue layers: the epithelium, the stroma, and the endothelium. The layered central part of the cornea is encircled by the limbus, a stem cell bank used for repair and renewal of
the cornea. The epithelium is a thin structure made up of five to six layers of
cells. The cell population is rapidly replaced by epithelial cells migrating from
the limbus. These cells have a short lifespan, and are replenished on a scale of
days to weeks.63 The cells at the center of the cornea have to travel more than
3 mm or more than 150 times the cell length to take their place. The stroma
has a dense ECM consisting of mainly collagen type I. Corneal stromal cells,
neuronal cells and immune cells are the main cells in the stroma. In the healthy
eye, the cornea lacks vascularization, and relies instead on diffusion of liquid,
which is expedited by the pressure gradient across the tissue. The anterior region of the cornea is made up of the endothelium, which is one cell thick and
made up of hexagonal cells. The tissue is separated from the cornea by
Descemet’s membrane, an acellular collagen rich structure.
The cornea is densely innervated, with a nerve density of several hundred
times compared to skin.64 The function of corneal nerves is both to incentivise
protection of the eye, and to trigger corneal blink response which hydrates the
corneal surface. Damage or loss of these nerves often leads to inflammatory
corneal disease and the degenerative condition neurotrophic keratitis (NTK).
The route from nerve damage to NTK is two-fold; both the increased infection
risk, and the increased mechanical stress on the corneal epithelium can lead to
inflammation and NTK.
The deep anterior lamellar keratoplasty (DALK) is a standard procedure
used to treat damage corneal surfaces where the limbus is intact. The surgeon
cuts down through 90% of the corneal thickness using a round blade (trephine), the anterior 70% of the tissue is then removed by cutting65. When a
pocket has been created, a replacement cornea of corresponding thickness is
inserted and sutured in place. As a result of a DALK procedure all corneal
nerves in the central cornea are removed, something that demands a replacement scaffold beneficial for nerve regeneration.
The cornea is an optimal model for evaluating new regenerative materials and
strategies. It has clear and discrete layers of tissues with differing requirements
and properties. The cornea is easily accessible and is removed from the systemic
19

circulation. There are some large benefits from working in an optically clear tissue
when evaluating clinical results; there’s no option of removing a regenerated organ from a patient to section it and evaluate it in the lab. In the cornea, we still
have access to optical data as we can use in vivo confocal microscopy (IVCM).
As a model for investigating nerve regeneration the cornea has a particular benefit,
as corneal nerves are easily identified in IVCM (Fig. 7).

Figure 7. Unoperated, biosynthetic, and donor cornea. The top row shows optical
coherence tomography. Rows 2 -5 show in vivo confocal microscopy images of (AC) epithelium, (D-F) sub-basal epithelial nerve complex, (G-L) stroma and (M-O)
endothelial layer.66
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The optic nerve
The optic nerve has a central nerve bundle, surrounded by a protective sheath.
Bundles of neurites align next to each other, following their neighbors, as well
as the path laid out by the nerve sheath. The nerve has a diameter of 3.5 mm
and the outer diameter of the sheath is approximately 5 mm67. The structure is
vascularized, but the vascularity only penetrates the dense sheath in a few positions; for the most part of the length, the vascularity follows either the outer
or inner surface of the sheath.
The mode of cell adhesion and migration is important to consider no matter
what tissue you want to regenerate, and the bundled and tubular structures in
large nerves comes with a special challenge. In the case were partial damage
has occurred, the severed axons have structures to point them to their intended
targets in the form of their sister axons and the nerve sheet.68 When the nerve
is severed however, the axons end up following the surfaces of adjacent tissues, meaning they end up as strings aimlessly crawling around the end of the
tube they exit (a neuroma).19, 69 The nerves might start returning towards their
source on the outside of the nerve sheet. Nerve guides have been used in attempts to get around these issues through adding a tube for the nerves to follow. Often the result of hollow tubes as nerve guides is that the larger part of
nerve threads extend around the entrance to said tube, but they do not actually
follow it to their target.

Artificial compared to biosynthetic or bio-derived
implants
The non regenerative option for corneal replacement is an inorganic, metal
and plastic device called a keratoprosthesis. While the keratoprosthesis has
helped numerous patients, new regenerative solutions can provide several benefits over a purely prosthetic implant.
Artificial implants
Corneal implantable devices have a long history as treatments for opaque corneas. Early examples of these devices, pioneered in the mid to late 1800s had
extremely poor in vivo survival; causing rejection and expulsion of the device.10, 70 Today the leading implant on the market, the Boston K-pro (Fig 8),
has overcome many of the limitations with implantable, non-regenerative, corneal devices; however, one of the main advances is improved immunosuppressant regimens that circumvent inflammation and rejection.10
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Figure 8. Type 1 boston k-pro. (a) Implanted after multiple graft failure and (b) implanted as treatment for gelatinous drop like dystrophy.71

Biosynthetic implants
The first generation of corneal regenerative implants were simple collagen hydrogels in the shape of the cornea. In the early 2000s, these implants were
tested in rabbits and pigs before entering Phase I/II clinical trials.5, 66, 72 The
material evolved from a 9% w/w porcine collagen type I implant, tested in
rabbits in 2006, to a recombinant human collagen, type III (RHCIII) implant
that was tested in minipigs, before beginning a pilot human clinical trial in
2008.72 The participants in the pilot study of RHCIII implants were compared
to recipients of human donor corneas (HDC) and have undergone longitudinal
follow-up to the present day. The biomimetic corneas were remodelled by infiltration of the participant’s cells and the generation of new corneal extracellular matrix (ECM) in the absence of immunosuppression (Fig. 9).

Figure 9. Slit lamp microscopy of regenerated human corneas. Four years after implantation with RHCIII based biomimetic corneas.9

While the first generation of artificial cornea worked as an alternative to HDCs
there were several aspects that needed improvement. The implants were both
less dense and had lower tensile strength compared to HDCs (Table 1).3, 72 The
material properties of the corneas, meant that overlying sutures preferable to
interrupted. Re-epithelialization was thought to be slowed due to suturing
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technique, and there was an initial thinning of the implants over the first three
months post-operatively. The corneal thinning lead to astigmatism, which was
corrected by spectacles or contacts. To improve on the material properties,
several variants of hydrogels have been investigated; the most promising being hydrogels with two component interpenetrating networks.
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Results and discussion

Paper I
Previous work by our group found a thinning of the cornea, possibly attributable to slow re-epithelialization.66 These results were from human patients implanted with recombinant human collagen type III (RHCIII). We investigated
the possible causes in a pig model. We compared the effects of different suturing techniques, as well as the use of human amniotic membranes (HAMs)
to cover the biosynthetic cornea. The suturing techniques compared were interrupted sutures and overlying sutures. Pigs implanted with RHCIII based
implants all regenerated corneas within 12 months1. The results in both 13.7%
and 15% RHCIII implants were very similar to earlier studies using implants
with 10% RHCIII.5 Higher solid content hydrogels have improved mechanical
properties (fig mechanical properties), but the gain in hydrogel strength in the
RHCIII based corneas unfortunately comes with increased manufacturing difficulties.3, 73 The first generations of biomimetic corneas were all made by
manual mixing in a t-piece system (fig. corneal manufacture). As solid content
is increased, viscosity increases with it. Above 15-18% dissolved RHCIII becomes unfeasible, and dangerous; high force applied to the system by manual
mixing can lead to syringe breaks, cuts, and damaged wrists.
The application of human amniotic membranes (HAM) over the corneas
was meant to decrease the risk of dehydration of the implants as well as decreasing inflammation. There was no significant effect of the application of
HAM in itself; however, there was a higher amount of neovascularization in
the HAM covered 15% RHCIII implants compared to the other operated
groups. The 13.7% RHCIII cornea with HAM did not show increased vascularization. The lack of an effect of HAM might stem from the lack of immunogenicity of the biomimetic corneas. At 12 months, the clinician could not
detect inflammation in any of the implanted corneas and the total number of
positively stained macrophages was less than five in all corneas.
This study did not find a large variability between the materials used. Both
of the RHCIII based collagen formulations resulted in full regeneration of the
cornea. Re-innervation in all groups indicate a high degree of functional recovery, and faster regeneration compared to previous human trials using human donor corneas (Fig 10).74 Macroscopic investigation of the eyes found
significantly more blood vessels in the corneas implanted by using interrupted
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sutures. There was no delay in re-epithelialization in any group; overlying sutures did not block epithelial ingrowth.

Figure 10. In vivo confocal microscopy (IVCM) showing corneal nerves (arrows).
(A, B) Unoperated cornea, subepithelial zone and anterior stroma respectively. (C,
D) Corresponding zones in contralateral, cornea implanted with RHCIII based biosynthetic cornea.

The surgical technique that was found favorable in this study was implantation
using overlying sutures. It is possible that human amniotic membranes are
beneficial in older human patients, but there was no benefit in the current animal model.

Paper II
MSCs have been used in clinical interventions to supply paracrine factors to
suppress undesired, often adverse inflammation and to stimulate regeneration.
While there are a few studies in the cornea, this area is still in its infancy.75, 76
I therefore used another disease model to perform a systematic review and
metanalysis of the safety and efficacy of MSCs in restoring tissue function.
Instead of an eye model, I analyzed the available clinical trial data on MSC
treatments of cardiomyopathy and heart failure (CMHF), myocardial infarction (MI) and stroke. The study, which serves as a detailed analysis of all
available data from randomized controlled trials on the subject, was able to
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not only verify the safety of this treatment; but also in some cases efficacy.
We were able to validate the clinical utility of injected MSCs; to our
knowledge this is the first-time robust statistical significance has been found
of this type of therapy in patients. Long term survival was improved in patients
who were treated with MSC injections, compared to sham controls. Traditionally mortality is considered a safety outcome, in this study we found that the
treatment counteracted the increased mortality that is associated with this pool
of conditions; making this an important measure of efficacy. It is important to
note that the significant decrease in mortality is only found in the top hierarchical grouping; in the CMHF and MI groups there was no significant decrease in mortality. In the cardiac patients the analytical power was high, and
there was no indication of increased mortality. The type of trauma treated in
this study is vascular adjacent ischemia or ischemia-reperfusion injuries. The
most interesting effects of MSC treatments, for our continued work is inflammation modulation and cell re-programming; the results from this study informs future work in paper V. While CMHF, MI, and stroke are not the primary conditions I’ve been focused on in this thesis; the work performed in this
paper strengthens our understanding of appropriate, clinically relevant, dosages and route of administration for MSC treatments in humans. There is already strong support for MSCs as mediators of nerve regeneration from animal studies, and the route of action for this effect is the same as in the trials
included in this work.20, 21, 77, 78

Paper III
In animal MSC trials, the cell treatment effects diminish over time as the
MSCs are lost.79 Encapsulation of cells allows us to tune the environment and
improve survival of cell therapies. Here, we used two model cell lines to establish the technique prior to using primary MSCs isolated from bone marrow
of donors. We showed that the peptide components of the hydrogel, the gelatin
and fibronectin, stabilizes the capsules by shifting the zeta potential from neutral; the increased electrostatic repulsion decreases the ability of the capsules
to merge. The method allowed us to create stable, single cell capsules that
released cells to the external substrate at a predictable rate. Although there
was cell death associated with the initial encapsulation of HUVECs, the cells
did not further suffer by being encapsulated and cell survival was not significantly different between 24 hours and 48 hours. The HUVECs also retained
their normal tubulogenesis capacity.
We illustrated the release dynamics both in human fibroblasts and HUVECS. In absence of gelatin cells fail to break out from the capsules (Fig. 11).
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Figure 11. Optical micrographs depicting the release of human fibroblasts from agarose-gelatin-fibrinogen (A), agarose (B), and non-encapsulated cells (C).

The results from this study will enable us to create an optimized environment
for cell delivery. The results will benefit future development of regenerative
solutions integrating cell treatments as part of devices; the type of devices described in paper V.

Paper IV
Rapid colonization of the regenerative implants is necessary for optimal outcomes in many tissues. To investigate how spacing of cells affect spread and
proliferation two different types of patterned surfaces were designed; 30um
and 200 um wide stripes were patterned with fibronectin. The narrow stripes
crowd the cells and doesn’t allow several cells to grow side by side. The main
goal of this work was to develop methods for fabrication of patterned soft
materials, it also serves to highlight the importance of patterning for rapid colonization of 2D surfaces. We were able to manufacture hydrogels with characteristics suitable for post-production modification by micro contact printing.
The RHCIII-MPC hydrogels have a higher final solid content compared to
earlier generations of corneal implants. The co-polymer network relies on different crosslinking chemistry (Fig RHCIII-MPC). The resulting interpenetrating network achieves properties we have been unable to reach with collagen
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only gels73. By investigating proliferation and cell adhesion of HCECs, we
found that a densely patterned surface with 30µm strip had the highest levels
of Integrin β1, FAK, and Ki67; though the wide variability of expression only
allows us to draw significant conclusions regarding FAK when comparing the
30 and 200µm strip patterns. The very structured behavior of the HCECs on
the patterned surfaces in comparison to the unmodified and deactivated surfaces highlight the programmable nature of these cells; when fibronectin is
available there is no adhesion to the uncoated parts of the surface, even though
these cells evidently can survive and proliferate on these surfaces without the
fibronectin.
The strong association to patterned sections of fiber, even on densely populated surfaces shows how surface structure and binding programs cells to
spread in predictable ways. In this work we work on 2D surfaces, something
that is expanded into 3D structures in paper V.

Paper V
Regeneration of large nerve bundles needs to be guided in a particular direction. To facilitate this a composite nerve guide was designed. The base support
structure was manufactured using electrospinning. The polymer used was polycaprolactone (PCL). A series of solvent systems were evaluated including
fluoroacetic acid, ethanol and acetic acid, and chloroform. The viscosity, density, and conductivity of the polymer solution, as well as the produced fiber,
have effects on the resulting mesh. The goal is a uniform, predictable fiber
that lies in a size range allowing individual cells to attach on one single fiber.
Early variants of our solutions resulted in spraying of microscopic droplets
(electro-spraying) on our collector, this was particularly seen in low viscosity
solutions. Some mixtures resulted in uneven fiber size, and buildup of polymer
solution on the needle; this happened in the cases with very high concentration
of dissolved material, and very high viscosity liquids. A 13% w/v solution of
PCL in chloroform was found to have consistent results of aligned fibers,
measuring 4 um in diameter.
PEDOT based coatings have been shown to support nerve cell attachment
and growth.69, 80 A series of these conductive polymer coatings were evaluated
to provide a cell friendly surface of the aligned scaffold
The PEDOT coatings that were initially investigated were PEDOT:PSS,
applied to the surface by dip coating, and PEDOT:Tosylate, polymerized in
situ by vapor phase deposition. The manufacture of PEDOT:Tosylate required
spin coating the material with an oxidative agent (Fe(III)-tosylate), and then
exposing the material to gaseous 3,4-Ethylenedioxythiophene (EDOT).
Our first pilot trials with vapor phase deposition of PEDOT:tosylate on
PCL produced a more brittle fiber compared to dip coating. We hoped that an
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initial dip coating would shield the fiber from the oxidative agent and result
in a less brittle fiber compared to the vapor phase deposition treatment alone.
While the dual coated material was less brittle than the PEDOT:Tosylate,
the difference was only noticeable in dry materials.
There was a clear difference in neurofilament heavy chain (NF-hc) staining
between groups that had been co-cultured with MSCs and those where NDCs
had been cultured alone; the MSC treatment increases differentiation to a neural phenotype (Fig. 12). There was an effect of electrostimulation in all groups,
the stimulated NDCs having higher levels of NF-hc compared to NDC cultured without stimulation. The effect of combining both electrostimulation
and MSC co-culture was however less efficient at increasing NF-hc expression or axonal extension compared to MSC co-culture alone.
The reduced efficacy of MSC co-culture in the electrostimulated groups
could be linked to changes in local concentrations of paracrine factors released
by the MSCs; the electric field may also affect how molecules with high
charge/weight ratio distribute in the culture system.81-83
The material that had the largest amount of identifiable neurites, as well as
a high NF-hc staining and a large amount of identifiable nerve fibers, was the
PEDOT-tosylate-PCL, co-cultured with MSC.
From this study we identified PEDOT-tosylate-PCL as the most promising
nerve guide component for continued development. We also conclude that
MSC based therapies will improve the potential for nerve regeneration on
these scaffolds. If animal studies are performed it would still be pertinent to
instigate the electrostimulation combined with MSC treatment.
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Figure 12. Neurofilament heavy chain (NF-hc) staining of neuroblastoma cells
(NDCs) cultured on the four different types of linearly aligned scaffolds. Row one and
three are cultures of NDCs alone, row two and four were co-cultures with MSCs. NFhc staining is shown in red. Blue channel shows DAPI nuclear stain. The uncoated
PCL fibers are shown above (a-d). ICC staining of the PEDOT:PSS-PCL fibers is
shown in (e-h). PEDOT:tos-PCL fiber is shown in (i-l). Dual coated PCL fibers is
shown in (m-p).
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Concluding remarks and future perspective

In conclusion, I have shown that cell-free collagen-based materials are able to
stimulate regeneration of corneal tissue and nerves. The materials, rather than
the surgical technique, had a more important role in the efficacy of the regeneration. The resulting regeneration of the cornea and the high degree of reinnervation highlights the regenerative capacity of de-novo manufactured collagen based tissues. The possibility of using manufactured, recombinant collagen overcomes risks of zoonotic disease transfer and allows much greater
control over the quality of the protein.
In the cornea and other organs, MSC based therapies, that supply paracrine
factors that facilitate wound healing and regeneration have been used. I performed a systematic review and meta-analysis on MSCs and showed that in
cardiovascular pathology, they were able to make a significant contribution.
Actual clinical efficacy for stem cell therapies has previously been elusive;
this study is proof that at least parts of animal research results of MSC treatments can be translated to human patients. If this is true for vascular injury,
there is cause to believe the same is possible for other proposed MSC therapy
targets, such as tissue regeneration.
By using model cell lines, I showed feasibility of encapsulation as a method
of extending cell lifespan, and protecting cells from stress. The results from
paper III can be used for future applications where MSCs need to be protected
during, as well as after, delivery.
Finally, I used two different model systems to examine two different
methods for controlling cell behavior for potential therapeutic application. In
the first, I focused on completely biomaterials-based methodologies that included post-fabrication enhancement of biomimetic cornea surfaces. I showed
that hydrogels for the cornea would need to be shaped to fit into the surgical
wound bed and that surface modification techniques such as microcontact
printing can control cell behavior. In the second model, a nerve guide for potential use in optic nerve repair was developed. I compared the effects of the
materials, in this case, electrical conductivity, against the effects of MSCs. I
showed that the MSCs were more critical in promoting neuronal differentiation. The material, structure of the scaffold, and the paracrine environment all
contributed to improving measures for neural regeneration.
The next generation of biomedical devices will exploit the combined benefits
found in the intersection between chemistry, biology and engineering.
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The improvements made in encapsulation formulations could lead us to
new strategies of delivering cells, or ways of incorporating cell therapies in
regenerative scaffolds. Both central administration of therapies, as well as injury site administration might benefit from the encapsulation we describe. It
is also possible that variants of the same formulations can be used for creation
of other types of cell containing structures. When manufacturing complex
structures for regeneration, 3D printing is becoming increasingly popular. Encapsulation of cells with delayed release could be used as a strategy to protect
them during manufacture of the larger structures.
I hope that we will get to further develop structurally complex, and functionally superior nerve regeneration scaffolds. At some point, this type of device might let us reach full functional recovery in any type of neural trauma.
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