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Abstract

Scaffolds are one of the most important components in tissue engineering (TE),
which should satisfy the following properties: biocompatibility, biodegradability,
good mechanical properties and reliable batch production. Therefore, the
material chosen for the fabrication of scaffolds is of critical importance. Silk
fibroin (SF) is an attractive scaffold material that has been extensively used in
TE. However, SF shows poor performance in nerve TE due to lack of active
peptide sequences. Peptide amphiphiles are another type of recognized
scaffold materials for TE. They can be further divided into a few sub-classes, of
which ionic self-complementary peptides and lipidated peptide amphiphiles
have been reported to be applied in nerve TE, while surfactant-like peptides
have not as of yet. Therefore, in this study surfactant-like peptides will be a

focus and their suitability will be investigated for nerve TE applications.

In this thesis, a variety of surfactant-like peptides, including typical examples
(IsK and 13QGK) as well as custom designed short peptides sequences, based
on active sequences found in the extracellular matrix (IsSRGDS, IsKVAV,
I3YIGSR, I1sPDSGR and I3PHSRN), were fabricated aiming at improving cellular
attachment, cellular density and morphology of neuron cells. SF was used to act
as a cell-repellent surface that allowed the coating or printing of short peptides
onto flat surfaces. Atomic force microscopy (AFM) was used to characterise the
dynamic process of self-assembly of surfactant-like peptides. The results
indicated that the peptides IsSPDSGR and IsPHSRN were unable to self-
assemble into secondary structures, such as nanofibers, whilst the rest were
able to. AFM was further used to characterise the topography of the peptide
nanofibers adhered on SF surfaces, indicating nanofibers could strongly adhere
on SF surfaces via charge-charge interactions or hydrogen bonding.
Subsequently, these scaffolds were used to culture neuron cells in vitro.
Live/dead and Immunofluorescence staining assays demonstrated that these
short peptides had low cytotoxicity against neuron cells and also improved
cellular attachment, cellular density and morphology of neuron cells. Amongst
the investigated peptide sequences I[sRGDS was unable to regulate a
morphology change of neuron cells. AFM was used to characterise the

topography of neuron cells adhered on the scaffolds. Results also indicated all
[



short peptides could promote neurite outgrowth with the exception of IsRGDS.
However, IsSRGDS provided a synergistic effect with the peptides IsYIGSR or
IsSKVAV or a combination of both, resulting in a significantly improved
morphology change of neuron cells. Moreover, the peptides IsK and 13QGK
were patterned onto SF surfaces via inkjet printing, enabling the direct control of
neuronal cell growth. This might provide a way to further analyse and

understand neurite development and cell-cell interactions in vitro.
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1. Introduction

1. 1. Silk Fibroin as a Functional Biomaterial for
Tissue Engineering

Abstract

Tissue engineering (TE) is the approach to combine cells with scaffold materials
and appropriate growth factors to regenerate or replace damaged or
degenerated tissue or organs. The scaffold material as a template for tissue
formation plays the most important role in TE. Among scaffold materials, silk
fibroin (SF), a natural protein with outstanding mechanical properties,
biodegradability, biocompatibility and bioresorbability has attracted significant
attention for TE applications. SF is commonly dissolved into an aqueous
solution and can be easily reconstructed into different material formats,
including films, mats, hydrogels and sponges via various fabrication techniques.
These include spin coating, electrospinning, freeze drying, physical and
chemical crosslinking. Furthermore, techniques include micro-patterning and
bio-printing have been recently explored in order to fabricate more complex SF-
based scaffolds with high precision. This review introduces the physicochemical
and mechanical properties of SF and looks into a range of SF-based scaffolds
that have been recently developed. The typical TE applications of SF-based
scaffolds including bone, cartilage, ligament, tendon, skin, wound healing and
tympanic membrane, will be highlighted and discussed, followed by future
prospects and challenges needing to be addressed.

Keywords: Silk fibroin, Biomaterial, Scaffold, Tissue engineering

1.1.1. Introduction

Damaged and degenerated tissues and failed organs are some of the most
serious issues in human healthcare, generating many challenges in modern
medicine. For example, musculoskeletal tissue (bone, tendons, and cartilage)
as well as the peripheral nervous system are easily impaired by trauma and

degenerative diseases such as osteoarthritis. This affects millions of people



worldwide, severely affecting quality of life and resulting in extreme pressure on
the healthcare systems worldwide.! Typically, autografts and allografts are the
common clinical techniques to replace damaged tissues, but restricted by
various factors, such as lack of tissue that can be removed from the patient in
healthy areas as well as a shortage of suitable donors.? Success rates of
allografts can be low as tissue from others may have an immune response. In
the case of extensive damage large surface areas of defects, it is hard to
source suitable material in time leading to low success rates.?* It is for these
reasons that tissue engineering (TE) has attracted increasing attention as the
alternative method to produce patient specific tissues for repair and

replacement applications.

TE combines several principles and methods to regenerate damaged tissues or
organs by restoring, maintaining or improving tissue functions. Furthermore, TE
relies extensively on the use of biocompatible scaffolds which are typically
seeded with cells and contains supportive moieties such as growth factors.> ©
Regardless of the tissue types, there are several key factors that should be
considered when designing a scaffold. These include biocompatibility,
biodegradability, mechanical properties, structure and fabrication methods.% *
The extracellular matrix (ECM) secreted from tissues or organs is an excellent
natural option as a scaffold material for TE, and exists in a state of “dynamic
reciprocity” with resident cells.® Therefore, ECM components such as collagen®,
fibronectin1®, laminin!!, elastin'? and glycosaminoglycan'® have been widely
used as natural scaffold materials to support tissue regeneration applications. In
addition, other natural polymers such as alginate,'* cellulose®® and chitosan'®
have also been used in TE. Although the natural polymers discussed above
have demonstrated promising results, these materials also have many
drawbacks including high cost, poor mechanical properties, and large batch to
batch variation, making them difficult to be applied to clinical applications.” On
the other hand, synthesized polymers such as polylactic acid (PLA),
polyurethane (PU), poly(lactide-co-glycolide) (PLGA), and polycaprolactones
(PCL) have been widely used in TE due to their good mechanical properties
and degradation rates.’® However, many degradation products of these
polymers comprise of acidic compounds that are harmful to body and can cause

undesired immune responses.! As most of the natural and synthesized
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polymeric scaffolds possess their inherent limitations, finding a biomaterial that
combines the goodness of both natural and synthesized polymeric materials
have become the aspirations of researchers in the last decades.!® Recent
studies have explored the possibilities of silkworm silk as an excellent
biomaterial for TE scaffolds.

Silkworm silk has been commercialized in the traditional textile industry for more
than 4000 years, due to its outstanding physical properties, such as lustre,
lightweight, flexibility and strong mechanical strength.?®° Moreover, silk has been
approved by the Food and Drug Administration (FDA) for use in sutures and
has been applied to biomedical applications for the last 2 decades.?! 22 Silk
fibroin (SF), extracted from silkworm silk, is a unique natural protein that has
been used as a potential biopolymer for TE, due to many desired
physiochemical properties such as excellent biocompatibility, biodegradability,
bioresorbability, low immunogenicity and tuneable mechanical properties.?3-26
SF also can be combined synergistically with other polymers to form SF-based
composite scaffolds, that can further promote cellular behaviour (e.qg.
differentiation, proliferation and attachment).?’-?° Further to this it is possible to
fabricate SF-based biomaterials into various material formats, such as films3°,
hydrogels®!, sponges®?, 3D structures®3, and nanoparticles?*. In this review, we
introduce the sources, material properties, fabrication techniques and
applications of silk scaffolds with an emphasis on bone, cartilage, ligament,

tendon, skin and wound tissue regeneration.

1.1.2. Sources of silk and silk fibroin

Silks are proteins which are produced within glands after biosynthesis in
epithelial cells. There are over 200,000 different silk producing arthropods that
exist in nature.®* Out of these there are many different taxonomic silk producing
families such as silkworms, spiders, lacewing, glowworm and mites, some of
which can spin silk into fibres during their metamorphosis (cocoon
generation).®> 3¢ Recently, Yoshioka et al.3” discovered that the Psychidae
family, also known as bagworm moths, are thought to produce the toughest
form of moth silk currently known. Silks originating from silkworms and spiders
are the most commonly used for biological applications.384° However, in the

case of spider silk once it is spun and contacts air it hardens, which restricts
3



mass production of spider silks. Compared to spiders, the yield of fibres
obtained from one silkworm cocoon is around 10 fold that of the ampullate
gland of a spider.®> 4! Although researchers have used a biomimetic spinning
process to replicate spider silks, producing spider silk-like fibres with
mechanical properties similar to natural spider silk fibres is challenging.4?
Andersson et al.*® designed a chimeric recombinant spider silk protein that can
produce large quantities artificial spider silks via a bacterial shake-flask culture.
The mechanical properties of these artificial spider silks are highly reproducible.
However, the reported ultimate tensile strength and toughness are still lower

than those of native spider silk fibres.

Bombycidae and Saturniidae are known to play the most important roles in
silkworm silk research, which feed on either the mulberry tree (Bombycidae) or
other food sources, the latter being regarded as non-mulberry (Saturniidae)
silks. The most common silk originates from Bombyx mori (B. mori), a mulberry
feeding silkworm that produces higher quality fibres than most Saturniidae.4* 4°
Additionally, unlike other silk moths, over the last 5000 years, B. mori was
domesticated from an ancestral species in China and has since then been
extensively reared worldwide to obtain its silk.*®¢ B. mori silkworm cocoons
consist of 75-83.3% SF and 16.7-25% of sericin.#’ SF is a semi-crystalline
structured protein functioning mainly for its load-bearing capacity. Sericin on the
other hand is an amorphous protein polymer functioning as a gumming agent.*®
It has been found that sericin-free fibroin fibres show better mechanical
properties than sericin encased fibroin, where a 50% increase in tensile
strength, a modulus of up to 15-17 GPa and strain at breakage reaching 19%
has been observed.*® Furthermore, sericin-free fibroin fibres also show better
biocompatibility in-vitro and in-vivo according to previous reports.>® In addition,
sericin has been shown to cause inflammation.>! Therefore, sericin proteins are

often removed from SF to ensure biocompatibility in TE applications.

Sericin is removed from the SF fibres by a degumming process, which is
normally carried out under boiling alkaline conditions.>> Researchers
continuously work on improving the degumming process which typically
requires reagents and organic solvents to obtain higher quality of pure SF. The

sodium carbonate (Na2COs) degumming method has, at present replaced the



standard Marseilles soap method, and is now the most used method due to
being rapid (~30 min) and low cost.53 % It is worth noting that, after degumming,

the average diameter of silks fibres is reduced from 15-35 ym to 10-25 pm.5°

1.1.3. Properties of silk fibroin

1.1.3.1. Structure of SF

SF consists of two main chains, a heavy (H-) chain (390 kDa) and a light (L-)
chain (26 KDa), which are linked via disulphide bonds to form a H-L complex
( ).38. 39,56, 57 p25 (25 KDa) is a glycoprotein including Asn-linked
oligosaccharide chains, which is hydrophobically linked to H-L complex.>® The
H-chain, L-chain and P25 are the three polypeptides that form the cocoon of B.
mori and are at a molar ratio of 6:6:1, respectively.>® The amino acid sequence
of the H-chain consists of Glycine (45.9%), Alanine (30.3%), Serine (5.3%),
Valine (1.8%) as well as 4.5% of 15 other amino acid types. The Gly-X (GX)
dipeptide motif repeats account for 60-75% of the H-chain. The hydrophobic
residues of the dipeptide repeats can form stable antiparallel 3-sheet crystallites.
Two hexapeptides occupy 70% of the GX dipeptide motif region, for which the
peptide sequences are known to be Gly-Ala-Gly-Ala-Gly-Ser and Gly-Ala-Gly-
Ala-Gly-Tyr.8%-63 Sijlk | and silk Il are the dominant crystalline structures of SF
( ), where silk | is a metastable crystalline structure that includes
bound water molecules and silk Il is the most stable state due to strong
hydrogen bonding between adjacent peptide blocks, resulting in increased

mechanical properties including rigidity and tensile strength.38 6465

The secondary structure obtained from regenerated silk fibroin (RSF) solutions
contains crystalline and amorphous structures, which will be discussed below.
In a crystalline structure silk includes B-turns (silk 1) and insoluble structures
formed by folded B-sheets (silk II), while in an amorphous state silk consists of
o-helices, turns and random coil structures.’®¢ Methanol or potassium chloride
can easily convert silk | to silk I, a process which is widely used for biomaterial
engineering applications.3? Silk IIl is the unstable crystal structure of SF, which

exists at the air/water interface of RSF solutions.®’
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Figure 1-1 Schematic diagram of the silk structure. A) heavy chain (i.e., N-terminus, B-sheets,
Amorphous and C-terminus) and light chain which linked via disulphide bonds, reproduced
with permission from3® B) silkworm thread, fibril overall structure and silk fibroin polypeptide

chains, reproduced with permission from3,

1.1.3.2. Mechanical properties

SF fibres have demonstrated outstanding mechanical properties.> 68 69 These
include a large break strain (4-26%), ultimate strength (300-740 MPa) and
toughness (70-78 MJ m=).%° In addition, the reported toughness of SF fibres is
higher than many synthetic fibres such as Kevlar (50 MJ m-3), carbon fibre (25
MJ m3) and some collagens such as tendon collagen (7.5 MJ m=3).42 70 |n
addition, SF fibres exhibit the highest strength among common natural materials
such as wool, resilin, elastin, byssus and cotton as well as some synthetic fibres
such as synthetic rubber and viscose rayon.*? Considering these strong
mechanical properties of SF, many researchers have used SF as a scaffold
material for load bearing TE applications, especially in musculoskeletal TE.! It is

however important to note that SF scaffolds in biomaterial engineering are
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normally made from RSF solutions and the produced scaffolds are brittle and
weak. This is due to the fact that RSF lacks hierarchical and secondary
structures compared to unprocessed raw SF fibres.”* In order to ensure RSF
has good mechanical properties, many different strategies have been trialled.
For example, the breaking stress of RSF fibres made via a dry-spinning
technique was 252 MPa, 28.6% less than raw SF fibres (353 MPa), whereas,
the breaking stress of RSF and graphene oxide composite silk fibres (dry-spun
from a mixed dope of RSF and graphene oxide at mass ratio 1000/1) was 435
MPa.?®> Amongst others crosslinking,3* porogens’? and 3D bioprinting®?
technologies can be used to improve mechanical properties of RSF produced
silk scaffolds. The resulting SF-based scaffolds are therefore sufficiently strong
to allow handling during surgical procedures needed for implantation and have
mechanical properties closely resembling the native tissue being repaired thus

allowing for optimal repair conditions of the area in question.

1.1.3.3. Biocompatibility

Biocompatibility is a key factor for the implementation of successful scaffolds,
which enables cells to adhere onto scaffold surfaces and migrate into the
scaffold undergoing proliferation and differentiation within the scaffold. In
addition, it is important for the scaffold to cause no or a negligible immune
reaction after implantation.® SF is known to be an biologically inert and therefore
biocompatible natural polymer.2?®> Since 1989, SF has been shown to have blood
compatibility in in-vivo experiments.”® In 1993, SF was approved by the FDA as
a biomaterial for use as a suture material.?> In 1995, Minoura et al.”* conducted
pioneering research and successfully grew fibroblast cells on SF coated films.
SF has more recently been used as an alternative to collagen in cell culture to
guide bone regeneration in rat calvarial defects, for example, demonstrating that
SF membranes can replace the collagen membranes.’® In vitro studies showed
that, there is no significant macrophage response to SF films 76 or fibres 22. In
addition, the in vivo inflammatory reaction to SF films is similar to that of

collagen.””



1.1.3.4. Biodegradability and bioresorbability

Biodegradability and bioresorbability are important features to successful
scaffold materials as the scaffolds should gradually be replaced with the
patients’ own cells and ECM over the course of recovery.”® Therefore, it is
important that by-products of biodegradation are non-toxic and do not interfere
with other tissue, organs and functions when being metabolised in the body. SF
is an enzymatically degradable polymer and has been shown not to cause an
immunogenic response.’® The degradation process starts when enzymes are
adsorbed onto the surface of the SF scaffold via surface-bonding domains. The
enzymes then digest SF via hydrolysis of ester bonds.!8 7° 8 The mechanism of
SF degradation is shown in 81 Non-crystalline SF structures
(hydrophilic blocks) were degraded in an enzyme solution resulting in
hydrophobic crystal structures and then further dissolved in enzyme solutions.
SF can be proteolytically degraded through enzymes, such as a-chymotrypsin,
protease XIV and collagenase IA.7% 82 8 Protease XIV, obtained from
Streptomyces griseus, has shown a higher SF degradation activity in
comparison to a-chymotrypsin and collagenase IA. This therefore meant that
protease XIV degraded SF achieved the lowest average molecular weight of SF
residues.® It is for this reason that protease XIV is the mostly commonly used
enzyme for silk degradation. The preparation methods of SF also affect the
degradation process, which result in different morphology of SF particles that
dissolved in enzymes ( ).81 As the degradation products of SF are
amino acids and peptides, they are easily absorbed in-vivo.”® In vivo studies
undertaken on SF porous scaffolds implanted in Lewis rats showed that the
scaffolds decomposed within 8 weeks. After 1 year, the implanted scaffolds
were fully degraded, due to macrophage degradation.®* This proves that SF

scaffold are not only biodegradable, but also is bioresorbable.

The degradation of native silk fibres is much slower compared to that of RSF
silk scaffolds. This is due to the fact that native silk fibres have higher content of

B-sheet secondary structure than RSF structures have.8® The degradation rate

of SF is therefore highly dependent on the amount of B-sheet secondary
structures present. For example, RSF films obtained by methanol treatment,

converting water soluble silk | to water insoluble silk Il structures, resulted in a
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higher amount of B-sheet structures® in contrast, RSF films obtained via a slow
air drying process possess a lower content of pB-sheet structures.®” The latter
therefore resulted in faster degradation rates. y-radiation also has been shown

to promote SF fibre degradation, due to the conversion of silk Il to silk .88

N N

Degradation Release %

&J® Crystal structure

1\ Non-crystal structure

Figure 1-2 A) Schematic illustrating the SF degradation process mechanism. B) Representative
AFM images of (a) pure protease XIV solution and differently fabricated SF films: (b) slow
drying process, (c) water annealing treatment and (d) stretching treatment, after 12 hours of
exposure to protease XIV solution. The degraded SF particles that dissolved in protease XIV can

be seenin (b), (c) and (d). B) reproduced with permission from?Z.



1.1.4. Silk fibroin dissolution techniques

Proper dissolution of SF is an essential step before processing SF into different
structures for various TE applications.®® Therefore, a robust protocol for the
complete and correct dissolution of silk cocoons to produce RSF is required.
SF is insoluble in organic solvents and water, because of its tightly packed
structure which has a high content of B-sheet structures.?¢ ° To obtain an
aqueous SF solution, it must undergo a water-based dissolution process.®? As
RSF solutions are used for biological applications, strong and toxic solvents /
solutions should be avoided during the dissolution process. Typically,
concentrated salt solutions with various concentrations of salt ions (Ca?*;%? Sr?*;
Li?*; Zn?*) in combination with anions (CI; Br; SCN)% were employed to
dissolve SF fibres. These include the very well-known 9.3 M lithium bromide
(LiBr) solution method ( ),2% 91 as well as 9 M lithium thiocyanates
(LISCN) methods.®* Another common method uses Ajisawa reagent®? which
consists of a ternary (CaCl2/EtOH/water) solvent (1:2:8 molar ratio) solution to
dissolve SF. However, all these agueous methods require a final dialysis step
against pure DIl-water or appropriate buffers to remove salt ions from the RSF

solutions.

Recently, Ajisawa’s reagent has increasingly been applied in SF dissolution,
due to its cost efficacy. However, compared to the LiBr method, Ajisawa’s
reagent appears to lead to a complete unfolding of the silk polymers, which are
therefore more prone to form [-sheet structures and aggregate during
dialysis.® Zheng et al.®> adapted this method dissolving degummed silk fibres in
Ajisawa’s reagent at 80 C for 2 hours and then dialysing against urea solution
with stepwise decrease in concentration. When the SF solution was dialysed
against water and urea (4 M constant concentration) solutions for 30 hours
(referred to as Silk-TS-0), the hydrodynamic radius of RSF ranged from 100 to
1000 nm. However, when the SF solution was dialysed against 4 M urea for 3
hours, then in 2 M urea for 3 hours, followed by 1 M urea for 3 hours and then
water for 30 hours (referred to as Silk-TS-4210), the hydrodynamic radius range
of RSF solution reduced to 5 -11 nm. In addition, Silk-TS-4210 had small
aggregates (< 10 nm), and a low content of B-sheets (= 15%) compared to Silk-

TS-0, an outcome similar to RSF via the LiBr method.®®
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Figure 1-3 A schematical representation of the LiBr dissolution process to obtain RSF solution.
The degummed silk is dissolved in 9.3 M LiBr solution at 60 ‘C for 4 hours. The obtained
solutions are dialyzed against ultrapure water to remove salt. Until a conductivity of < 5 uS is
reached, RSF solutions are centrifuged twice and stored at 4 “C, reprinted with permission

from?°.

1.1.5. Morphological diversity of silk fibroin scaffolds

RSF solutions have been used to fabricate SF-based scaffolds with different
structures (Figure 1-4), including films®, mats®’, artificial fibres®®, hydrogels®®,
sponges®?. Different techniques used for micro-patterning'® and 3D structures

fabrication'%* are described in the following sections.
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Figure 1-4 SF-based scaffolds with different representative structures: A) Film®; B) Mat*’; C)
artificial fibre®; D) Hydrogel®’; E) Sponge®?; F) 3D structure design and printed scaffold’%?; G)

Inkjet-printed silk pattern?®,

1.1.5.1. Films

Spin coating and vertical deposition are the main techniques used to fabricate
RSF films. In the case of spin coating, RSF solution and ethanol are alternately
coated onto substrates. As previously described ethanol is able to convert the
structure of RSF from high content a helices (Silk 1) into beta sheet
conformation (Silk IlI). The ethanol concentration used can affect the surface
properties of RSF film. If the concentration of ethanol is less than 80%, the
outermost surface of the treated film will have a hydrogel structure.1?> However,
when 90% w/V ethanol is used the silk film surface becomes rigid, and cells
show better adhesion.1%? Vertical deposition is another method to prepare RSF
films that is typically achieved by dipping a clean glass surface into a RSF

solution, and then drying it in an oven at 50 C. This method however generates

non-homogeneous structures, which show the presence of “valleys and ridges”.
Recent studies have indicated that a poor cell attachment was achieved when

using this deposition method of RSF films .13 Temperature Controlled Water
12



Vapour Annealing (TCWVA) is a physical method that can change the structure
of RSF films to the insoluble Silk Il state.®® In this method RSF films are casted
into flat moulds and placed in a constant temperature and humidity chamber at
65 °C with a relative humidity of 90% for 100 min ( ). RSF films
obtained via this method (( ) were successfully applied in skin TE

applications,® which are described in more details below.

1.1.5.2. Mats and artificial fibres

Fibre spinning techniques including electro-spinning, wet-spinning and dry-
spinning are the most commonly used techniques to make RSF mats or artificial
silk fibres. The electro-spinning technique can be employed to make polymeric
nanofibrous scaffolds, which can mimic properties of fiorous ECM components.
RSF can be fabricated on a large scale with porous structure using
electrospinning, which is of great benefit for cell seeding in TE.1%4 1% RSF mats
produced by electro-spinning usually involve spinning solvents (e.g.
polyethylene oxide (PEO)), which can adversely affect biocompatibility.*® Jin et
al.t% reported RSF/PEO electro-spun mats were immersed in water for two
days to remove the PEO solvent, and in return the number of human marrow
stromal (BMSC) cells attached on their surface increased. Additionally, electro-
spinning allows for modified RSF mats to be produced by adding different
moieties for extra functions. For example, the addition of cellulose
‘nanowhiskers’ (CNWSs)” and polycaprolactone (PCL)% can strengthen the
young’s modulus and tensile strength of RSF mats, whereas the addition of
silver (Ag)!®® or titanium oxide (TiO2)!® nanoparticles confer enhanced
antimicrobial properties to RSF mats. Recently, Yin et al.%” developed a finite
element model that expressed the mechanical response of RSF/PCL mats
under biaxial tension. This model could be used to guide the design of
RSF/PCL mats for TE applications. Wet-spinning also can be used to fabricate
RSF fibres, but on the micrometre scale (fibore diameter) in contrast to
nanofibres from electrospinning. Wet-spinning allows the tuning of fibre
morphologies and properties, and allows the combination with other
biomolecules whilst fabricating.3> 11! For example, Jacobsen et al.?® reported
RSF/fibronectin (Fn) silk fibres obtained from RSF solutions and fibronectin
proteins via wet-spinning, which demonstrated better cell attachment to those
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made of pure silk fibres via wet-spinning. In contrast to the former methods, dry-
spinning does not require the use of organic solvents or coagulation baths,
which is environmentally friendly.?® In this context Zhang et al.?® reported the
fabrication of RSF/graphene oxide (GO) hybrid silk fibres obtained from
aqueous RSF blends with graphene oxide via the dry-spinning technique.
Compared with silk fibres, RSF/GO composite silk fibres showed good
biocompatibility and enhanced mechanical properties that have great potential
for TE applications. In addition, a newly developed approach uses centrifugal
electrospinning (CES) that was shown to spin RSF nanofibers with better
structural stabilities and thermostabilities than those obtained from
electrospinning.''?2 Moreover, compared to electrospinning, this method allowed
for a higher production rate at lower cost and was able to quickly produce highly

interconnected nanofiber nonwoven meshes.113. 114

1.1.5.3. Hydrogels

Hydrogels are water-swollen 3D polymer networks, which can be cross-linked
via physical or chemical methods, and are excellent for the implementation of
cell seeding and encapsulation in the development of tissue engineering
applications.''> To date RSF hydrogels have been used with increasing
popularity alongside other RSF morphologies, which is mirrored by the ever-
increasing silk-based publication records.®! Table 1-1 illustrates to date the

developed fabrication techniques of RSF hydrogels.

Research shows that RSF hydrogel gelation kinetics can be modified from
minutes to hours by adjusting pH, temperature, protein concentration as well as
the addition of precipitating agents. In general, during sol-gel transition of RSF
solutions, the SF structural conformation changes from a random coil structure
(Silk 1) to a B-sheet conformation (Silk 11).116 However it is worthy to note that
electro-gelation hold an exception to this, where the random coil conformation
changes to a-helices rather than B-sheet and the transition process is reversible
by reversing the polarity of applied potential.1*”- 118 Cells can be encapsulated
into RSF hydrogels that can be consequently used as a delivery system.'° For
example Wang et al.'?° encapsulated mesenchymal stem cells (hMSCs) into
sonication-induced RSF hydrogels, and reported proliferation and viability in

static cultures after a week of in vitro cultivation.
14



Table 1-1 Key silk fibroin hydrogel fabrication techniques.

Methods Fabrication techniques Comments
Chemically | Salts Salts can promote protein-protein association for example the addition of Ca%* ions reduce the gelation
induced time of RSF solution. 2% 122
gelation

Polymer agents

Polymer agents, such as polyethylene glycols and PEO, have been shown to promote protein-protein

associations, and protein aggregation through volume exclusion and movement of water by osmosis.!?"

122

Organic solvents

Alcohols are the most common used among organic solvents, which can induce structural conformation

changes of RSF from a-helix to B-sheet structures.!®

Surface active agents

Surface active agents readily bind with proteins leading to protein unfolding and aggregation.'?* For
example, adding the anionic surfactant sodium dodecyl sulfate (SDS) into RSF solutions and incubating

at 60 ‘C can induce stable hydrogels with good mechanical properties.®®

Small neutral additives

Small neutral additives through their ionic strength and/or specific interactions with proteins can
influence protein aggregation.'® For example, the addition of glycerol (30%; v/v) can reduce the

gelation time of RSF solution and has been applied in biomedical applications.'?> 126

pH

As the pH of RSF solution is adjusted near the isoelectric point (Pl =3.8-3.9), stable hydrogels can be
formed as well as reduced gelation time of RSF scaffolds.??” This is because the pH of protein solution

near its isoelectric point can induce protein precipitation.?!

High pressure CO;

High-pressure CO, as a volatile acid can be used as a fine tuning adjustment of the solutions pH,
therefore, RSF solutions subjected to high-pressure CO, at 60 bar, has been shown to form stable

hydrogels within 2 hours.'?®
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Chemical crosslinking

Chemical crosslinking agents (e.g. hydrogen peroxide and horseradish peroxidase) can be used to

covalently crosslink phenol groups of tyrosine residues on silk fibroin proteins to form highly elastic RSF

129

hydrogels.

Chemical coupling

Diazonium coupling chemistry can functionalize tyrosine residues of SF protein, resulting in an
adjustment of the hydrophobic and hydrophilic properties, giving rise to the ability to rapidly produce

controlled RSF hydrogels from as little as 5 minutes to two hours.*

Physically
induced

gelation

Temperature

The gelation time of RSF solutions decreases with increasing temperature, this is because molecular

collisions increase with respect to temperature.16 122

Shear force

A strong enough shear force applied to an RSF solution can promote molecule-molecule interactions

and improve concentration fluctuation, resulting in gelation and aggregation phenomena.®3 32 Vortex

mixing is the way to initiate RSF gelation due to the high shear forces applied to the solution.33

Ultrasound

Sonication can lead to local areas of extreme pressure and temperature, resulting in gelation and

aggregation.'®*

Electric fields

Applying electric fields across RSF solutions leads to local pH decreases and thus silk protein

aggregates.'®?
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1.1.5.4. Sponges

Sponges are made up of interconnected porous structures that have been
shown to closely mimic physiological environments in vivo.! RSF sponge
scaffolds with different pores size can be formed by use of porogens, freeze-
drying and gas foaming fabrication techniques.’ 135 Sodium chloride (NaCl)
particles are a classic example of a porogen and are added into SF solutions
cast into Teflon (PTFE) moulds. After scaffold formation the salt is left to leach
out of the construct (in di-water).”? This method leads to RSF sponge scaffolds
with highly homogeneous uniform pore size distribution, providing the NacCl
particles added have a homogenous size distribution.*®> Another method of
regulating the pore size of sponges is via freeze drying, here the freeze drying
temperature, fibroin concentration, and pH of the RSF solution affect the pore
size.’®® For example, Mandal et al.'®" reported that at fixed fibroin
concentrations, the pore size decreased with decreasing temperature. In
contrast, with a constant freeze-drying temperature but increasing fibroin
concentration the pore size decreased. In addition, the pore size increased
further with repeated freeze and thawing cycles.'3 Gas foaming techniques
also can form RSF sponges. Ammonium bicarbonate added into fibroin
solutions will sublimate in hot water aiding the formation of porous sponge
structures.”? Yan et al.*? also combined the aforementioned and mixed NaCl
particles in highly concentrated RSF solutions, followed by freeze drying, which
showed a favourable stability in the formation of macro/microporous structures.
RSF sponges have been widely used in tissue engineering, especially in bone
and cartilage,* 2> because of excellent porosity and pore size control.13°

1.1.5.5. Micro-patterning structures

The extracellular matrix (ECM) is made up of complex micro/nano-scale
topographies, which can affect cell behaviour. It is therefore important to try and
mimic these topographies as much as possible to ensure cell behaviour to be
similar in-vitro to in-vivo scenarios. Micro-patterning structures of RSF have
been shown to affect cell migration, proliferation and adhesion.14% 141 At present
lithographic techniques are the most commonly used method in micropatterning

RSF biomaterials. These methods include, ultraviolet lithography (UVL)4?, soft
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lithography (SL)'“3, electron-beam lithography (EBL)'#4 and scanning probe
lithography (SPL)45.

UVL as schematically shown in Is done by spin coating RSF onto
silica substrates as positive-tone photoresist which was illuminated by argon
fluoride excimer laser through a patterned chrome mask. After washing the
exposed area with Di-water, the patterned RSF film showed diffracted colours
with minimum line widths of 1 ym. Note that, this is water-based process and
does not require photoinitiators.*4? In comparison to UVL, SL is cheaper and
requires less steps.}*® For example, Gupta et al.'*® spin coated RSF onto
polydimethylsiloxane (PDMS) stamps, and submerged into a methanol solution.
The crystallized RSF films were then peeled from the stamp, as shown in

In the case of EBL shown in , RSF functioned as a resist
material whose solubility could be regulated by different dosages of electron
radiation. Therefore, amorphous RSF can be crosslinked while crystalline RSF
can be de-crosslinked through electron bombardment. The RSF that has not
been crosslinked can then be simply washed away with water. In detail, RSF
was spin coated on the substrate to form RSF films. Then, for positive resist
fabrication, inelastic collision of electrons with RSF in water-insoluble state were
protein degraded (de-crosslinked) into a water-soluble state, followed by
washing away during ‘water development’ process. In contrast, for negative
resist fabrication, high electron beam doses combined with RSF water-soluble
solution can be crosslinked into the water-insoluble state. After that, ‘water
development’ process can wash away the area have not been crosslinked and
left the area exposed to the electron beam.'#* The reported critical feature sizes
of UVL, SL, and EBL techniques are around 1.5 pym, 40 nm and 20 nm
respectively.*’ Another technique, SPL as shown in also offers
high precision and resolution by means of for example an AFM tip. One type of
SPL uses atomic force microscopy (AFM) as a tool to pattern RSF solutions
under aqueous solutions via AFM tip in tapping mode or contact mode.#®
Piezoelectric-based Inkjet printing can be used in large-scale fabrication and no
cast or spin coating is needed for inducing structural transformation of SF.14’
Inkjet printing can print functional inks in CAD designed patterns, such as RSF
inks mixed with enzymes,'*® growth factors, gold nanoparticles, antibiotics or

other moieties on different surfaces suitable for tissue engineering applications.
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Tao et al.'% reported inkjet printing of a spider web (Figure 1-5 E) pattern using
RSF as the ink and the thickness of the pattern could be regulated by

controlling the amounts of printed drops.
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Figure 1-5 Micro-patterning of silk-based biomaterials. A) Schematic diagram of ultraviolet
lithography process which can form high-resolution silk fibroin micro-patterns by ArF excimer
laser. B) Schematic diagram of soft lithography of fabricating patterned silk films. C) Schematic
diagram of water-based electron-bean patterning on a silk film. Dark-field and electron
microscopy images of silk nanostructures generated on positive and negative resist. D) Atomic
force microscopy (AFM) images of patterned silk films fabricated by AFM patterning in tapping
mode and contact mode. E) SEM images of micro-spider web fabricated by inkjet printing. (A

reprinted with permission from 4%; B from 4%; C from #4; D from **; E from %),

1.1.5.6. 3D bioprinting structures

Sponges prepared with typical methods have no defined internal pore
architecture which can obstruct cellular response. Bioprinting is a bottom-up
additive manufacturing technology that can be used to manufacture complex
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structures via CAD design at high definition. For example, biocompatible
hydrogels can be printed via 3D extrusion bioprinting. It is possible to
encapsulate cells in the hydrogels which give them mechanical support in a 3D
environment similar to their native tissue.*® Although 3D bioprinting has been
applied in tissue engineering, there are still many challenges to overcome,
including a limited range of materials and choice of cell types.® RSF is a
unique material for 3D printing owing to its biocompatibility and polymorphic
nature.’’RSF can be printed via inkjet printing to fabricate “nest” shapes. RSF
printed “nests” of 70-100 um diameters, were stabilized by ionic pairing followed
by a drying process to form silk Il crystalline secondary structures, and could act
as anchored nests for cell incubation and proliferation.*®! Das et al.*®? reported
3D bioprinting RSF-gelatin scaffolds which could be used in culturing human
nasal inferior turbinate tissue-derived mesenchymal progenitor cells. The
sonication treated RSF-gelatin hydrogels possessed higher B-sheet content
compared to that of tyrosinase enzyme treated hydrogels, further to this only the
sonication produced RSF-gelatin hydrogels demonstrated enhanced osteogenic
differentiation. In addition, a recent study by Rodriguez et al.’°! reported the
successful printing of RSF / synthetic nanoclay (Laponite) / polyethylene glycol
(PEG) scaffolds via extrusion based 3D Printing. Here, a key advantage is that
gelation of the scaffolds occurs during the printing process and therefore there
is no need of additional post processing such as chemical or photochemical
crosslinking. This allowed for simple and rapid fabrication of complex
geometries of the biomaterials down to the microscale. Generally, 3D printed
RSF scaffolds are macroscopic in structure, but can be regulated into
mesostructures and nanostructures by using mechanical stresses and dopants.
For example, Sommer et al.153 reported the pore size of a RSF structure could
be regulated by adding sacrificial monodisperse organic microparticles with
varying sizes into RSF-based inks to create well-defined porous RSF scaffold
structures. Recently, Kim et al.'>* reported RSF can be chemically modified
with glycidyl methacrylate (GMA) to form a printable bioink (Sil-MA) (

) which could be printed to form complex structures, e.g. brain and ear, via a
digital light processing (DLP) 3D printer (( ). The produced 3D
scaffolds possessed strong mechanical properties, which can be used in

cartilage TE applications.'>> Following this work, Ajiteru et al.'*® further
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improved the properties of the Sil-MA bioink by conjugating it with reduced
graphene oxide (rGO) to form a composite bioink, which was shown to exhibit

better thermal stability as well as higher solubility.
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Figure 1-6 A) Regenerated silk fibroin (RSF) was chemically modified with glycidyl methacrylate
(GMA) to form (Sil-MA) as a pre-hydrogel. (a) RSF covalently immobilized with GMA,
generating a vinyl double bond as a UV-crosslinking site. (b) Schematic diagram of the
methacrylation process of SF; LAP represents Lithium phenyl(2,4,6-trimethylbenzoyl)
phosphinate which is a photoinitiator. B) Representative 3D printed models (brain and ear) via
a digital light processing (DLP) printer using Sil-MA as a bioink, showing complex structure

reflecting their CAD images. Reprinted with permission from?*,
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1.1.6. Application of silk fibroin in tissue engineering

1.1.6.1. Bone tissue regeneration

Bone is a specialized connective tissue, and is composed of 35% organic parts
and 60% inorganic matrix.1>” More than 90% of the organic extracellular matrix
of bone is made up of collagen and the rest contains hyaluronan, proteoglycans,
bone sialoprotein, osteopontin, osteonectin and osteocalcin.'>® Hydroxyapatite
(HA) is the major component of the inorganic mineral phase of bone, while the
remaining is composed of inorganic salts and carbonate.!®® This means that
collagen and HA are the major components of bone tissue, which enhances the
strength and hierarchical architecture of bone.*®® Designed scaffold materials
for the use in bone tissue engineering should guarantee matrix toughness and
allow for ECM deposition. SF has high toughness, mechanical strength and
proven biocompatibility which has already been widely studied in bone TE.6!
For example, RSF scaffolds have been shown to promote osteogenic
differentiation of human mesenchymal stem cells (HMSCs) in vitro. These
constructs have been shown to heal femoral defects in vivo in nude rat
models.’®2 Meinel et al.'*® demonstrated that after initial incubation in
bioreactors for 5 weeks, porous SF-based scaffolds could be implanted into
cranial defects in mice and showed advanced bone formation within 5 weeks, in

Vivo.

RSF scaffolds are used in combination with other biomaterials such as collagen,
or calcium phosphate based inorganic components to enhance osteogenic
properties.?” 163 For example, HA/RSF porous scaffolds were fabricated through
an alternate soaking process in CaClz and NazHPOa4 or alternatively by mixing
NaCl particles with HA and then mixing these with RSF solutions.64 165 These
composite scaffolds were shown to have better osteoconductivity and exhibited
an enhanced formation of tissue engineered bone, compared to unmodified
RSF scaffolds.

Bone morphogenetic protein (BMP)-2 and BMP-7 are FDA recognised growth
factors that can support bone formation and regeneration.%® It has been shown
that RSF combined with these growth factors together with HMSCs exhibited

enhanced osteoblast adhesion and differentiation, stimulated alkaline
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phosphatase activity and promoted bone formation in vivo.'%”- 168 |n addition, Li
et al.1%? reported the modification of electrospun RSF mats with BMP-2 and HA
nanoparticles, which support HSMCs differentiation and growth and resulted in
more calcium deposition in comparison to RSF mats only. Moreover,
demineralized bone matrix (DBM) powder or particles are mainly composed of
collagen and BMP which also possess osteoinductive and osteoconductive
properties. Ding et al.}’® reported RSF as a carrier for loading DBM. This carrier
can form stable porous structures and has been shown to promote osteogensis
in mice together with bone marrow stem cells (BMSCSs).

Rapid and thorough vascularization is required in order to increase the success
of bone regeneration. For example, RSF matrices pre-incubated with
osteoblasts in vitro and then implanted into mice showed enhanced
vascularization in vivo.!’! In addition, co-cultures of endothelial cells and
osteoblasts in RSF scaffolds in vitro showed the formation of microcapillary-like
structures?’? and pre-vascular structures'’®. Subsequently, pre-formed
microcapillary-like structures implanted into immune-deficient mice, not only
survived, but successfully interfaced with the host vasculature, and further
stimulated the host capillaries for vascularization.'’* Further to this the vascular
endothelial growth factor (VEGF) could not only promote osteoblast
differentiation but also caused neovascularization.1’ In this context Farokhi et
al.'’® embedded VEGF into RSF/calcium phosphate/poly(lactic-co-glycolic acid)
scaffolds. The results indicated that the scaffolds maintained about 83%
bioactivity after VEGF release up to 28 days in vitro. For in vivo study, the neo-
bone formation in defects site of rabbits after implanted for 10 weeks. Another
study conducted by Zhang et al.}'® reported that a sonicated silk hydrogel
carrier loaded with BMP-2 and VEGF could promote both osteogenesis and

angiogenesis in rabbit’s maxillary sinus floor after implanted for 12 weeks.

1.1.6.2. Cartilage tissue regeneration

Cartilage is avascular and aneural connective tissue surrounded by a dense
ECM and lacks the innate ability to self-repair after injury degeneration.
Collagen and proteoglycans make up the main parts of the cartilage ECM,
which can provide adequate mechanical properties for tissues in vivo.l’7: 178

Therefore, maintaining and preserving this tissue is an important aspect in
23



tissue engineering. SF scaffolds can be used to enhance the production of
cartilaginous ECM17? and owing to its tuneable properties the resulting scaffolds
can be fabricated into different morphologies!®. For example, porous RSF
scaffolds combined with HMSCs can provide zonal structures similar to that of
native cartilage tissue, which was shown by Wang et al.*®! after 3 weeks of
incubation, HMSCs grew along the chondrogenic route within the scaffold.*®! In
addition, the Insulin-like growth factor I (IGF-1) can promote different progenitor
cell growths, which can be loaded into porous RSF scaffolds promoting
chondrogenic differentiation of HMSCs. 182

Other natural biopolymers can be blended with RSF to produce biocompatible
cartilage constructs. One example is chitosan, which can provide sufficient
support to chondrocytes due to the existing glycosaminoglycan residues.®3
Both Bhardwaj et al.'®* and Silva et al.*® investigated this showing that chitosan
could increase cell attachment, proliferation and chondrogenic phenotype of
chondrocytes or chondrocyte-like cells. Another biopolymer combination that
has been studied is Gelatin/RSF. Gelatin is a partial derivative of collagen and
both collagen and gelatin possess the ability to promote chondrogenic
differentiation.’®® RSF/collagen dense mats fabricated by electrospinning and
seeded with MSCs showed better chondrogenic differentiation of MSCs and
promoted expression of cartilaginous matrix compared to collagen-only dense
mats.1® It is assumed the reason for this might be caused by the increase in
scaffold strength. In addition, Wang et al.?° fabricated porous RSF/collagen
scaffolds combined with poly-lactic-co-glycolic acid (PLGA) microspheres which
exhibited good cell affinity and promoted articular cartilage in rabbits. Recently,
Shi et al.*® reported that a mixture of SF solution (6.9% w/v) and gelatin
solution (6.9% w/v) at a mass ratio 1:2 could be used to fabricate SF/Gelatin
(SFG) scaffolds with good degradation and mechanical properties via 3D
printing for the use in cartilage repair ( ). SFG scaffolds have
chondrogenic differentiation abilities of bone marrow stem cells (BMSCs), the
native round shape of chondrogenic cells could be observed after 21 days of in
vitro incubation ( ). In addition, it has been shown that SFG
scaffolds implanted into defective rabbit cartilage positions repaired the
cartilage defect after 24 weeks ( ). Except form the above

mentioned, RSF also can be blended with other biopolymers such as
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cellulose'®, hyaluronic acid!®, agarose'®! and poly(p,.- lactic acid)'®? to provide

sufficient support to chondrogenesis.

It has been shown that the mechanical and structural characteristics of RSF-
based scaffolds can be improved by argon plasma treatment.%3-1% For example,
Baek et al.!®® reported that porous RSF scaffolds treated with microwave-
induced argon plasma exhibited a significantly increased hydrophilicity and
therefore increased chondrocyte adherence, and proliferation. It has been
shown that cells seeded on the RSF scaffolds and then incubated in physically
stimulated bioreactors under physiological conditions could further improve
cartilaginous constructs.%: 197 For example, the amounts of glycosaminoglycan,
total collagen, collagen Il and DNA along with cartilage-related gene produced
by cells increased significantly by seeding porous SF scaffold with HMSCs and
incubated in perfusion bioreactors for 4 weeks. Additionally, the same study
found that the mechanical stiffness of the stimulated scaffold also increased in
comparison to a static culture.!% These results indicate that hydrodynamic
factors as well as cell types'®8, scaffold architectures e.g. pore size and

distribution are key components to successful constructs for cartilage TE.®®
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Figure 1-7 A) Schematic diagram illustrating the fabrication of a 3D of scaffold made via
Bioprinting up to the final in vivo implantation. B) Microscopy and SEM images of the SFG
scaffold (mixture of SF solution and gelatin solution at a mass ratio 1:2). C) Phalloidin/Hoechst
assay of chondrogenic morphology on the SFG scaffold after 21 days incubation. D)
Hematoxylin-eosin staining of repaired cartilage at 6, 12 and 24 weeks. (MF represents the
microfracture control group; N represents normal cartilage; R represents repaired cartilage;
the margins between repaired and normal cartilage are indicated by black arrows; scale bar:

200 pum). Reprinted with permission from?%,

1.1.6.3. Ligament and tendon tissue regeneration

Ligament and tendon tissues are composed of collagen and fibrocytes which
are made up of a dense fibrous connective tissue, which can be easily impaired
and severely lacks the ability of natural regeneration.®® 29 Due to its unique
mechanical properties (such as high toughness values and good elasticity) and
structural integrity, RSF scaffolds have become a preferred biopolymer for the
use in ligament and tendon TE.3® In 2002 the first RSF matrix was successfully
implemented in engineering an anterior cruciate ligament (ACL) that matched
the mechanical properties of the human ACL.”*? Based on these promising
results, researchers started fabricating knitted SF-based scaffolds for the
regeneration of ligaments and tendons. For example, Liu et al. fabricated web-
like SF sponges on knitted scaffolds on which HMSCs were seeded, these
scaffolds are more cellular actively compared to RSF hydrogel knitted scaffolds.
The results demonstrated SF-based knitted scaffolds proved structural strength,
while the web-like microporous RSF sponges can enhance cellular activity.?%t
Subsequently, Fan et al. implanted RSF porous knitted scaffolds with MSCs into
rabbit?°? and pig?°® models to regenerate ACL. After 24 weeks of implantation,
the direct ligament-bone insertion with four zones (bone, fibrocartilage,
mineralized fibrocartilage, ligament) in rabbit and three zones (bone, Sharpey’s
fibores and ligament) in pig was reconstructed, which was similar to native
structures of ACL-bone insertion. The tensile strength of regenerated ligaments
also compared to the mechanical properties of the native ligaments. In addition,
Chen et al.?°* combined RSF knitted scaffolds with collagen and then implanted

these into rabbit medial collateral ligament (MCL) defected regions, which was
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shown to promote scaffold—ligament interface healing, compared with untreated
MCL or only SF knitted scaffold.

An arginine-glycine-aspartic acid (RGD) peptide sequence can also be
immobilised onto RSF scaffolds and has been shown to promote the
attachment of BMSC cells leading to higher human bone marrow cells and
ligament fibroblast formation.?%> Additionally, sequential administration of growth
factors, including epidermal growth factors, transforming growth factor-g and
basic fibroblast growth factor, induced BMSCs cells to proliferate and
differentiate on RGD-coupled RSF scaffolds, which can boost the development
of ligament tissue.?’® Growth factors stimulate biochemical and mechanical
properties, thereby inducing cell differentiation toward a fibroblast lineage and

enhanced matrix in-growth, as well as collagen production.207. 208

In conclusion, blending RSF with natural biomaterials such as collagen type 12°,
hyaluronic acid?'® and gelatin?! and synthetic materials e.g. polyelectrolyte?'?
and PLGA?? leads to the enhancement of scaffolds for use in the

reconstruction of ligament and tendon connective tissues.

1.1.6.4. Skin and wound tissue regeneration

The skin holds a critical role as the first line of defence to infectious organisms.
Epidermis and dermis are the main layers of skin, which mainly consist of
keratinocytes and ECM (mainly collagen and elastin). In cases with extreme
loss of skin integrity, e.g. severe burns, this can lead to disability and even
death.?4 215> RSF biomaterials have been shown to influence the attachment of
keratinocytes and fibroblasts®® and are widely applied to skin regeneration in
TE. Recently, Zhang et al.®® reported RSF films could be implanted into full-
thickness skin defects in rabbit models ( ) and porcine models
( ), which significantly reduced the healing time and showed better
skin regeneration compared to current commercial wound dressings. In clinical
trials, RSF films have also been shown to significantly reduce the healing time
and lower the probability of adverse events, compared to commercial wound
dressings. Additionally, RSF mats coated with antibacterial silver nanoparticles
(AgNPs) could be used as antimicrobial wound dressings to inhibit the growth of
Staphylococcus aureus and Pseudomonas aeruginosa.'®® The hydrophilicity of
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RSF nanofibers has been shown to increase after Oz plasma treatment, which

has been shown to promote human keratinocytes and fibroblasts activities.?16

Appendages on the skin (e.g. hormonal glands and hair) make skin tissue
complex.®® Chitosan has been widely used in skin TE, due to its biocompatibility,
biodegradability and antimicrobial ability as well as being known to promote
collagen formation from fibroblast cells, which increases the tensile strength of
the regenerated tissue in the defected area.?’® Cai et al.?® fabricated
RSF/chitosan scaffolds via electrospinning and found the mechanical strength
increased with increasing RSF concentration as well as an increase of
antimicrobial activity with increasing chitosan concentration. Moreover,
SF/chitosan scaffolds were shown to promote cellular proliferation and
antimicrobial property against Escherichia coli.?® 27 Furthermore, alginate
dialdehyde (ADA) enhances cell proliferation and attachment and has a lower
toxicity when used as corsslinker.?'® Therefore, ADA can be used to crosslink
RSF/chitosan scaffolds in defected skin areas and shows good water
absorption, high water transmission and increased cell activity.?'® Guang et
al.??? reported chitosan coatings on porous RSF scaffolds via a hydrogen-
bonding technique to form 3D RSF/chitosan scaffolds, and then implanted these
into a rat wound. Their data showed the wound was fully repaired after 21 days
and without any teratogenic effects and infections. In comparison non-mulberry
RSF from Antheraea assama (A. assama) was also shown to be a promising
material for skin TE. This is because it naturally contains the RGD peptide
sequence that promotes cell attachment.??! Chouhan et al.???> fabricated RSF
hydrogels by blending SF solutions isolated from A. assama and B. mori, which
promoted the differentiation of primary human dermal fibroblast and
keratinocytes cells in vitro. In addition, the blended SF solutions were injected
into third-degree burn wounds in-vivo and formed gels that firmly adhered to the
wounds. The blended RSF hydrogel not only acted as a supportive matrix for

skin repair, but also showed transition stages from inflammation to proliferation.

The above mentioned illustrate the vast capabilities the RSF scaffold materials
and how they can be blended with natural and synthetic materials, such as
dextrose??3, TEMPO-oxidized cellulose nanofiber??4, Manuka honey??®, Ag

particles??6, collagen??’, chitin®?® to increase mechanical properties, decease
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wound infections and improve wound healing. Therefore, the use of composite
RSF scaffolds were able to provide overall better results to pure RSF scaffolds
in skin TE applications.
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Figure 1-8 A) Schematic diagram of silk fibroin films via Temperature Controlled Water Vapour
annealing (TCWVA). B) RSF films implanted into full-thickness skin defects in rabbit models
compared to Suprathel, Sidaiyi and untreated tissue at 0, 7, 12, 14, 17 and 21 days. C) RSF films
implanted into full-thickness skin defects in a porcine model and compared to Suprathel,

Sidaiyi or untreated at 0, 30 and 90 days. Reprinted with permission from®.

1.1.6.5. Tympanic membrane tissue regeneration

Tympanic membrane (TM) is a transparent structure located between outer and
middle ear, whose functions is receiving sound vibrations and protecting
medium ear. TM is composed of the epidermal outer layer, fiborous middle layer
and mucosal inner layer, which mainly consist of keratinocytes, fibroblasts and
collagen (type Il and type 111).22% 230 TM perforations are normally caused by
middle ear infections or traumatic ruptures caused by mechanical trauma and
pressure blasts. If the rupture has not self-repaired within 3 months, it will
become a chronic perforation, which can lead to hearing loss and recurrent
infections.??%-231 The excellent properties of RSF as mentioned above make it
an idea material for tympanic membrane TE, supporting the growth and spread
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of keratinocytes derived from human TM cells.?3?234 Shen et al. implanted RSF
films into rat?>>> and guinea pig?®*® models to regenerate acute TM perforations
using onlay myringoplasty. After implantation, a perforation closure for both rat
and guinea pig models were observed after 7 days, where no recovery was
observed in the control groups. In addition, RSF films were shown to not only
repair TM perforation but also accelerate the regeneration of TM, leading to a
significantly faster hearing recovery. Furthermore, Shen et al.?®” demonstrated
RSF films showed no significant macrophage response in host tissue, less
inflammation, and was degradable in vivo. In addition, Allardyce et al.?%®
reported that RSF membranes possess good acoustic energy transfer capability
and excellent tensile strengths to cartilage, indicating the great potential of

these membranes to regenerate chronic TM perforations in vivo.
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1. 2. Designer peptide amphiphiles as scaffolds
for tissue engineering applications

Abstract

Peptide amphiphiles (PAs) are composed of a hydrophobic tail and hydrophilic
head, which can self-assemble into well-ordered nanostructures eventually
leading to the formation of hydrogels. In addition, the diversity of natural amino
acids endows PAs the possibility to produce range of sequences with different
biological functions. These properties along with their biocompatibility,
biodegradability and a high resemblance to native extracellular matrix have
resulted in PAs being considered ideal scaffold materials for use in tissue
engineering (TE) applications. This review introduces the 20 natural canonical
amino acids followed by highlighting the three categories of PAs, including
amphiphilic peptides, lipidated peptide amphiphiles and supramolecular peptide
amphiphile conjugates, as well as their design rules that dictate the peptide self-
assembly process. Furthermore, 3D bio-fabrication strategies of PAs hydrogels
are discussed and recent advances of PA-based scaffolds in TE with an
emphasis on bone, cartilage and neural tissue regeneration in vitro and in vivo

are considered. Finally, future prospects and challenges are discussed.

Keywords: Peptide amphiphiles, Biomaterial, Scaffold, Tissue engineering

1.2.1. Introduction

Tissue engineering (TE) is a highly multidisciplinary field the aim of which is to
regenerate damaged tissues or organs through developing biological
substitutes that maintain, restore or improve the function of the target tissues or
organs, rather than replace them. TE relies extensively on scaffolds which are
typically seeded with cells. This can be either cultured in vitro to synthesize
tissue that is then implanted into the injured site or implanted directly into
injured site exploiting the body’s own systems for the regeneration of tissue.®
These scaffolds can be divided into natural?®® or synthetic categories?*°. Part of
the natural category comprises silk fibroin, collagen, hyaluronic acids and
Matrigel, while the synthetic category includes polylactic acid (PLA),
polycaprolactone (PCL), polyglycolic acid (PGA) and poly (lactic-co-glycolic acid)
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(PLGA) amongst others.?3% 240 However, with the aforementioned scaffolds
several disadvantages and limitations exist. For example, Matrigel and collagen
I hydrogel have high variations in batch to batch production, and the synthetic
scaffolds normally lack cell adhesion cites, whose degradation products contain
acidic compounds that are harmful to human body.?41-243 On the other hand the
precise control of protein-based scaffolds give rise to many benefits for TE
which include structural tunability, excellent biocompatibility and an abundance

of sites for easy functionalisation and modification.®

Proteins, made from amino acids as building blocks, are ubiquitous in nature
and can perform specific biological functions, these include DNA replication,
catalysis, transporting desired molecules and supporting cells in the
extracellular matrix (ECM).?** In the early 1990s, the first self-assembling
peptide EAK16 (AC-(AEAEAKAK)2-CONH2 where the N terminal charge is
blocked by an acetyl group and the C terminal carboxylic group is blocked by an
amine group) was designed according to a repeating segment in the yeast
protein Zuotin. This discovery led to the concept of self-assembling peptides as
TE materials for scaffolds fuelling increased interest by many researchers to
date. Subsequently, numerous de novo or biomimetically derived synthesised
peptides mimicking the peptide EAK16 have been designed.?*% 245 246 The
“Bottom-up” approach is known as the strategy for the fabrication of self-
assembled peptides, which exploits amino acids as building blocks to form
various nanoarchitectures, which include: nanotubes, nanovesicles, nanobelts,
nanofibers, nanorods, nanoparticles. These ordered aggregates are formed
spontaneously by non-covalent bonds, such as electrostatic and Van der Waals
forces, hydrogen bonding, hydrophobic and - stacking. Based on the
inherent biocompatibility and biodegradability of self-assembling peptides, they
can be applied to a ranging array of medically related applications, these
include: drug and gene delivery, skincare and cosmetics as well as the

stabilisation of membrane proteins.247-249

Peptide amphiphiles (PAs) are one important class of self-assembling peptides
that have been extensively researched over the past two decades.?%0-253 These
can self-assemble into high-aspect-ratio nanostructures under certain solution

conditions, such as pH, ionic strength and temperature.?® Recent research
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suggests that the group of PAs can be classified into amphiphilic peptides,
lipidated peptide amphiphiles and supramolecular peptide amphiphile
conjugates.?®? In general, PAs contain a hydrophobic tail that can be designed
via conjugating hydrophobic segments (e.qg., lipid tall) at the ends of the peptide
sequence or on specific residues. The hydrophobic tail of PAs is responsible for
driving self-assembly and exposes the functional peptide group on the surface
of the self-assembled nanostructures.?®> One examples of PAs molecule was
designed in 2001, it could be self-assembled into long nanofibers and produce a
nanostructured fibrous scaffold with biological signals giving it great potential to
mimic the ECM.?¢ Since then, the use of PAs as functional biomaterials have
been extensively researched and have been recognised as remarkable
materials for scaffolds,?7-2%° resulting in several advantages including: 1) Most
PAs are composed of natural L-amino acids, giving them good
biocompatibility.?%° 2) Owing to the natural diversity of amino acids, there are 5%°
possible sequences for the fabrication of pentapeptides. 3) A high density of
surface signals that can interact with cells.?®* 4) Hydrogen bonding assisting the
self-assembly process of PAs forming highly stabilized B-sheet conformation.26?
5) PAs can be designed based on bioactive sequences, such as Fmoc-RGD?3,
and the functional core of fragments of protein, for example the Cie-
GAGAGAGY peptide sequence is designed based on the structure of silk fibroin,
and can be self-assembled into robust and plastic hydrogels induced by pH

change.?%4

This review focuses on the design of PAs molecules for uses as cell culture
scaffolds for use in 2-dimensional (2D) and 3-dimensional (3D) TE applications.
We outline recent advances in the design of PAs, in light of their composition
and types as well as introducing the fabrication technologies of PA-based
scaffolds. We then discuss the applications of these scaffolds in TE, with an

emphasis on bone, cartilage and neural tissue regeneration.

1.2.2. The Natural building blocks: amino acids

There are 20 different natural amino acids which can serve as building blocks
for peptide biosynthesis ( ). Out of these proline, glycine and cysteine
are rather special due to their unique structures and play special roles in driving

peptide folding. Apart from proline, where the side chain (R group) is covalently
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linked with the amino terminus, all other amino acids possess the same 2HN-
CH-COOH motif, but bearing different R groups attached to the centre carbon
(Ca) atom. This enables the molecules to possess different properties and
resulting in different biological functions. This difference in R group of proline
results in a locked conformation, giving a conformational rigidity over other
amino acids that therefore introduces intramolecular folding during peptide self-
assembly. For example, hairpin peptide MAX1: (VK)s-VPPPT-(KV)s-NH2
contains a turn-forming -VPPPT- segment that can promote the folding into B-
hairpin-like structure.?®® Glycine is the only achiral molecule of all amino acids,
its R-group contains only a single hydrogen atom and therefore it does not have
an L-configuration or D-configuration. In addition, the hydrophobicity (= value) of
glycine is defined as 0.0 meaning glycine is neither hydrophilic nor hydrophobic.
Moreover, glycine possesses a higher degree of flexibility than other amino
acids, this is because there are no steric hindrances imposed by its R group in
the structure of glycine. The amino acid cysteine possesses a sulphur-
containing thiol side chain that enables the formation of disulphide bonds
between two peptide chains or alternatively a loop formation with a single
peptide chain. For example, the cyclisation of the peptide sequence AC-
C(FKFE)2CG-NHz is driven by intramolecular disulphide bonds of cysteine
residues, which prevents B-sheet conformation and consequently stops the self-
assembly. When the reduction of disulphide bond, the peptide starts to self-
assemble and can form fibrillar superstructures and can even form hydrogels

under certain concentrations.256

According to the properties of the R groups, amino acids can be classified into
electrically charged, polar uncharged and hydrophobic species, excluding the
special cases previously discussed (proline, glycine and cysteine). Electrically
charged residues can be divided into positively charged (histidine, arginine and
lysine) and negatively charged (aspartic acid and glutamic acid), these can form
charge-charge interactions that have the potential to promote or prevent self-
assembly. For example, the peptide MAX1 has many positively charged amino
acids that leads to repulsions, which in turn affect the nanostructures formed.2¢”
The electrically charged residues are projected on the bottom and top sides of
peptide assemblies, which dominate the peptide stability and hydration degree

of the peptide in an aqueous condition. To reduce intermolecular electrostatic
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repulsion between the same charged amino acids, control of pH has been
widely used.?6”. 268 Therefore, when designing ionic self-complementary
peptides, oppositely charged amino acids should be considered, such as in the
peptides EAK162%%° and AC-KFEFKFEF-NH: (EFK8)?°. For the case of the
polar uncharged residues, these bear different types of side groups being
hydroxyl (serine and threonine) and amide (asparagine and glutamine), which
can cause hydrogen bonding interactions either via OH or CONH groups and
thus drive the formation of secondary structures (e.g., a-helix, B-turn and [3-
sheet). For example, Wang et al.?’? reported the peptide AC-I3XGK-NH2 (where
X represents polar uncharged residues such as glutamine, asparagine and
serine) could form polar zippers between neighbouring p-sheets of X via their R
group, which in turn intermesh B-sheets into wide and flat ribbons. It is noted
that the hydrogen bonding formed via side chain - side chain interactions can
stabilise the formation of secondary structures whereas when formed via side
chain and main chain interactions the formation of secondary structure may be

destabilise.272. 273

Hydrophobic residues can be divided into two groups being, aromatic residues
(phenylalanine, tryptophan and tyrosine), which can form r-n stacking to
facilitate peptide self-assembly and aliphatic residues (alanine, isoleucine,
leucine, methionine and valine), which hold hydrophobic interactions. =n-nt
stacking refers to p-orbitals in n-conjugated systems, which plays a key role in
peptide self-assembly. For example, the ultrashort peptide FF and Fmoc-FF can
self-assemble into long and flat nanoribbons based on =-r interlocked B-sheets
between phenyl rings.?’* 27> The hydrophobic interaction in contrast arises from
aliphatic residues but can sometimes also arise from residues with a high
hydrophobicity , such as is the case for threonine.?’® Hydrophobic interactions
are the opposite to hydrogen bonding and unlike n-n stacking, they cannot
provide directionality during the peptide self-assembly process.?*¢ However,
they still play a significant role during self-assembly in aqueous solutions, which
can promote the aggregation of peptide monomers and further accelerate
secondary structural self-assembly. The self-assembly can be readily tuned by
using solvents with different polarities. For example, Zhao et al.?’” reported the

addition of acetonitrile to water could tune the structure of the peptide KlsK from
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nanotubes to helical/twisted ribbons and further to thin fibrils. This is because
acetonitrile can reduce the hydrophobic interactions, which in turn weaken the
lateral stacking of B-sheets in KlsK. In summary, amino acids possess a
diversity, where each type of amino acid has its own unique physical, chemical
and biological properties, which in turn gives a great potential to fabricate
advanced functional peptides through the combination of various amino acids
sequences and lengths. In addition, the process of peptide self-assembly is
mostly caused by non-covalent bonds as mentioned above working in a

cooperative way.
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Figure 1-9 Chemical structures, standard accepted abbreviations and hydrophobicity (x value)
of the 20 natural amino acids can be used as building blocks for constructing peptides. Please
note that (0), (+) and (-) represent the neutral, positively charged, and negatively charged form

of ionizable side chains. The data of m value reproduced with the permission from?4.
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1.2.3. Peptide amphiphiles: classification and design rule

As previously introduced PAs are an essential category of amphiphiles that can
self-assemble into different aggregated structures dependant on building
optimal peptide sequences controlled via their hydrophilic-lipophilic balance
(HLB) within their functional groups. The self-assembly process is similar to that
of lipids with a critical micelle concentration (CMC). Here, when a critical
aggregation concentration (CAC) is at low concentrations, only monomers
appear in aqueous solutions, while for concentrations above their CAC, the
process of aggregation starts and results in the formation of different kinds of
nanostructures, such as  nanotubes?’®, nanobelts?”®,  nanorods?°,
nanovesicles?®! and so forth.?8? In essence, PAs are oligopeptides that possess
a hydrophilic head and a hydrophobic tail, which is comparable to lipids. In the
following sections we look at the three categories of peptides and their design
rules which are: amphiphilic peptides, lipidated peptide amphiphiles and

supramolecular peptide amphiphile conjugates.

1.2.3.1. Amphiphilic peptides

Amphiphilic peptides belong in the category of PAs which are solely composed
of amino acids.?®® For the normal N-C type of sequences the N terminal
connected hydrophobic tails are blocked by an acyl group increasing a
tendency of aggregation, whilst C terminal connected hydrophilic heads are
blocked by an amine group or left open. There are two main subclasses of
amphiphilic peptides, these are ionic self-complementary peptides?®* and

surfactant-like peptides?46.

The first subclass of amphiphilic peptides is composed of 12 to 16 alternating
hydrophobic and hydrophilic residues, which drive the formation of stable (-
sheets or B-strand structures in aqueous solutions.?®> The hydrophobic residues
(hydrophobic faces) of ionic self-complementary peptides are composed of
alanine and leucine, and self-assemble in aqueous media in order to protect the
hydrophobic faces from the hydrophilic media In addition, hydrophilic residues
contain arginine and lysine as positive residues as well as aspartic acid and
glutamic acid as negative residue which corresponds toa hydrophilic face in
agueous media. The complementary ionic sides on the hydrophilic surface can

37



be classified into four moduli, including modulus I, modulus I, modulus Il and
modulus 1V, for which the charge arrangements are as follow: - + - + - + - +; - - +
+--++;---+++and----++++, respectively.?®® 287 |In order to reduce the
electrostatic repulsion between the peptide monomers of ionic self-
complementary peptides electrolytes need to be added. As shown in

, hydrophobic faces are sequestered in the core of a bilayer by the
hydrophilic faces to form a “hydrophobic sandwich”. The R group of
hydrophobic faces in this sandwich are able to minimize contact with the
surrounding aqueous solution. Furthermore, hydrophobic interactions, such as
intermolecular hydrogen bonds between adjacent peptide backbones and
electrostatic interactions occur between hydrophobic faces of neighbouring
peptides to form B-sheet structures which in general conclude the final steps of
self-assembly.244 288-290 The first published example of this subclass is EAK16,
categorised as modulus 1l (also named as EAK16-Il), with an ability to self-
assemble into stable membranes?® and well-ordered nanofibers?®.
Subsequently, AC-(RARADADA)2-CONH2 (RADAL16-II) was designed, and both
RAD16-Il and EAK16-II scaffolds exhibited excellent adherence to mammalian
cell types.?®! This pioneering work resulted in the design of many ionic self-
complementary peptides which have been successfully applied in tissue
engineering. These include AC-(RADA)s-CONH2 (RADA16-I), AC-(AEAK)a-
CONH2 (EAK16-1), EFK8.292-294

Mostly, surfactant-like peptides are composed of one or two repetitive
hydrophilic amino acid residues as heads and several same hydrophobic amino
acid residues as tails. Structurally, the hydrophilic head of PAs is generally
composed of charged residues, for example, cationic peptide residues include
AC-I3K-NHz2 and AC-AsK-NH2, and anionic residues AC-VeD, AC-VeD2 and AC-
AeD.?°52%7 The hydrophobic tails of PAs are normally made up of 3-9
hydrophobic residues or 12-16 carbons in an acyl chain. AC-I1sK-NH: s a typical
example of surfactant-like peptides that can self-assemble and are made up of
hydrophobic isoleucine residues and hydrophilic lysine residues.?®® The self-
assembly process of AC-IsK-NH2 can be divided into 4 steps ( ).
Stage 1: Isoleucine tail residues (keep in interior) and lysine head residues
(projected on the top and bottom sides) form interdigitated bilayers, which

aggregate into small peptide segments. Stage 2: hydrophobic interactions,
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including electrostatic repulsion, hydrogen bonding, surface curving and
molecular chirality, among the isoleucine side chains leads to small peptide
segments assembling into ribbons. With the growth of the ribbons, they start to
twist due to electrostatic repulsion and molecular chirality (Stage 3). Finally,
when the twisted ribbons continued growth, which can lead the edge of twisted
ribbons to fuse, resulting in nanotube structure formation (Stage 4).2°9 300

A o Hydrophobic Face

B8E

B IR SRR MR IR MR

o % Sow © tow O Sow

Hydrophilic Face .

Stage 4

Figure 1-10 A, Schematic process of ionic self-complementary peptides in aqueous solution,
from primary structure to nanofiber formation, reproduced with the permission from.?% B,
surfactant-like peptides to form nanotubes in aqueous buffer, Reproduced with the permission

from.?*®

There are a few effective and convenient rules for design of surfactant-like
peptides will be outlined, including amino acids substitution and incorporation,
length variation, sequence variation as well as chirality.?*Amino acids
substitution and / or incorporation means that one or more residues are

substituted or inserted into well-designed self-assembled peptide. In an
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example, as mentioned before, AC-IsK-NH2 possesses strong self-assembly
ability and stability. This characteristic makes this a desirable base peptide for
modifications, for example isoleucine residues can be replaced by leucine
residues to form AC-L3K-NH2 or AC-LI2K-NH2.2% In addition, according to Han
et al.?%, the hydrophobicity of AC-LzK-NH2 is similar with AC-1sK-NHz, but the
CAC of AC-L3K-NHz2 is much higher than AC-13K-NHz2, this is due to a lack of -
sheet structures in the previous one. For the case of amino acid incorporation,
cysteine and glycine residues have been incorporated into the AC-IsK-NH2
sequence at the hydrophobic/hydrophilic interfaces to form AC-I3CGK-NH:2
which has been shown to form hydrogels at much lower concentrations than
AC-I13K-NH2.3%2 |t is worth to note that, cysteine residues can couple to form
disulphide bonds, while glycine residues are able to provide more space for the
disulphide bond formation. Another characteristic that can affect the properties
of surfactant-like peptides is the length of the hydrophobic tails. For example,
self-assembled peptides with long tail possess poor solubility in agueous
solutions, however with decreasing tail lengths solubility is increased, however
aggregation ability is decreased. Xu et al.3%® designed a series of cationic
peptides AC-AmK-NH2, where m is the length of alanine tail (m=3, 6, 9). Here,
their self-assembled architectures show a reduction in size and diameter,
spanning from stacked bilayers for AC-AsK-NHz, long nanofibers for AC-AsK-
NH2 to short nanorods for AC-AgK-NH2. This illustrates that increasing the
hydrophobic tails the CAC value decreases, which in turn increases the
aggregation at low concentrations. In addition to hydrophobicity, the CAC of
PAs can be influenced by B-sheet hydrogen bonding. For sequence variation,
Zhao et al.®** designed two hexapeptides that possess the same amino acid
composition, but bear different amino acid sequences, namely AC-l4sK2-NHz and
AC-Kl4K-NH2. The latter case contains a symmetric distribution of two lysine
residues in the backbone, this causes an electrostatic repulsion between the
sides of lysine residues. This interaction has a limited effect to hydrophobic
attraction among isoleucine side chains, resulting in a helical ribbon with larger
width formation giving rise to wide nanotubes. Similar to AC-I3K-NHz, in the
previously discussed case, two lysine residues are at C terminus, destabilising
the isoleucine side chains of neighbouring B-sheets, resulting in twisting and the

formation into nanofibers. In another example, Wang et al.3% designed three
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pairs of enantiomeric peptides, which include AC-PIsPK-NH2 / AC-t13"K-NH2, AC-
LIsPK-NH2 / AC-PI3*K-NH2 and the pair AC-PasPK-NH2 / AC-'2l13'K-NH2, to
investigate the chirality of self-assembled nanofibrils. Their results indicate the
chirality of lysine residues can be used to determine morphological handedness,
while the chirality of isoleucine residues can be used to determine the resulting
main characteristic of secondary structures. They found that change of
constituent amino acid chirality in short peptides might regulate the handedness
of peptide-based aggregates, this feature may provide a simple tool to design

supramolecular materials.3%

1.2.3.2. Lipidated peptide amphiphiles

Lipidated PAs also named as lipopeptides are one class of biosurfactants,
which are obtained from microorganisms, such as bacteria, yeast and fungi.3’
These biosurfactants possess the ability to reduce the surface and interfacial
tension, they have evolved in this way to disrupt biological activity as part of the
organism’s host defence mechanism.3%® Bacillus and Pseudomonas produced
lipopeptides have been extensively researched and applied, because they have
diverse biological activities, such as antibacterial, antifungal and antiviral.30%-312
Structurally, they are constructed of a cyclic peptide head linked to a single lipid
chain.®'® For example, surfactin, a cyclic heptapeptide produced by the Bacillus
subtilis family, is comprised of seven amino acids residues and one (3-hydroxy
fatty acid residues of variable length.3** When the concentration of surfactin
reaches its critical micelle concentration (CMC), lipid bilayers can be disrupted
and dissolved with the formation of mixed micelles.3*® Because surfactin
possesses specific bioactive functions (e.g. antiviral, anti-inflammatory,
antimicrobial and anticancer), it has been widely used for biopharmaceutical

and TE applications.36 317

Inspired by these bacterially-expressed lipopeptides, many synthesized
lipopeptides have been designed and applied to many fields, such as drug and
gene delivery, membrane protein stabilization and TE.3!8 319 Part of the reason
for this is because this type of designed lipopeptides are easy to be synthesised
and readily form well-defined nanostructures that can tolerate a large chemical
diversity.32° The structure of simple lipopeptides is composed of a hydrophobic

aliphatic tail of variable length attached to a hydrophilic peptide sequence via an
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amide bond, such as is the case for CmKn, where m is the length of aliphatic tail
and n is the number of lysine residues.?®® Apart from this, lipopeptides can also
be designed with a coating of bioactive epitopes with a chemical structure
composed of four key features ( 261,321 These features include:
the most important region, a hydrophobic tail, typically consisting of a long
acyl chain, making the molecule amphiphilic when attached to peptide
sequence. This amphiphilicity allows the periphery of self-assembled
nanostructure specially presents peptide signals, such as different types of
bioactive epitopes. The second region is a B-sheet forming segment, which
typically is comprised of hydrophobic amino acids. This enables the formation of
one-dimension (1D) self-assembled nanostructures that can be further
entangled into networks. Additionally, biological signals can be present on the
nanostructure surface at a high density due to molecular packing within a
cylindrical geometry. It is worth to note that, the mechanical properties of
lipopeptide gels and the shapes of formed 1D nanostructures can be tuned
through modifying this region.?’® 322 The third region is made up of short
charged amino acids sequences that promote solubility in water. These
charged amino acids are relatively weak acids and weak bases and therefore
control of the pH increases in the concentration of electrolytes in the bulk
solution can trigger nanostructure growth. pH and salt sensitive designed
lipopeptides play an essential role in injectable therapies,?® allowing
unassembled lipopeptides to combine with bioactive entities, such as growth
factors, or with live cells to form low viscosity liquids.?¢! Electrolytes can thus
induce the self-assemble of lipopeptides into gels spontaneously within the
physiological environment for encapsulating the desired payload.?5* The last
region considered is made of bioactive epitopes, these can be designed for
different purposes without changing the final formation of self-assembled
nanostructures. Active sequences, such as RGDS, YIGSR and IKVAV, can be
incorporated into designed lipopeptides, thus mimicking the structure and

function of native ECM.256. 324, 325

In the case of region 1, lipopeptides can also contain more than one lipid group
as designing hydrophobic tail. For example, Dasgupta et al.3?¢ designed two-
chain and single-chain lipopeptides that have same head groups but bear a

different number of lipid chains and investigate their self-assembly properties.
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Their results indicated two-chain lipopeptides could self-assemble into
nanostructures, ranging from twisted ribbons to dense helical fibrillar networks,
and further to form hydrogels, while single-chained lipopeptides failed to self-
assemble. The assumed self-assembly mechanisms of for the structures of two-
chain lipopeptides are shown in . Initially, the hydrogen bonding of
head groups and the stacking of hydrophobic lipid chains leads to the formation
of ribbons. With the growth of the ribbons, the authors expect them to form
networks of twisted fibres via hydrogen bonding among the head groups in
antiparallel strands.3?% In addition, increasing the length of hydrophobic aliphatic
tails of two-chain lipopeptides increased their tendency for aggregation, ranging

from spheroidal micelles to strand-like structures.3?’

To enhance the self-assembly of lipopeptides aromatic groups such as Fmoc,
naphthalene and arylenediimides, can be incorporated into region 2 of the
peptide.?>3 328-330 This does not only increase the hydrophobicity, but also
provides a number of possible aromatic stacking conformations, including
parallel, antiparallel, and interlocked antiparallel confirmation between the
molecules.?®®* The commonly used arylenediimides aromatic groups used for
this are e.g. naphthalenediimide (NDI) and perylenddiimide (PDI) and have
been widely used for organic electronics, as antimicrobial agents and for the
development of chemo-sensors.33!: 332 For example, Singha et al.32 designed a
lipopeptide with NDI where both sides are linked to a hexyl chain and the cell
targeting sequence RGDS. The self-assembly process of this NDI-based
lipopeptide can be divided into three steps as shown in . In detail:
at the minimum aggregation concentration 1 (MAC1; around 0.05 mM), smaller
aggregates are formed by NDI groups via n-m stacking. With increasing
concentration to another critical concentration MAC2 (around 0.45 mM), smaller
aggregates further assemble into spherical aggregates (mostly micellar
assemblies). By further increasing the concentration to above 16.9 mM (MAC3),
the spherical aggregates assemble into nanofibers that eventually turn into
hydrogels.333 Additionally, PDI also can be introduced into the place of NDI to
construct PDI-based lipopeptide.33* For the case of Fmoc incorporated
lipopeptides, including the derivatives of Fmoc-protected glycine and Fmoc-
protected lysine.33% 336 |n the previous case, one side of glycine residue is

coupled with Cis chain and the other side is linked with Fmoc, which can self-
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assemble into twisted nanofibers and the formation of organogels. In the latter
case, one side of lysine residue is coupled with Cie chain and the other side is

linked with Fmoc which can self-assemble into helical fibres.
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Figure 1-11 A, Chemical structure of a representative single tail lipopeptide, highlighting four
designed chemical entities. Schematic diagram shows B, A probable mechanisms of a
representative two-chain lipopeptides self-assembly process. C, Stepwise hierarchical
aggregation of NDI-based lipopeptide. NDI represents naphthalenediimide, MAC1, 2 and 3
represent at or above minimum aggregation concentration 1, 2 and 3, NDI-based lipopeptide
can assemble into small aggregates, spherical aggregates (presumably micellar assemblies) and
nanofibers, respectively. A with the permission from?®; B with the permission from3?%; C with

the permission from3%3,

1.2.3.3. Supramolecular peptide amphiphile conjugates

The traditional amphiphile structure is composed of a hydrophilic head and a
hydrophobic tail via covalent bonds.3®” In contrast the supramolecular
amphiphile structure is constructed via non-covalent driving forces, including
host-guest recognition, n-r stacking, hydrogen bonding, electrostatic forces and

metal coordination interations.?%2 338 |t js worth to note that soft materials are
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often fabricated by supramolecular amphiphile approaches, thus giving them a
high degree of structural complexity and giving them the ability to be stimuli-
responsive.3*° The fabrication of supramolecular amphiphile PAs is commonly
based on host-guest recognition interactions. Structurally this system is
composed of a receptor molecule (host) and a ligand molecule (guest).
Macrocyclic hosts, such as cyclodextrins (CD), cucurbiturils (CB) and
pillararenes, as molecular receptors can be introduced into supramolecular
systems enabling them to construct distinctive properties of such
supramolecular conjugates.®*® For example, supramolecular hydrogels

fabricated by CD and CB have been successfully used for cell delivery.34t: 342

In an early study Versluis et al.3*® designed a pH-sensitive supramolecular PAs
loaded with B-CD (host) and an adamantane-modified octapeptide (VE)4 (guest),
as shown in . Three orthogonal interactions were reported to take
place in this two-component system, including: (i) hydrophobic interactions with
the lipid-functionalized B-CD, (ii) host—guest inclusion complexation between (3-
CD and adamantane, and (iii) hydrogen bonding in the octapeptide (VE)s. On
this basis, Hong et al.3** designed thermosensitive poly(organophosphazene)
(PPZ) loaded with B-CD and adamantane-modified RGD. In addition,
biocompatible poly(ethylene glycol) (PEG) was inserted between adamantane
and RGD to avoid steric hindrance between mesenchymal stem cells (MSCs)
and B-CD PZzZZ. Supramolecular hydrogels can be constructed by means of
mixing this peptide-decorated vesicle and B-CD PPZ at physiological
temperature (37 °C), this application will be discussed in the cartilage TE

section.

Although the cavity size of CB is the same as that of CD, CB possesses two
identical cavity entrances with carbonyl edges, which allow two different guests
inside its cavity.®*® In another words, CB acts like a “supramolecular handcuff’
combining the two molecules together. Cucurbit[8]uril (CB[8]) is one type of the
CB family which provides a platform for designing supramolecular amphiphile
PAs.3%6 Asymmetric viologen surfactants (first guest molecule) can provide
hydrophobic interactions to promote the assembly process, which can form
unilamellar vesicles upon addition of CB[8] and an appropriate second guest

molecule.?*”. 348 For example, Jiao et al.3*° designed supramolecular PAs via

45



host-guest complexation between the pyrene-functionalized peptide (GGGKKK),
a viologen lipid and CBJ[8]. The charge-transfer interactions between the two
guests inside the CB[8] cavity are the dominant factors promoting the
construction of supramolecular PAs into vesicles. According to this concept,
Mondal et al.®*° constructed light-responsive supramolecular PAs. In this work,
azobenzene, a photoisomerizable group, was connected at the N-terminus of
the peptide (WGGKK) as the second guest for CB[8]. The azobenzene
containing peptide was supramolecularly conjugated with a viologen surfactant
using CB[8] allowing for photolabile vesicle formation. Therefore, the formation
and deformation of these vesicles could be controlled by exposing the solution
to different wavelengths. In another similar example, Loh et al.3>! constructed a
thermosensitive supramolecular amphiphile Pas, as shown in Figure 1-12 B. It
could self-assemble into double layered vesicles, allowing efficient
encapsulation of the basic fibroblast growth factor (bFGF) to regulate cellular

activity.
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Figure 1-12 Schematic representation of A, chemical structure of B-cyclodextrin which can self-
assemble into cyclodextrin vesicles, and the chemical structure of adamantane-modified
octapeptide (VE)s; which binds to cyclodextrin vesicles. The addition of adamantane-modified
octapeptide (VE)sat pH 7.0 did not alter the shape of cyclodextrin vesicles. While a reduction
of pH to 5, resulted in random coil structures to transition to B-sheet conformation (this

change is reversible and repeatable), and these vesicles are transformed into fibres. B, (1)
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chemical structure of pyrene-functionalized peptide (GGGKKK), and (2) viologen-functionalized
poly(N-isopropylacrylamide) (PNIPAAm), and (3) supramolecular polymeric peptide conjugate.
As the temperature increased to 37 'C, PNIPAAmM moiety becomes hydrophobic and makes the
supramolecular conjugate (3) amphiphilic. Subsequently, double layer vesicles were formed. A

with the permission from3*; B with the permission from3,

1.2.4. The fabrication of 3D peptide amphiphilic scaffolds

1.2.4.1. Self-assembly

Nowadays, the gelation of PAs is no longer a random event but can be
achieved by altering design a PAs sequences. In addition to this researchers
are able to exploit external factors, such as temperature, pH, solvent, ionic
strength, light and enzymes, to stimulate solubility or help with the self-
aggregation of PAs.249 253, 352-35%4 Thjs s because the driving forces in self-
assembly systems are weak non-covalent interactions, which are sensitive to
the external environmental conditions.®*3. For example, 1) adding organic
solvents to PAs solutions can adjust solution polarity, thereby affecting
hydrophobic interactions in peptide self-assembly systems.?’”:3% 2) PAs mostly
contain charged residues, therefore, pH change affects charge-charge
interactions during peptide self-assembly.®*¢ 3) In addition, tuning the ionic
strength of PA solutions can mask the effect of charged residues which in turn
can remove pH trigger function.?*® 4) Unlike some external factors, including
solvents, pH and ionic strength, light does not perturb the solution, but directly
interacts with PAs, which in turn can induce self-assembly.3%7 358 5) Enzyme-
instructed self-assembly (EISA) is the integration of enzymatic reaction and
molecular self-assembly. In the last two decades a number of PAs have been
developed by means of EISA to form various nanostructures through diverse
enzymatic reactions.3%%-%62 Ulijn’s group has intensively developed EISA and
first mentioned the surface-localized EISA method that can produce localised
self-assembling hydrogels.363-365 As a rule of thumb, the final outcome of these
self-assembling PAs is the formation of hydrogels.3?8

The general hydrogelation process resulting from the self-assembly of PAs
involves three hierarchies. These are: Firstly, the formation of peptide second

structures from primary peptide sequences under certain external factors,
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secondly the formation of long and entangled nanofibers, and finally the further
assembly of these into a fibrillar network. These self-supporting hydrogels have
been extensively researched and largely covered in some recent reviews,?%% 328
366, 367 Therefore we only briefly discuss these here. Advantages and
disadvantages of the developed fabrication techniques of PAs scaffolds are
shown in . Apart from this, there are a few methods to promote PAs
scaffolds reach mechanical microenvironment favouring cell cultures. These
include, increasing the concentration of the PA solution; mixing PAs with
multibranched PAs sharing the same self-assembling sequences3¢?,
crosslinking PAs with synthetic3®® or natural®’® crosslinkers; and increasing the
overall hydrophobicity of the peptide sequence of PAs by tuning amino acid
residues3’% 372,

Table 1-2 Advantages and disadvantages of key PAs scaffolds fabrication techniques.37337°

Fabrication Techniques | Advantages Disadvantages

Self-assembly Highly porosity (80-90%); Cell Non-scalable; Poor

viability (60-95%); Diameter of fibres | control of fibres

(5-300 nm). dimension.
Electrospinning Highly porosity (80-95%); Cell A high voltage source

viability (<80%); Diameter of fibres needed; Toxic solvents

(100-1100 nm); Uniform; large may be needed.

surface area; Good mechanical

properties; Simple fabrication; Low

cost.
3D bioprinting Manufacture of complex structures Needs sophisticated and
at high definition. expensive apparatus;

Low mechanical strength;

Toxic organic solvents

typically used.

1.2.4.2. Electrospinning

Electrospinning is a ‘top-down’ manufacturing technology that can be used to
produce fibres from nano to micro scale resulting in fibore matts with a large
accessible surface area.?’® In the electrospinning process ( ),

polymer solutions are ejected from needle spinnerets under a high voltage
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electrostatic force. The nanofibers are formed during solvent evaporation.3’’
Although electrospinning is the one of the most frequently used technologies in
TE, the application of PAs for electrospinning scaffolds is rarely utilised owing to
the limited molecular weight and viscoelastic properties of PAs.370 378 With
further development of electrospinning, there have however been some
reported PAs scaffolds via electrospinning.®’®: 380 For example, Tayi et al.3®
demonstrated low molecular weight (<1 kDa) self-assembled PAs at very low
concentrations (<4 wt %) in water could be electrospun after critical parameters
(e.g. viscosity, surface tension and solution conductivity) for the electrospinning
technique were optimized. In contrast, Maleki et al.3”® have successfully spun
biomimetic nanofibrous mats with a number of PAs at high concentrations by
optimising solvents. ( ). They found that PAs with [B-sheet
structures appeared to be unfavourable to the spinnability compared to PAs
with random coil or a-helical conformations. Bruggeman et al.3®! designed two-
component composite materials that combine tissue-specific peptide hydrogels
(Fmoc-DIKVAV) and electrospun nanofibers were made of PLA. In addition,
they demonstrated varying the size of nanofibers can enhance structural
biomimicry of the ECM. Hamedani et al.®®? reported tyrosine-based
oligopeptides nanofibers prepared by electrospinning and then crosslinked with
1,6-diisohexanecyanate to improve physiological stability, registering no
cytotoxicity against human and rat neuronal cells. In another example, Pugliese
et al.3’° demonstrated the crosslinked peptide FAQ(LDLK)3 via genipin could be
also electrospun into nanofibrous mats. These electrospun crosslinked
nanofibrous scaffolds demonstrated good biodegradability and mechanical
properties, which also could support human neural stem cells (hNSCs) resulting
in progenies proliferating and differentiating into branching neural morphology.
In recent years, researchers have shown considerable interest in the
electrospinning of PAs, but further studies will be required, especially in the
preparation of 3D PAs scaffolds via electrospinning.

1.2.4.3. 3D Bioprinting

3D bioprinting is a ‘bottom-up’ additive manufacturing technology, which can be
used to construct reproducible and complex scaffolds via computer aided
design software (CAD) with high precision.1#® Especially, this technology can

49



encapsulate cells at specific position of hydrogels , enabling a higher cell
viability than with traditional culture methods.38 Within the field of bioprinting,
droplet-on-demand-based inkjet printing, including thermal and piezoelectric
categories ( ), has gained much interest due to high precision for
the deposition of multiple types of cells, allowing the generation of elaborate
spatial architectures.®®* Ink formulation is the greatest challenges in 3D
bioprinting, and various parameters need to be considered including
biocompatibility, low viscosity, fast gelation time and gel stiffness.38* 385 PAs are
attractive candidates for bioprinting owing to their versatile physicochemical
properties.3%® Loo et al.*®® reported one of the first peptide-based inks namely,
AC-ILVAGK-NH2 which was able to flow through fine-gauged needles with ease
into a concentrated salt solution. The resulting hydrogel structure was
measured to have a stiffness of up to 40 kPa. The scaffolds were shown to
support the 3D culture of human mesenchymal stem cells. In another example
Dubbin et al.®®” designed gel-phase inks, containing proline-rich peptide
domains, which were shown to increase mechanical support in the 3D
environment via a dual-stage crosslinking and prevented dehydration during
printing. Yan et al.®® reported IKVAV-based PAs integrated within a thiolated-
gelatin bioink which was successfully 3D printed at 4°C and demonstrated

excellent long term stability in cell culture for up to over 4 weeks. The cell-laden
scaffolds could stimulate cholangioctyes to form functional tubular structures.
Raphael et al.*®°® demonstrated self-assembling peptide-based hydrogels that
could be printed to form 3D matrices constructed with well-defined architectures
and high structural integrity through optimisation of printing parameters (e.qg.
valve opening time and extrusion pressure). In addition, inkjet printing also can
be used for modular tissue assembly that allow complex 3D constructs to be
fabricated with direct control over deposition of bioink.3%® For example,
Hedegaard et al.®8 exploited inkjet printing to guide shear force-mediated co-
assembly of PAs with keratin in order to fabricate toroidal microgels (

). These microgels with channel-like micro topographies on the
inner surface of ring-shape ( ) and spiral layering shape within
the bulk of the material ( ). Additionally, the 3D scaffolds
could support viable cell populations. Overall, 3D bioprinting technology is a
breakthrough technology in the development of 3D PAs scaffolds that have the
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ability to control position of cells at specific positions in the 3D scaffolds. These
described methods however still need more research in terms of

standardization for future work to increase success rates and accuracy.
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Figure 1-13 A. Schematic representation of the electrospinning process. B. Optical microscope
images of different nanofiber morphologies of electrospun peptide amphiphilic hydrogels. C.
Schematic representation of thermal and piezoelectric inkjet printing. D. SEM images indicate
the toroidal microgels (D1) with channel-like surface topography (D2) and spiral layering cross-
section (D3). A with the permission from3’’; B with the permission from3’8; C with the
permission from3*; D with the permission from3&,

1.2.5. Application of peptide amphiphile scaffolds in tissue

engineering

1.2.5.1. Bone tissue regeneration

Bone TE, is an approach in which stem cells, such as chondrocytes or
osteoblasts are loaded into an appropriate scaffold, either to regenerate or
replace damaged bone tissue. Here the scaffold function is meant to temporarily
replace the role of ECM during bone formation, including promote cell
proliferation and differentiation, stimulate mineral deposition and secretion of

bone ECM compositions.®°1-3%3 |n addition to biological performance,
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mechanical strength of scaffold should match that of native hard tissue with an

aim to replicate native microenvironment for optimal bone healing.3%

1.2.5.1.1. Amphiphilic peptides

In this context, it has been demonstrated that PAs can provide an adequate
nanoscale microenvironment for bone cell penetration and settlement.
PuraMatrix™, a synthetic peptide comprising of RADA16-I, was injected into
defective rat calvaria and demonstrated the ability to promote mature bone
formation.3% After this initial work, many researchers have continued to study
RADA16-| peptide hydrogels for bone TE applications. In another example He
et al.3% reported the use of both L-RADA16-I and D-RADA16-I scaffolds could
promote bone healing of defective rat condyles. Furthermore, the authors
demonstrated that D-RADA16-| is capable of the controlled release of bFGF,
further increasing the stimulation of bone regeneration. The release of bFGF
from the RADA16-1 hydrogel possesses biological activities that promotes NIH-
3T3 cells proliferation.3%” In addition, bFGF is known to be an angiogenic factor
and at lower concentrations and can stimulate neovascularization which in turn
results in a better supply of oxygen and nutrients to the regeneration site.3% He
et al.3® further developed the functional motif of RGD-modified D-RADA16-|
scaffolds, which significantly enhanced bone repair regardless if bFGF was
present or not. Apart from the bFGF growth factor, lkeno et al.*® further
demonstrated that RADA16-1 hydrogels doped with the bone morphogenetic
protein (BMP)-2 growth factor could extensively promote bone healing in a bone
augmentation rabbit model. Moreover, dexamethasone also can load into
RADAL16-l hydrogel, used in a perfusion bioreactor for bone TE. Although
dexamethasone-loaded RADA16-I hydrogels were shown to promote osteoblast
differentiation, it was not suitable for long-term use due to the potential toxicity
of dexamethasone.*?? RADA16-I scaffolds have also been used in combination
with hyaluronic acid and demonstrated that they could be used to control the
release of recombinant adeno-associated virus (rAAV) vectors, allowing to
genetically modify human mesenchymal stem cells (hMSCs). The results also
indicated these composite scaffolds can foster effectively transduction of
hMSCs (up to 80%) and chondrogenic differentiation (up to 21 days).4%? Similar

to PuraMatrix™, SPG-178-Gel, a neutral peptide consisting of
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RLDLRLALRLDLR, was implanted into a rat calvarial defect model and showed
new bone formation after three weeks.*%3 Additionally, FEFEFKFK peptide
scaffolds, without additional modifications were able to host hMSCs in a 3D
microenvironment and promote osteoblast differentiation. After 12 days of
culture hMSCs differentiated into osteoblasts, which was characterized with the
production of collagen, alkaline phosphatase, osteocalcin and the deposition of
hydroxyapatite (HA), the latter of which is the major inorganic mineral needed
for bone formation.*%* According to a recently published article by Ghosh et
al.*%, the short peptide Fmoc-FF was used which could self-assemble together
with alginate to form composite hydrogels and were able to direct osteogenic

differentiation and promote calcium mineralization.

1.2.5.1.2. Lipidated peptide amphiphiles

The first described lipopeptides were functionalized with phosphoserine and
RGDS residues, and demonstrated the capability of direct mineralization of HA
to form a composite material.?*® Subsequently, several reports have been
published where lipopeptides were formed by modification with functional motifs
and consequently successfully used in bone TE.*% In this context, Mata et al.*%’
reported the lipopeptide Cis-GAEELLLAAA, individually functionalized with
phosphoserine and RGDS which was implanted into a femoral defect (5 mm) rat
model resulting in significantly increased ossified tissue. In another study the
Lipopeptide Cis-GTAGLIGQ was modified with DGEA, a collagen type |
adhesive motif, or RGDS residues and both of them can promote the
osteogenic differentiation of hMSCs culture.*°® Furthermore Cis-GTAGLIGQ-
RGDS hydrogels embedded with HA nanopatrticles, formed a biphasic gel,
which has been demonstrated to foster femoral defect regeneration in vivo in rat
models.*%®® Moreover, Tansik et al.*'® demonstrated that lipopeptides
functionalized with both glycosaminoglycan and lysine not only stimulated
osteogenic differentiation of rat MSCs, but also aided the regeneration of bone
tissue, in vivo. In addition to above mentioned, Gulseren et al.*! designed
functional mimicry lipopeptides that could replicate the function of alkaline
phosphatases, enabling the promotion and rapid maturation of both osteoblast-
like and mesenchymal cell lines into osteoblasts. Trisulfated monosaccharide

conjugated with lipopeptides were able to mimic heparin sulphate. The resulting
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nanofibers amplified signalling of (BMP)-2 significantly, more than natural
sulphated heparin and promoted bone repair in the spine at growth factor doses
of 100-fold lower than those normally required in the rat model.#*? Although
these functionalized lipopeptides have been widely studied in bone TE, some
lack mechanical properties closely resembling bone tissue.?®®* To combat this
issue lipopeptides were attached to the surfaces of nickel-titanium implants
significantly facilitating the adhesion and proliferation of preosteoblastic cells.*13
Furthermore, they could also be used as pore fillers for titanium foams carrying
preosteoblastic cells to achieve mineralization, vascularization, and bone

regeneration in rat femur defect models.*4

1.2.5.2. Cartilage tissue regeneration

Cartilage is an avascular and aneural connective tissue that is mainly
composed of collagen and proteoglycans. The absence of vascularization within
this tissue however gives it limited self-repairing capability.#1> 46 PAs-based
hydrogels have made considerable strides in the development of scaffold
materials to tackle the problem of poor cartilage repair, owing to their

biomimetic, tuneable mechanical properties and similarity with native ECM.?%3

1.2.5.2.1. Amphiphilic peptides

In 2002, the first peptide hydrogel (KLDL)s was developed to support
encapsulated chondrocytes that produced a cartilage ECM rich in proteoglycan
and collagen type Il after 4 weeks incubation in vitro.*'” This scaffold was
shown to also promote the cartilage-lke ECM production via inducing
chondrogenic differentiation of adult bone marrow stromal cells (BMSCs).#8 In
addition to this, the transforming growth factor 1 (TGF-31), insulin-like growth
factor-1 (IGF-1) and dexamethasone were used to promote chondrogenesis of
BMSCs, which can be loaded into (KLDL)s hydrogels. These hydrogels were
demonstrated to be injectable and could promote cartilage repair in a rabbit
model.#?® Liebesny et al.*?° recently reported the development of (KLDL)3
hydrogels imbued with heparin-binding IGF-1 and associated with chondrocytes,
in combination with trypsin pre-treatment for cartilage regeneration, in vitro. The
trypsin pre-treatment not only can remove sulphated glycosaminoglycan (sGAG)

from the edge of the defect position, but also can migrate chondrocytes that
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seeded in the hydrogel to surrounding cartilage annuli. The addition of heparin-
binding IGF-1 was shown to enhance the proteoglycan synthesis rate and
deposition as well as integration of (KLDL)3 hydrogels into native ECM over 4
weeks. In another study the same (KLDL)s hydrogel implanted into
osteochondral defective tissue in a rabbit model show a slight improvement for
cartilage repair and regenration.*?> Moreover, the self-assembling peptide
(KLDL)3 can be conjugated with the functional binding motif HAVDI, which is an
N-cadherin mimetic peptide. This functional hydrogel leads to chondrogenic
differentiation of hMSCs by the inhibition of canonical Wnt/B-catenin signalling
at early the early stage.*?”> The peptide sequence RADA16 is another example
that can be applied in cartilage TE. For example, Florine et al.*?® reported
RADA16 hydrogels loaded with the heparin-binding IGF-1 factor could stimulate
in chondrocyte encapsulated within hydrogels or chondrocytes within adjacent
native cartilage explants, resulting in the increased production of sGAG and
hydroxyproline. The authors also functionalized RADA16 with the bioactive
bone marrow homing peptide PFS (PFSSTKT), which in combination with
acellular cartilage matrix (ACM) to form novel composite hydrogel scaffold for
cartilage regeneration ( ). This composite scaffold quickly recruited
more endogenous stem cells and facilitated their chondrogenic differentiation
that confirmed by gene expression analysis. In addition, after 6 months
implantation, the defective rabbit joint completely filled with cartilage-like tissue

and continuous surface as smooth as the surrounding native tissue (
) 424

1.2.5.2.2. Lipidated peptide amphiphiles

Lipopeptides can be functionalized with a binding site for TGF-f1 to promote
chondrogenic differentiation of hMSCs and the regeneration of articular
cartilage in rabbits.3* Lipopeptides have also been extended with sulfonate
groups to mimic sGAG molecules. This functionalized lipopeptides seeded with
prechondrogenic cells allowed the formation of cartilage-like nodules and
deposited sSGAG.*?> Yaylaci et al.*?¢ designed GAG-like glycopeptides that co-
assemble via Ser-linked B-D-glucose and carboxylic acids, mimicking the active
site of hyaluronic acid ( ). GAG-like glycopeptides can self-

assemble, allowing the organization of multiple glucose residues in enabling the
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chondrogenic differentiation of MSCs in vitro. In another study, GAG-like
glycopeptide nanofibers were also tested in osteochondral defects in vivo. After
12 weeks of incubation the scaffolds presented hyaline-like cartilage repair, with
a morphology and composition similar to the adjacent healthy native cartilage in
the rabbit model (Figure 1-14 D).4%6
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Figure 1-14 Schematic design of peptide amphiphile scaffolds for cartilage tissue engineering.A,
Schematic diagram illustrating the design and fabrication of RADA/PFS hydrogels. B,
Histological images of Hematoxylin-eosin staining (a, c, e, g) and sirius red staining (b, d, f, h) of
repaired cartilage at 3 months and 6 months post different treatment. (MF represents the
microfracture control; ACM represents acellular cartilage matrix). C, Chemical structure of
lipopeptides that modified with Ser-linked B-D-glucose and carboxylic acids, respectively. D,
Histological images of osteochondral defect site after 12 weeks treatment, with (a) Safranin-O
staining for glycosaminoglycans (b) and collagen type Il staining. A and B with the reproduced

with permission from*?*; C and D with the permission from?2¢
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1.2.5.2.3. Supramolecular peptide amphiphile conjugates

As mentioned earlier, supramolecular hydrogels can be fabricated through
mixing B-CD PPZ (host) and adamantane-modified RGD (guest), in which the
behavior of MSCs can be regulated by the control amount of adamantane-
modified RGD.3* Their results indicated an increased content of adamantane-
modified RGD levels within hydrogels improved MSCs survival rate and
enhanced chondrogenic differentiation, in both in vitro and in vivo studies. In a
similar study, thermosensitive supramolecular hydrogels were fabricated
composed of B-CD PPZ (host) and two different kinds of adamantane-modified
peptides (guests; functional peptides derived from TGF-B1 and N-cadherin).
These hydrogels were then seeded with MSCs and the composite was injected
into subcutaneous pockets in a rat model ( ). The results showed
different chondrogenic differentiation levels in 21 days post injection via strict
stoichiometric control of adamantane-modified peptides based on host-guest
interaction system ( ). When two adamantane-modified peptides at
stoichiometrically balance, the highest level of MSC chondrogenesis was
observed. That is might due to the stimulation of mitogen-activated protein
kinase (MAPK) for MSC chondrogenesis in balanced adamantane-modified
peptides is stronger than that in slanted adamantane-modified peptides.*?” This
is therefore, another example of a system that can be used for cartilage repair
that provides another tool to construct peptide hydrogels via the control of guest
molecules, such as changing the different categories of peptides bearing

adamantane or altering their adamantane ratios.
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Figure 1-15 Schematic diagram illustrating the injection of B-cyclodextrins
poly(organophosphazene) (B-CD PPZ; host), adamantane-TGF and HAV (guests) mixed with
mesenchymal stem cells (MSCs) into subcutaneous pockets in rat. After injecting, the liquid
mixture was converted into a solidified gel at body temperature. The fate of MSCs is achieved
by controlling the stoichiometric ratio of adamantane that was incorporated to TGF-B1 peptide

and N-cadherin peptide. Reprinted with permission from*%’,

1.2.5.3. Neural tissue regeneration

The nervous tissue system is made up of the central nervous system (CNS) and
peripheral nervous system (PNS). This system is fragile and can be easily
impaired by injuries and diseases and has limited capacity for self-repair.
Currently applied treatments consist of autografts and allografts, but these have
several limitations, including shortage of donor, immunological tissue, lack of

functional recovery and size/site mismatch of tissue.*?® 42° The application of
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PAs-based scaffolds have been exploited in neural TE for many vyears,
especially for RADA-based hydrogels. This is because PAs can be easily
biofunctionalized with various motifs to provide bioactivity of the surrounding

microenvironment for neural cells.

1.2.5.3.1. Amphiphilic peptides

According to very early studies, the peptide RADA16 has already been
successfully functionalized with laminin derived motifs (IKVAV, RGDS and
PDSGR), bone marrow homing motifs (SKPPGTSS and PFSSTKT) and the cell
adhesion motif RGD.*30-432 All of these functionalized RADA16 peptides can not
only promote neuronal cell proliferation and adhesion, but also can induce
neurite outgrowth and synapse formation. Additionally, in a recent study, dual
functionalized hydrogels were fabricated with a combination of two
functionalized RADA16 peptides carrying IKVAV and RGD epitopes. The results
indicated dual functionalized hydrogels can improve viability and differentiation
of neural stem cells (NSCs) into neurons and astrocytes, compared to single
functionalized hydrogels.*3® Subsequently, Wu et al.** loaded dual
functionalized hydrogels into poly-L-lactic acid (PLLA) electrospun nanofibrous
conduits and then sutured these to stump gaps on rat sciatic nerves (

. After 12 weeks, the nerves grew into the dual functionalized hydrogels
and grew toward distal ends in the PLLA microchannels (

). In contrast the non-functionalized RADA16 hydrogel grafts had parallel
axons at proximal ends, but axons were randomly distributed in the radial
direction of electrospun conduit ( . This is most likely
due to large cavities existing in non-functionalized RADA16 hydrogels (

), leading to nerves growing along the wall of cavities. In addition,
the authors discovered axons and Schwann cells uniformly distributed within the
dual functionalized hydrogels, while axons and Schwann cells seldomly grew
within the non-functionalized RADAL16 hydrogels ( . Dual
functionalized hydrogels were found to induce more axon regeneration and
Schwann cells migration. In another recent study, Lu et al.**®> showed how
double functionalization of RADA16 with binding sites for the brain derived
neurotrophic factor BDNF and nerve growth factors could enhance neurite

outgrowth of PC12 cells in vitro. They could foster axonal regeneration as well
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as functional recovery in sciatic nerve defects in rat models. In addition to this,
RADA16-based hydrogels also have been shown to significantly foster the
regeneration of brain injury.#36-43 For example, Shi et al.**° prepared BDNF
functionalized RADA16 hydrogels with encapsulated human umbilical cord
mesenchymal stem cells (HUC-MSCs) and activated astrocytes, which were
successfully used to repair injured brain tissue within the cortical gap in rat
models. This composite hydrogel was shown to foster more BDNF secretion
which in turn promoted neural differentiation of HUC-MSCs cells. In addition,
the composite hydrogels were found to stimulate axon, dendrite outgrowth and
synapse formation to repair moderate-size cavities. Another study reported
RADA16 hydrogels could be used as a cell carrier for co-transplantation of
epileptic brain-derived hNSCs and human adipose-derived stem cells. The
composite  hydrogels can enhance functional recovery, reduce
neuroinflammation, lesion volume, and reactive gliosis at the injured site in rats
with traumatic brain injuries.*4°

Other well-known ionic self-complementary peptides (LDLK)s and K2(QL)sK2
have been tested for the treatment of spinal cord injuries. The self-assembling
peptide (LDLK)s can be conjugated to the phage-derived peptide FAQRVPP,
which was shown to be able to support the differentiation of NSCs into neurons,
and foster the regeneration of acute spinal cord injuries in rats.44! It was found
that mixing the functional peptide FAQRVPP with natural guar gum
polysaccharide at a weight ratio 1:1 the shear modulus of the gel significantly
increased from 0.2 kPa to over 68 kPa. This therefore makes the composite a
possible candidate for use in 3D bioprinting to fabricate well-define scaffolds
with complex structures, which have a great potential for future CAD designed
neural tissue regeneration applications.**? Liu et al.**® first reported that
K2(QL)sK2 could suppress astrocytic differentiation and promote neuronal
differentiation in vitro. In addition, according to their results, K2(QL)sK2 not only
promoted axonal regeneration but could also reduce astrogliosis and
inflammation in chronic spinal cord injuries. Moreover, Kz2(QL)sK2 could also be
used as a cell carrier for transplantation of neural progenitor cells (NPCs)
enhancing forelimb neurobehavioral recovery in cervical spinal cord injuries.**
However, a conjoint injection of K2(QL)sK2and NPCs was shown to have poor

cell survival rates. Therefore, K2(QL)sK2 was firstly injected in cervical spinal
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cords 1 day post-injury to optimize the post-traumatic environment for a
subsequent NPCs transplantation 14 days later. This strategy enhanced
survival rates and differentiation of NPCs, reduced lesion volume and improved
functional recovery.*4°

More recently, Nam et al.**® demonstrated the self-assembling peptide
KVKEVFFVKEVFFVKEVY (betaVhex) can associate with carbon nanotubes
(CNTs) to form neural interface gels, leading to the acceleration for signal
transmission from neurons ( ). In addition, the viscoelastic
properties of this betaVhex/CNTs hydrogel are similar to that of natural native
neural tissue, enabling seamless integration in neural tissue. The neural signal
intensities of the B and y bands improved by 3-fold when CNTs were
incorporated in betaVhex hydrogels ( ). Moreover, the authors
injected betaVhex/CNTs hydrogels into layers Il/lll of the somatosensory cortex
of chronic epileptic rats for real-time local field potential (LFP) measurements.
The results indicated betaVhex hydrogels showed a higher degree of signal

augmentation (around 2.4-fold) than those of a bare electrode ( ).
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Figure 1-16 A, Schematic representation of the injury model and repair strategy. B,
Longitudinal (a-c) transverse (d-f) full observation of axon regeneration on various grafts after
transplanted for 12 weeks. The yellow dash lines represent the inside wall of electrospun
conduits. RADA-IKVAV/RGD represents the mixture of RADA-IKVAV and RADA-RGD. Axons
were stained by rabbit anti-NF200 (red). C, Stained longitudinal sections of middle position on
various grafts, after transplanted for 12 weeks. The * indicates the large cavities formed inside
the RADA-only hydrogel. NF200 staining for axions (green); S100 staining for Schwann cells
(red). D, Schematic representation of self-assembly betaVhex/CNTs hydrogel via incorporating
acetyl group to betaVhex. E, Bar graph of neural oscillations on betaVhex/CNTs hydrogel (red
bar) and betaVhex hydrogel during seizures (gray bar). F, Measurement of real-time local field

potential (LFP) signals on betaVhex/CNTs hydrogel (red) and 1-mm inserted bare electrodes
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(gray). Polydimethylsiloxane (PDSM) was covered to brain surface for repeatable

measurements. A, B and C with the permission from**4; D, E and F with the permission form?*.

1.2.5.3.2. Lipidated peptide amphiphiles

The first reported application of lipopeptides for neural TE was from a study by
Mattiace et al.*4’. They demonstrated that the functionalized lipopeptide IKVAV
was able to suppress glial differentiation of NSCs and enhance cell viability as
well as the number of oligodendrocytes formed at the site of injury. In addition,
IKVAV functionalized lipopeptide were reported to not only foster regeneration
of ascending sensory fibres and descending motor fibres, but also could
promote regeneration of serotonergic fibres through the lesion site. In summary
this means IKVAV was able to facilitate functional recovery after spinal cord
injury in both rat and mice models.**" 448 |KVAV functionalized lipopeptides
have also been used to successfully culture rat dorsal root ganglion neurons in
vitro. This indicates that IKVAV possesses good biocompatibility with sensory
neurons.**® The co-assembly of IKVAV functionalized lipopeptides and
nonfunctionalized lipopeptides can provide an aligned substrate to control the
direction and migration of neural cells.**° In addition to this, Li et al.*>! reported
lipopeptides can also be functionalized with RGDS epitopes to from nanofiber
gels. They loaded this type of functional gel into PLGA conduits and then
implanted them into sciatic nerve defects. The resulting composite hydrogel
facilitated motor/sensory function recovery and encouraged a high-density axon
regeneration, similar to those of nerve autografts. Moreover, lipopeptides can
be functionalized with binding sites for Tenascin-C to regulate migration and
differentiation of neural precursor cells. Functional gels were injected into the
rostral migratory stream in adult rat brains, leading to the redirection of
migrating resident neural progenitor cells to the cortex instead of olfactory bulb.
Therefore, this approach can be used to redirect neuroblasts to the specific

injured sites in adult brains.*5?
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1. 3. Identification of Problem

The future of modern TE is to regenerate and replace damaged tissue and
organs. This means that implanted scaffolds should be fully integrated into the
surrounding tissue without any immune response or adverse effects. As
previously mentioned, SF and PAs are recognized scaffolds and have all been
successfully deployed in a large variety of TE applications, due to its unique
biomedical properties. However, both of them still have several disadvantages
and limitations. For example, pure SF has poor biological interactivity due to
inert properties, including overall weak negatively charged and a lack of cell
adhesive components, such as arginine-glycine-aspartic acid (RGD) sequence
and isoleucine-lysine-valine-alanine-valine (IKVAV) sequence. Therefore, SF
scaffolds normally have low cell binding efficiency, which is particularly
significant for neuronal cells. On the other hand, PAs can be designed based on
bioactive sequences, enable to a high density of surface signals that can
interact with cells. In addition, hydrogen bonding assisting the self-assembly
process of PAs forming highly stabilized 3-sheet conformation. This means PAs
have strong stability that cannot easily biodegrade in the human body. However,
pure PAs have poor mechanical properties and expensive. Fortunately, SF has
good mechanical performance and tunability, which has been fabricated into
various morphologies including films, mats, artificial fibres, sponges and
hydrogels. In addition, SF is a cost-effective biomaterial. Therefore, the
combination of SF and PAs has great potential to be used in the future for the

fabrication of scaffolds for neuron TE.
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1. 4. Aims and Objectives

Over the past three decades, numerous PAs have been designed and
synthesized by using the 20 natural amino acids available. Despite the
successful use of many PAs in nerve TE, most of them are ionic self-
complementary peptides and lipidated peptide amphiphiles. It is anticipated that
surfactant-like peptides also have a great potential as a cell adhesive matrix for
the regeneration of neural tissue. In addition, surfactant-like peptides are more
cost-effectively than other categories of PAs due to their short sequence.
Therefore, the purpose of this PhD project is to explore surfactant-like peptides
and their suitability for nerve TE applications. In this thesis, a variety of
surfactant-like peptides, including typical examples (IsK and 13QGK) and custom
designed short peptides sequences, based on active sequences found in the
extracellular matrix (IsSRGDS, IsKVAYV, I3YIGSR, IsPDSGR and IsPHSRN), were
fabricated aiming at improving cellular attachment, cellular density and

morphology of neuron cells.

As previously mentioned, SF scaffolds have low cell binding efficiency, which is
particularly significant for neuronal cells. Therefore, SF can be used as cell-
repellent surface, allowing surfactant-like peptides coat or pattern on its surface
via spin coating or inkjet printing. In addition, the combination of two different
surfactant-like peptides may provide synergistic effect, enabling them to
promote cellular attachment, cellular proliferation and morphology change of
neuronal cells. In this thesis, atomic of microscopy will be used to investigate
the dynamic process of surfactant-like peptides, characterize the topography of
the combined surfactant-like peptides and RSF scaffolds and investigate the
specific interaction between neuronal cells and surfactant-like peptides.
Fluorescent labels techniques, including Immunofluorescence staining, live /
dead and resazurin assay, will be used to study cell behavior on the combined
surfactant-like peptides and RSF scaffolds, such as proliferation, attachment,
cellular density, morphology and neurite outgrowth of cells. Moreover, inkjet
printing will be used to print surfactant-like peptides as the complex patterns

(e.g., University logo and letters “SHEF”) onto RSF coated substrates.
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With the results obtained, we hope to unravel the relations between surfactant-
like peptides and cellular behaviour of neuronal cells and provide a way for
further analysing and understanding fundamental cellular functions such as

axonal development and cell-cell interaction in vitro.
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2. Experimental section

2. 1. Materials

The synthetic peptides AC-I3K-NHz (purity > 98%, w/w) and AC-13QGK-NHz (>
98%, w/w); AC-I1sSRGDS-COOH (purity > 98%, w/w); AC-IsYIGSR-COOH (purity >
98%, wiw); AC-IsKVAV-COOH (purity > 98%, w/w); AC-IsPDSGR-COOH
(purity > 98%, w/w) and Ac-IsPHSRN-COOH (purity > 98%, w/w); were
purchased from GL Biochem Ltd. (Shanghai, China). B. mori silkworm cocoons
were supplied by Biological Science Research Centre, Southwest University,
China. PC12 Adh (CRL-1721.1) cell line was obtained from the American Type
Culture Collection (ATCC). Silicon wafers were purchased from Compact
Technology Ltd, UK. Prior to each experiment the glass slides were immersed
in 1 M HCl and 1 M NaOH for 1 h separately and then rinsed with deionized (DI)
water before being dried using a compressed air line. Silicon wafers (Compact
Technology Ltd, UK) were cut into 1 cm? squares and immersed in DI water for
1 day, then cleaned with 5% Decon 90 solution (Decon Laboratories Ltd, UK),
before rinsing with copious amounts of DI water.4>® Unless otherwise specified,
chemicals and regents (analytical grades) were purchased from Sigma Aldrich,
UK.

2. 2. Methods

2.2.1. Preparation of regenerated silk fibroin

B. mori silkworm cocoons were cut into small pieces (~1 cm?) and degummed in
0.02 M Na2COs solution at 100 °C for 1.5 hours under stirring. Degummed silk
was rinsed three times with deionized water (DI water) to ensure the removal of
sericin. After which the degummed silk fibres were dried for 2 days in a drying
oven at 60 °C and dissolved under stirring in Ajisawa’s reagent
(CaClz/ethanol/deionized water = 1:2:8 molar ratio) at 80 °C for 1.5 hours. The
resulting viscous solution was dialyzed against DI water until a conductivity
below 10 uS of the dialysis fluid was reached. The resulting RSF solution was
then centrifuged for 10 minutes at 10,000 rpm to remove any particulates. The

RSF concentration was determined by weighing dried RSF peptide residues on
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microscope slides. Stock RSF solutions of 5 mg/mL and 40 mg/mL were made

by diluting with DI water and stored at 4 °C prior to use.

2.2.2. Preparation of RSF/peptide samples

I3K and I3QGK peptides were dissolved in 20 mM HEPES buffer (pH 6.0) at a
concentration of 5 mg/mL 5 mg/mL and incubated for 7 days under ambient
conditions for self-assembly. The samples were then diluted with 20 mM
HEPES buffer (pH 6.0) to 4, 3, 2, 1 mg/mL prior to use. RSF/peptide bilayer
scaffolds were made by spin coating (Laurell Technologies Corporation, USA)
onto 1 cm? microscope cover glasses or silicon wafers. The first layer of RSF
(30 uL, 8,000 rpm, 25 seconds) was coated followed by fixing using 95% wt/vol
ethanol (20 pyL , 4,000 rpm, 25 seconds), to convert the RSF layer from the
soluble random coil structure (silk 1) to the insoluble B-sheet structure (silk 11).33
The second layer, i.e. the positively charged peptide (30 uL , 8,000 rpm, 25
seconds) was coated and adhered onto the negatively charged RSF substrate
via charge interaction. The solution concentration ratios of RSF/peptide were
5:0; 5:1; 5:2; 5:3; 5:4; 5:5; 20:1; 20:5; 40:0; 40:1; 40:2; 40:3; 40:4; 40:5 and 0:5,

respectively.

2.2.3. Atomic force microscopy

AFM measurements (Bruker Dimension Icon, Bruker Corporation, USA) were
performed in tapping model with SCANASYST-AIR probes at room temperature.
To image peptide nanostructures, the peptide solution was dripped onto freshly
cleaved mica and dried under gentle air flow. AFM was also used to
characterise the topography of RSF/IsK scaffolds and attached cells. PC12
neuronal cells were fixed with 3.7% paraformaldehyde (PFA) in phosphate
buffered saline (PBS) for 45 minutes at room temperature. The PBS solution
was then removed carefully with a pipette and the samples were washed with
DI water gently to avoid crystallisation of PBS buffer salts. The samples were
then left to dry at room temperature for 1 min prior to AFM characterisation.

Images were analysed by means of NanoScope Analysis software (Version 1.5).
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2.2.4. Surface patterning of self-assembled peptide using inkjet
printing

All glass slide surfaces were cleaned with 5% Decon90 solution and rinsed with
plenty of DI water before printing: 1 layer of RSF solution (40 mg/mL) was
coated via spin coating on the glass slides (30 pyL per cm?, 8000 rpm, 25
seconds) followed by 95% wt/vol ethanol solution (20 pL, 4000 rpm, 25 seconds)
via spin coating. A Jetlab 4xL (MicroFab Inc., Texas, US) equipped with a
piezoelectric drop-on-demand (DoD) printhead (60 pum nozzle diameter) was
used for the printing of the IsQGK and IsK peptide nanofibers (3 mg/mL aged for
1 week prior to use). The actuation voltage and frequency used were 90 V and
300 Hz respectively. The distance between the print head tip and the substrate
was approximately 1-10 mm. To investigate the effect different patterns of
peptides had on cell growth, straight lines, the university logo and the letters
“SHEF” were printed. Lines were printed with varying number of layers of
peptide (i.e. 1, 3, 5, layers).

2.2.5. Culture of PC12 or NG108-15 neuronal cells on scaffolds

PC12 and NG108-15 neuronal cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) with high glucose supplemented with 10% foetal calf serum
(FCS), 1% penicillin/streptomycin,1% glutamine and 0.5% fungizone in an
incubator at 37 °C under 5% (v/v) CO2. The medium was replaced every 3 days.
Scaffolds were sterilized under ultraviolet light for 30 minutes before being
washed in PBS three times, and then placed in 12 well plates under metal rings
(to secure the samples). Confluent cells were detached with 0.25% (w/v)
trypsin-EDTA (ethylenediaminetetraacetic acid) and then seeded onto scaffolds’
surface at 10,000 cells/cm? through the holes of metal rings. These samples
were cultured in DMEM medium containing 10% FCS for 6 days.

2.2.6. Cell adhesion assay

Following incubation, neuronal cells were fixed in 3.7% formaldehyde for 45
minutes at room temperature followed by washing twice with PBS and
incubated for a further 45 minutes with 0.1% Triton X-100. Finally, the cells
were washed twice with PBS and stained with FITC-phalloidin (6.7 uM) to
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visualize actin filaments and 4,6-diamidino-2-phenylindole dihydrochloride
(DAPI, 300 nM) to visualize the nuclei. The staining process is last for 60
minutes. The samples were then imaged using a fluorescence microscope
(Nikon Eclipse LV100).

2.2.7. Live and dead assay

A live / dead assay was carried out by exchanging the medium with serum-free
medium containing 0.001% (v/v) Syto-9™ (Invitrogen) and 0.0015% (v/v)
propidium iodide (PI) and then incubated for 30 minutes in an incubator at 37 °C
under 5% (v/v) CO2. The samples were then imaged using an upright Zeiss
LSM 510 confocal microscope. An argon ion laser was used to visualise live
cells stained with Syto-9 ™ (Aex = 494 nm / Aem = 515 nm) and a helium-neon
laser for dead cells stained with Pl (Aex = 536 nm / Aem = 617 nm). ImageJ
software (National Institutes of Health, USA) was used to count the number of
live and dead cells for several images of 2500 um? sample areas randomly and
averaged. Microscope images were converted to grayscale 8-bit images and
then converted to a binary image via selecting the best threshold to generate a
high contrast image, cell number was then counted via the ‘analyse particles’

algorithm in ImageJ.

2.2.8. Statistical analysis

GraphPad Prism V.6 software was used to analyse data quantitatively. One-
way or two-way analysis of variance (ANOVA) with multiple comparisons was
used for all multiple group experiments, and equality of variances was
confirmed by Tukey’s multiple comparisons test. P values < 0.05 were deemed

significant. Values in graphs are presented as mean + one standard deviation.
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2. 3. Theories of the technologies

2.3.1. Atomic force microscopy (AFM)

In this thesis, atomic force microscopy (AFM) was used to investigate the
morphology and size of self-assembled peptides and PC12 neuronal cells. The
principle of AFM and its image modes, with a focus for tapping mode, are

introduced in following sections.

2.3.1.1. The basic principle of AFM

AFM is one of categories of scanning probe microscopy (SPM), whose aim is to
measure the local properties, such as surface topography, through a probe.** A
diagram showing the basic principles of AFM is shown in , a sharp tip
(probe) is mounted on the end of microcantilever which not only can scan
across the sample, but also can measure interaction between the probe tip and
the sample surface for imaging or qualification of tip-sample forces. The
geometries of these tips are normally in the form of a cone or pyramid, which
are typically made of silicon or silicon nitride, dependant on application use.*>®
As the tip approaches the sample surface, the interaction between the probe tip
and the sample surface results in a deflection of the cantilever. In general, this
deflection is detected through a reflected laser beam that is collected by a split
photodiode.?*” 248 Therefore, the deflections from the cantilever can be
measured through the laser deflection signal, thus recording the motion orbits of
the tip, enabling the acquisition of numerous data, such as 3D topography of the
sample surface.?*® When the probe tip encounters topographical features of the
sample surface it will lead to bending, for which the interaction forces are

according to the principle of Hooke’s law:

F=—-k-x 2.1
Where F is the interaction forces between probe tip and sample surface; k is
the spring constant of the cantilever and x is the distance of the cantilever

deflection.
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The spring constant of the cantilever depends on its shape.**® Here, in this
thesis, rectangular-shape cantilever was used, with a spring constant (k) which

can be calculated by the following equation*®’:

_ Ewt3
=

k 2.2

Where E is the Young’s modulus of the cantilever, w,t and [ are the cantilever

width, thickness and length, respectively.
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Figure 2-1 Schematic representation of the basic principles of atomic force microscopy (AFM)

which was reprinted from**4,

2.3.1.2. The imaging modes of AFM

Due to development of the AFM, there are several imaging modes now
available, which are generally divided into contact mode, tapping mode (also
named as intermittent contact mode) and noncontact mode. These modes not
only can supply detailed 3D topographies, but also can give information in
regard to the sample surface.*®® The force regimes corresponding to these
three AFM measurements are shown in Figure 2-2. The repulsive regime in
contact mode is due to the hard contact retained between the probe tip and the
sample surface. In tapping mode, the cantilever is able to vibrate at a fixed
frequency, allowing it to repeatedly make contact and disengage with the
sample surface at lower interaction forces. Compared to tapping mode, the

amplitude of the cantilever oscillation is smaller in noncontact mode. The
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amplitude shift occurring in long range interactions, such as van der Waals
forces, is used to gain the set point. Then, the amplitude set point is used to
manipulate the height of tip relative to sample surface using feedback loop
systems.**® There is no hard contact between probe tip and sample surface,

thus, noncontact mode occurs in the attractive force regime.
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Figure 2-2 Schematic representation of the force regimes under the three typical AFM imaging

Separation Distance

modes happens, including contact, noncontact and tapping mode. This was reprinted from*8,

2.3.1.3. Tapping mode of AFM

The AFM mode used through this thesis is belongs to tapping mode and

therefore focus will be for this technique.

Tapping mode is a dynamic imaging technique, allowing the cantilever to
oscillate near its resonant frequency, enabling close enough to the sample
surface to become detectable. The resonant frequency of a cantilever with

rectangular geometry (f;) is given by the following equation*€°:
2.3

Where k is the spring constant with rectangular geometry and m, is the mass of

the cantilever.
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In contrast to contact mode, tapping mode can overcome many of the
contamination issues of the tip from the sample surface.*¢! In addition, lateral
forces are avoided by intermittently approaching sample surface and thus tips
damage will be minimized.*>® In this mode, the amplitude and frequency of the
cantilevers oscillation are kept constant via feedback loop systems, in order to
ensure the interaction force of tip with the sample surface is constant during
scanning. This mode can operate in both air and liquid for imaging soft samples
and biological specimens.*¢? After scanning over the sample surface, it can
provide the surface features in regard to height topography.

Peak force tapping mode is a newly evolved tapping mode, where the probe tip
oscillates at low frequency ranging from 0.25 to 2.0Khz a frequency well below
the cantilever’s resonance frequency. This enables the probe tip to periodically
contact the sample surface for short times (less than 100 us), allowing
oscillating force periodically applied on sample surface.*¢2 Therefore, peak force
tapping mode can not only control the damping of oscillation to the cantilever
like normal tapping mode, but also can directly control the force like in contact
mode. Once the tip has successfully engaged with sample surface, the
interaction forces can be reflected by the cantilever deflection. Through control
“peak force” (maximum interaction force) that is applied on the sample at each
pixel, then surface topography can be obtained. This maximum interaction force
is remained constant during scanning through feedback system, where the
feedback is based on the peak force of force-distance curves.*®* The individual
force-distance curve at each pixel of image is shown in This
recorded curve can reflect various nanomechanical properties ( ),
including tip-sample deformation, adhesion force, dissipation and Young’s

modulus.
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Figure 2-3 The schematic diagrams illustrate A, how the probe tip is subject to attractive and
repulsive forces during an individual approach-retract cycle. B, how nanomechanical

properties can be collected form each force curve. A and B were reprinted from*®4,

In peak force tapping mode, the Derjaguin—Muller—Toporov (DMT) model can
be used to estimate the Young’s modulus of the sample.#¢® The equations are

described below:

4
Finteraction = EE R(d - d0)3 + Faan 2.4
E* = [1__”52_%]_1 25
Es Etip

Where Fiuteraction 1S the interaction forces between probe tip and sample
surface; E*is the reduced elastic modulus of the probe tip and sample; R is the
radius of tip; d — d, is the sample deformation; F,4; is the adhesion force during
contact; v; and v;, are the Poisson’s ratio of sample and probe tip, respectively;

E,; and E;,, are the Young’s modulus of sample and probe tip, respectively.

ScanAsyst mode is a developed operational mode from Bruker Corporation,
whose mechanism principle is same with peak force tapping mode. Unlike peak
force tapping mode, this mode is able to automatically adjust all critical imaging
parameters, resulting in high-resolution images. Therefore, ScanAsyst mode
with SCANASYST-AIR tips has been used in this thesis. Moreover, NanoScope
Analysis software (version 1.5) was used to analysis images, which is shown in

Figure 2-4.
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Figure 2-4 The image displays how to get the diameter of nanofiber through AFM software

(NanoScope Analysis).

2.3.2. Optical microscopy

2.3.2.1. Brightfield microscopy and darkfield microscopy

Optical microscopy is an essential tool for studies in cell biology, which is mainly
composed of an objective lens with various magnification powers, ocular lens,
focus knobs, eyepiece, light source and condenser.*®®> The aim of optical
microscopy is creating magnified images of a specimen by means of an
objective lens and eyepiece.*®® In addition a charge-coupled device (CCD)
camera can be attached to the microscope to capture digital images. Brightfield
microscopy and darkfield microscopy are the two main types in optical
microscopy. For brightfield microscopy (Figure 2-5), the specimen is placed
between a light source and objective, allowing transmitted light to pass through

the specimen.

Brightfield microscopy can be easily converted to darkfield microscopy by
placing an opaque disc (around 1 cm in diameter) underneath the condenser
lens (Figure 2-5). Therefore, most lights from the light source is blocked, only
some light passes through the outer edge of the condenser. This leads to only
the light being scattered by the sample to reach the objective lens. The resulting
images illustrate bright objects on a dark background, which is directly opposite
to what is observed in brightfield microscopy (Figure 2-5). Note that, darkfield
microscopy is very sensitive to dust, which can light up on the dark background.
It is well known that cells are transparent and thin. In addition, they cannot
absorb light.#6” So that, darkfield microscopy was used to observe unstained

cells in this thesis.
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Figure 2-5 Schematic diagrams indicate main components of optical microscopy and the

difference in illumination between brightfield microscopy and darkfield microscopy.

2.3.2.2. Fluorescence microscopy

Fluorescence microscopy is a conventional tool for molecular biologists and
especially for neurobiologists. Proper choice of fluorescence filter cubes is the
key to successful fluorescence microscopy. These filter cubes normally consist
of an excitation filter, an emission filter and a dichroic mirror at 45°. In
fluorescence microscopy (Figure 2-6), multiple wavelengths of excitation light is
supplied by a mercury or xenon high pressure bulb, which is directed through
the excitation filter to obtain the required wavelength.*6® The function of the
dichroic mirror is to separate the excitation and emission light. In detail, the
selected excitation (shorter wavelength) light is reflected to the sample, exciting
the fluorescent dye molecules (also named as fluorophores) in the sample of
interest. The resulting emission (longer wavelengths) light is transmitted to the
emission filter, and can be observed by means of a CCD camera. The emission
filter needs to filter out any spurious excitation light from the sample to ensure

there is only emission light imaged.467-46°
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Figure 2-6 Schematic drawing of the principle of fluorescence microscopy.
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In addition, it is important to understand the process of fluorescence. Upon the
selected excitation light reaching the sample, the fluorescent molecules absorb
the light energy (a photon). After a few nanoseconds, another photon (some of
this light energy) is emitted by the fluorescent molecules. During this process,
part of absorbed energy is lost, thus, the photon emitted has less energy. Light
with higher energy possesses a shorter wavelength while light with lower
energy has a longer wavelength. This is why emitted light from fluorescent
molecules usually has a longer wavelength than that of the excitation light.*6®
For example, fluorescein Isothiocyanate (FITC) is one of the most popular

organic fluorophores, with an excitation wavelength of 495 nm and

emission wavelength of 520 nm.

2.3.2.3. Confocal microscopy

Confocal microscopy was developed from traditional fluorescence microscopy,
which providing a modest advantage in resolution. In addition, with increased
thicknesses of specimens, more out-of-focus emission light is collected by a

detection camera in traditional fluorescence microscopy. This can be severely
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hindering during imaging. Confocal microscopy is able to block out-of-focus light,
which in turn allows the user to obtain high-contrast images by optical
sectioning.*’® As described in the previous section the fluorescence microscopy

process is the same for confocal imaging.

The main components and principle of confocal imaging are shown in

. In detail, a laser beam (blue line) is reflected by beam splitter to an
objective lens, where it is focused onto a specimen. The laser light then excites
fluorescent molecules throughout the focal volume and fluorescence emission
light (green line) is collected by objective lens and focused by pinhole lens.
Finally, fluorescence emission light is detected after its passage through a
pinhole. Note that, the pinhole aperture is an essential component in confocal
microscopy, its aim is to reject light from out-of-focus planes. This means the
detector will only record emission light comes from the equivalent (confocal)

point in the specimen where the laser beam was focused.#% 472
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Figure 2-7 Schematic drawing of how confocal laser-scanning microscopy works. This was
reprinted from*7°

Confocal laser-scanning microscopy is continuous scanning technique of the
point source of illumination, which only can record fluorescence intensity from

one focal point at one time. Therefore, an orthogonal pair of rotating mirrors are
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set up which can be used to sweep the laser beam across the fluorescent
sample (Figure 2-8), enabling the generation of an image point by point. In
addition, a photomultiplier tube (PMT) is a conventional point detector to detect
emitted fluorescence through the pinhole. Normally, the PMT collects enough
fluorescence data and takes around 1 ps dwell time on each pixel, so that

building a modest image of 1024 x 1024 pixel takes around 1 s.

Confocal laser-scanning microscopy is also able to build up crisp 3D image of
fluorescent samples by combining a series of confocal images (or “slices”) at
different depths. Note that for confocal laser-scanning microscopy there is no
need to physically slices the sample. It can generate optical sectioning with less

than 1 ym thickness, through a high-resolution objective lens.

In this thesis, both conventional fluorescence microscopy and confocal laser-

scanning microscopy were used to image stained cells.
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Figure 2-8 Schematic representation of the basic set up of confocal laser-scanning microscopy.

This was reprinted from*%,
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2.3.3. Scaffold preparation techniques

2.3.3.1. Spin coating

Spin coating ( ) is an inexpensive technique to fabricate uniform thin
films on flat surfaces. Normally, the process of spin coating can be divided into
four main stages, including sample deposition, spin up, spin off and
evaporation.*”® Firstly, the solution of material is deposited onto the centre of
the substrate (generally glass slides) by pipette. At this stage, it does not matter
if the substrate has already started to spin, the solution will be spread out
across the substrate by centrifugal motion. When the substrate rotates at the
programmed speed, the fluid will become level and some of fluid is will also be
flung off. Generally, the rotation speed is in the range of 1000-8000 rpm.4’4
Higher speeds will lead to thinner layers. Upon the fluid become thinner by
outflow, the films often change colour due to interference effects. Based on
rapid rotation, high volatile components are evaporated while low volatile
components remain on the substrate surface. Finally, superhydrophobic thin

film are obtained.

Figure 2-9 Schematic representation of spin coating process. The solution is directly dropped
onto substrate and rotating at the programmed speed. The substrate is fixed by ultrahigh

vacuum.

There are several parameters that can affect film thickness, the relationships

are described by the following equation.#73: 47>
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h=(1—24)x (22m y; 2.6

P Ao 2p gow?
where h is the thickness of the film; p, is the density of the volatile liquid; p,, is
the density of the coating solution; ¢ is the viscosity of the coating solution; w is

the angular speed and m is the rate of evaporation.

In this thesis the spin coating technique was used to coat silk fibroin solution,
ethanol and self-assembled peptides onto glass slides or silicon wafers, layer

by layer, to obtain scaffolds that could be used for tissue engineering.

2.3.3.2. Inkjet printing

Inkjet printing was originally developed for printing graphics and text at the
office and home. In a principle, inkjet printing is a “bottom-up” approach, by
which ink is jetted through a nozzle of a print head device in the form of small
droplets, enabling the printing of text or images on papers.4’® With the
development, many researchers have been focusing their attention on inkjet
printing for the biological field, such as exploiting biomaterials as ink to print
scaffolds with specific morphologies. There are two main modes of inkjet
printing, which are continuous and drop-on-demand inkjet printing.4’’
Continuous inkjet printing, can produce high-speed droplet flow (almost in the
form of a continuous stream) with controllable drop size. For drop-on-demand
inkjet printing, ink droplets are only ejected as voltage signals are received.
Therefore, this mode is able to be used to obtain intricate patterns at high
resolution.#’® In addition to this, unlike continuous inkjet printing, drop-on-
demand inkjet printing does not need a recycling system. This means ink in the
fluid chamber is always fresh and no contamination, which is very important for
the biological field, can occur.*’® Therefore, drop-on-demand inkjet printing was

chosen in this thesis.

In drop-on-demand inkjet printing, a transducer is used to receive electrical
signals, which in turn control the ink droplets to desired places. According to the
type of transducers, it can be further divided into two sub-classes ( ),
namely piezoelectric inkjet printing and thermal inkjet printing. In piezoelectric
inkjet printing, a piezoelectric ceramic surrounds the ink chamber undergo

mechanical deformations, which leads to a sudden volume change, thereby
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generating droplets from nozzle.#’® In thermal inkjet printing, the actuator can be
locally heated by impulse voltage causing partial vaporization of the fluid. This
leads the formation of small vapor bubbles, which squeeze the ink and thus
droplets are formed at the nozzle.*”® Piezoelectric inkjet printing was used in
this thesis, so that this mode will be mainly discussed.

Piezoelectric Thermal
Heat
Piezoelectric L~ element
actuator
~. Vapor
bubble

Substrate

Figure 2-10 Schematic representation of two sub-classes of drop-on-demand inkjet printing,

which are piezoelectric inkjet printing and thermal inkjet printing. This was reprinted from*’%,

The principle of piezoelectric drop-on-demand inkjet printing is shown in Figure
2-11. When piezoelectric actuator receives voltage signals, the ink chamber
wall will lead to deformation. According to the deformation modes of ink
chamber, piezoelectric inkjet printing can be classification into four different
types, including push, bend, squeeze and shear.#’®¢ By controlling the voltage
pulses characteristics and the driving mode of piezoelectric elements, the major
parameters of droplets, such as velocity, volume, shape and consistency, can
be adjusted.*’® In addition to these, piezoelectric inkjet heads give a more
convenient way to control droplet parameters. There are a wide range of
different diameter nozzles that can be chosen from and are easy to replace.
Therefore, cross contamination from different inks can be avoided by replacing
nozzles for every type of expeirment.*’® Generally, the diameter of piezoelectric
inkjet nozzles are in the range of 18-120 ym, which can produce the diameters

of droplets between 50 um and 100 pum. 476
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In this thesis, piezoelectric drop-on-demand inkjet printing was used to print
self-assembled peptides onto silk fibroin substrate, in the form of complex

patterns.

Figure 2-11 Schematic representation of how piezoelectric drop-on-demand inkjet printing

works. This was reprinted from*’.

2.3.4. Fluorescent labels techniques

All the cells used here were not fluorescent in this thesis. Therefore, it was
necessary to introduce fluorophores to the cells of interest, enabling the
observation via fluorescence microscopy or fluorescence plate reader. The
principle of immunofluorescence staining, viability staining and resazurin assay

are reviewed in the following sections.

2.3.4.1. Immunofluorescence staining

Immunofluorescence staining is a type of immunochemical technique, by which
fluorescently labelled antibodies are used to detect and localize a wide variety
of components within cells.*”® Fixation is the first step in immunofluorescence
stanning, with the purpose to immobilize target antigens while maintaining cell
morphology, enabling antibodies maximum access to the cellular component of
interest.*”® In this thesis, formaldehyde was used to fix the cells through binding
to cellular components. In another words, formaldehyde was used as a cross-
linking agent that can react with some atoms of proteins, leading to the
formation of methylene bridge.*® In addition, Triton X-100 is a detergent, which
can be used to permeabilize intact membranes within a cell. This can enhance
the penetration of antibodies, enabling antibodies a maximum access to the

cellular milieu.467
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There are two immunofluorescence techniques that use fluorophores to
visualize different cellular antigens (e.g., proteins), these are direct
immunofluorescence and indirect immunofluorescence.*’® In the direct
approach (Figure 2-12 A), primary antibodies are directly coupled to
fluorophores and then react with target antigens. In the indirect
immunofluorescence approach (Figure 2-12 B), a secondary fluorophore-
conjugated antibody that specifically binds to the primary antibody is used to
visualize the structure of interest.*’® In this thesis, 4,6-diamidino-2-phenylindole
dihydrochloride (DAPI) and FITC-phalloidin were used to visualize nuclei and
actin filaments of cells, respectively. This type of staining belongs to the direct
immunofluorescence section. In addition, the indirect immunofluorescence
technique was also employed to visualize neurites of cells. In detail, cells were
incubated with a mouse anti-$ lllI-tubulin (a neurite marker) antibodies, washed,

and incubated with a Texas Red-conjugated anti-mouse 1gG antibodies.
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Figure 2-12 Schematic representation of the principle of A, direct immunofluorescence and B,

indirect immunofluorescence. A and B were reprinted from*”.
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2.3.4.2. Cell viability staining

Fluorophores can also be used as indicators to evaluate cell viability. This
technique uses indirect measurements of the cellular state rather than direct to
prove that cells are capable to proliferate and grow.*®! Researchers have
different views relating to the criteria to define a cell as alive or dead. Cellular
membrane integrity is one of the standards to determine cell viability. Upon on
this standard, live cells are considered to possess intact and tight membranes,
in which some fluorophores are unable to penetrate. In contrast, dead cells are
assumed to have broken or disrupted membranes.*8% 482 |n this thesis, dual
staining kits, consisting of Syto-9™ (green) and propidium iodide (red), were
used to detect membrane integrity to distinguish between live and dead cells in
a population. In detail, Syto-9™ can enter all cell membranes while propidium
iodide only penetrates cells with broken or disrupted membranes.*®? Both Syto-
9™ and propidium iodide can intercalate with nucleic acids, allowing an
increase in the fluorescent signal. However, the affinity of Syto-9™ is stronger
than that of propidium iodide. Therefore, when both fluorophores exist,
propidium iodide can replace Syto-9™.481 Finally, fluorescence microscopy was
used to distinguish live and dead cells based on the relative green and red

fluorescence.

2.3.4.3. Resazurin assay

The resazurin assay, also known as Alamar Blue, provides another method to
evaluate the viability of mammalian cells. Briefly, this method is based on the
detection of mitochondrial activity within cells, which is linearly related to the
viability of target cells.*®3 Resazurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide)
is a cell permeable redox indicator, which gives poor fluorescence.*®* It can be
easily dissolved in physiological buffer, leading to deep blue coloured
solutions.*® Viable cells which are metabolically active are capable to reduce
the dye via reductase enzymes from mitochondria. Therefore, resazurin is

reduced by viable cells to form the strong-fluorophore resorufin (7-hydroxy-3H-
phenoxazin-3-one), with a pink colour ( ).484 The fluorescence output
is proportional to the population of viable cells, which can be quantified by a

fluorescence plate reader.
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In this thesis, PC12 cells were incubated for 4 hours to check for cell

metabolism via this assay.

Viable cell

reductase
enzymes
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Figure 2-13 Schematic representation of the principle of resazurin assay, in which resazurin is

directly reduced by reductase enzymes to form resorufin. This was reprinted from?4,
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3. Patterning the neuronal cells via inkjet
printing of self-assembled peptides on
silk scaffolds

Abstract

The patterning of neuronal cells and guiding neurite growth are important for
neuron tissue engineering and cell-based biosensors. In this paper, inkjet
printing has been employed to pattern self-assembled [3QGK peptide
nanofibers on silk substrates for guiding the growth of neuron-like PC12 cells.
Atomic force microscopy (AFM) confirmed the dynamic self-assembly of 13QGK
into nanofiber structures. The printed self-assembled peptide strongly adheres
to regenerated silk fibroin (RSF) substrates through charge-charge interactions.
It was observed that in the absence of 13QGK, PC12 cells exhibited poor
attachment to RSF films, while for RSF surfaces coated or printed with peptide
nanofibers, cellular attachment was significantly improved in terms of both cell
density and morphology. AFM results revealed that peptide nanofibers can
promote the generation of axons and terminal buttons of PC12 cells, indicating
that 13QGK nanofibers not only promote cellular attachment but also facilitate
differentiation into neuronal phenotypes. Inkjet printing allows complex
patterning of peptide nanofibers onto RSF substrates, which enabled us to
engineer cell alignment and provide an opportunity to direct axonal
development in vitro. The live/dead assay showed that printed I3QGK patterns
exhibit no cytotoxicity to PC12 cells demonstrating potential for future nerve

tissue engineering applications.
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3. 1. Introduction

Peripheral nerve injuries account for 2.8% of all trauma injuries worldwide,
which are typically the results of crush, penetration, traction, electric shock and
vibration injuries.! These injuries affect millions of people worldwide resulting in
a reduction of people’s life expectancy as well as increasing social and
economic burdens. Although injured nerves have the ability to regenerate
external therapeutic interventions are needed to ensure proper healing.
Therefore, the development of engineered nerve scaffolds to guide neural cell

attachment, alignment and proliferation has attracted significant attention.486-48°

Fabricating scaffolds to direct neuron cell growth is however challenging. Cell
patterning is an important technology that enables researchers to accurately
position populations of cells to designated areas on a substrate and promote
the design of complex biological systems to study cell behaviour such as cell
alignment, interaction, cell-environment interaction, drug screening and cell
based sensors.14? 183,490 |n these applications the chemical and topographical
patterning of the systems become important factors that affect cell behaviour
such as attachment and migration.*®* A technology that provides fast fabrication
of patterned scaffolds/substrates allowing researchers to better understand cell
behaviour and program the cell functions is therefore essential. Such studies
will provide valuable information for future tissue engineering, drug screening
and biosensor applications. Common techniques currently employed for surface
patterning include lift off patterning, micro-contact printing and a variety of direct

writing techniques, which are complex and expensive.92-4%

Polydimethylsiloxane (PDMS) and polyvinyl alcohol (PVA) , are often used to
provide patterns via lift-off patterning techniques.??? Although such systems
have the ability to modify mechanical, optical and chemical properties of
substrates, it requires complex steps (such as master moulds) and also high
standard clean rooms.**3 497 |n addition to this the fabrication of master moulds
for different patterns is also very costly. Deposition of cell attractive

substances*® such as fibronectin*®®, collagen>® or gelatin®? or cell repelling
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agents such as wax®%? and polyethylene glycol (PEG)®% onto a substrate is
another approach for cell patterning. Such methods are normally combined with
photolithography or chemical vapour deposition. For example, Ren et al.4%®
deposited biotin-BSA onto glass with the help of photolithography and
successfully patterned the cells into dot arrays. Wang et al.*%¢ have patterned a
notch signalling ligand (Jaggedl) and cell adhesion molecule (N-cadherin) using
micro-contact printing to study cell-microenvironment and cell-cell interactions.
However, such methods are costly, and the materials used are expensive. It is
desirable to use cost-effective methods for patterning, with biocompatible and
degradable materials for both attractive and repelling agents. Here, we use a
self-assembled peptide as a cell attractive agent and regenerated silk fibroin
(RSF) as a repelling agent to pattern neuronal PC12 cells by inkjet printing.
Inkjet printing is a non-contact, cost effective, highly controllable and time
saving technique that can print complex patterns (via CAD/BITMAP design)
onto substrates. The particular strength of inkjet printing is its ability to precisely
place pico-litres of ink at predetermined locations either side by side, or one on
top of the other, resulting in 2D and 3D patterns/structures.>®* Multiple print
heads also allow the rapid changeover of inks making it ideal for fabrication
through reaction/crosslinking between different inks and also the incorporation
of multiple components (e.g. different peptides and growth factors) during
fabrication. It also enables fast and personalized fabrication at large scale. Silk
fibroin (SF), a protein produced by silkworms during their pupation, is a well-
known biomaterial, and many silk-based medical devices have been approved
by FDA (Food and Drug Administration).?* 5% In recent years, SF has been
extensively used as a tissue engineered scaffold for bone%%, vascular®®’ and
skin'®8 repair due to its beneficial properties including excellent biocompatibility,
biodegradability, low immunogenicity, high mechanical performance and
commercial availability.5%8 5% RSF solution has used to produced many
different types of scaffolds including gels???, sponges®'?, films®!? and fibres.3% 512
However, pure SF materials are known to have poor biological interactivity due
to their inert properties (e.g. overall weak negatively charged and a lack of cell
recognized peptide segments such as RGD), which normally manifests itself by
a low cell binding efficiency, particularly to neuronal cells.?? 512 Therefore,

addition of cell recognized moieties (e.g. poly-L-lysine®4, extracellular matrix
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(ECM) proteins®®) is required to improve neuronal cell attachment and
proliferation ensuring its successful implementation as a scaffold biomaterial in

neural tissue engineering.

ECM secreted by tissue or organs has been widely used in scaffold fabrication
to provide a niche for tissue growth and regeneration.>6. 517 Qver the last two
decades, it has been shown that active peptide sequences such as IKVAYV,
YIGSR and RGD in ECM can promote cell proliferation and attachment as well
as promote neurite outgrowth.>18-520 For example, Motta et al.>?! recently
reported on grafting a series of laminin-derived peptides to substrate surfaces
with different concentration gradients and used them for the study of Schwann
cell adhesion, proliferation and alignment with the concentration direction. It was
found that Schwann cells displayed faster migration in the direction of the
concentration profile. Self-assembly nanoscale fibrous scaffolds mimicking ECM
have also been successfully employed in tissue regeneration.>??> The ‘bottom-up’
approach allows the fabrication of scaffold materials with well-ordered
nanostructures.®?® 524 For example, RAD16-15%> 526 RAD16-115?7, EAK16-15%8
EAK16-115%°, have been successfully used as hydrogel scaffolds for tissue
engineering. Shorter self-assembling peptides have also been used for
biomedical applications. For example, IsQGK has been used for haemostasis in
animal models with no immunogenic responses.>® The peptide contains a
hydrophobic tail made of three isoleucine residues (lle or I) and a hydrophilic
head group (QGK), and can form long and uniform nanofibers in aqueous
solutions. The peptide self-organized itself with the tails inside the nanofibers to
form a hydrophobic core with the hydrophilic head group on the outside of the
nanofibers. The positively charged peptide exhibited excellent biocompatibility
and can be potentially used for enhancing cell attachment and proliferation.>3°
In addition, compared to neutral biomaterial, cationic biomaterial has been
reported to causes less significant lysosome and DNA damage, as well as

having a higher success rate in the self-repair of neural cells.>3!

In this study, self-assembled 1:QGK peptide nanofibers were patterned onto
negatively charged RSF films®32 via spin coating and inkjet printing to guide cell
attachment ( ). Rat pheochromocytoma neuronal (PC12) cells were

then studied as an in vitro model for neuronal differentiation and neurite
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formation.533-53% The cell attachment, viability and phenotype of PC12 cells on

the patterned surfaces were investigated.
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Figure 3-1 A schematic diagram illustrating the fabrication of micro-patterns on RSF substrates
via spin coating and inkjet printing, as well as up to the cell attachment on the surface of
printed patterns. Briefly, 1, RSF solution (40 mg/mL) was coated onto glass via spin coating. 2,
Inkjet-printing of “University of Sheffield” logo onto RSF substrate using peptide 15QGK (3
mg/mL) as ink. 3, Culture of PC12 cells on printed scaffold for 6 days. 4, PC12 cells only grew
along the printed pattern.

3. 2. Methods

3.2.1. Time effect of peptide self-assembly

The synthetic peptide 13QGK was dissolved in 20 mM HEPES buffer (pH 6.0) at
1 mg/mL. 20 yL samples were taken at different time intervals over the course
of two weeks (0 h, 3 h, 6 h, 9 h, 1 week and 2 weeks), and were dripped onto
fresh mica and dried under ambient conditions prior to atomic force microscopy

(AFM) characterisation.
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3. 3. Result and discussion

3.3.1. Time effect of peptide self-assembly

The dynamic self-assembly process of 13QGK was similar to that of 13K.29% 300
Small I3QGK molecules aggregated through hydrophobic interactions between
the I3 tails within the first several hours (Figure 3-2 a and b) and formed bilayer
stacks. Continued growth of the bilayer stacks was observed resulting in the
formation of twist nanoribbons (Figure 3-2 ¢ to e) due to molecular chirality and
electrostatic repulsion. Long uniform nanoribbons with widths of 30 nm and
heights of 5-10 nm were observed after 2 weeks incubation (Figure 3-2 ). The

size of the nanofibers is consistent with the result reported by Chen et al.>30

e) 1 week

Figure 3-2 AFM topographical images of 13QGK dynamic self-assembly (1 mg/mL in 20 mM
HEPES buffer at pH 6.0) at different time scales. (a) 0 h; (b) 3 h; (c) 6 h; (d) 9 h; (e) 1 week and
(f) 2 weeks. The Z scales for all images = 30 nm as indicated. The self-assembly process of the
peptide was a dynamic process. In the early stages (< 6 h), the peptides formed short stacks
through hydrophobic interactions between the |; tails. Further growth of the stacks leads to

formation of twisted fibres (> 6 h).
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3.3.2. Characterization of RSF/13QGK scaffolds

The surface topography of the scaffolds has significant effect to the cell
attachment. To establish the relation between the scaffold surfaces and the cell
attachment, AFM was used to characterize the topography of the RSF/I13QGK

scaffolds as shown in . Coating of the 13QGK peptide onto cover glass
formed a uniform layer of peptide nanofibers ( ), however, the
peptide layer can be easily washed away by water ( ), making it

unsuitable for direct coating on glass surfaces for cell culture applications.
Coating of RSF resulted in a smooth layer of silk on glass surface ( ),
compared to the atomically flat silica surface ( ). Ethanol treatment
converted Silk | to Silk Il structure3? (rich in B-sheet), making it water insoluble.
While the RSF is overall negatively charged??°, coating of the positively charged
I3QGK peptide nanofibers on top of a silk layer resulted in a strong charge-
charge interaction between the silk coating and the peptide material. With
increasing concentration of IsQGK, the amounts of nanofibers adhered to the
RSF scaffold surface increased and a near full coverage was observed at a
concentration of 3 mg/mL ( ). Further increasing the
concentration of 13QGK resulted in stacking of nanotubes ),

which could potentially lead to cell detachment during cell culture.
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h) Silicon wafer i) 0:5 (after wash)

Figure 3-3 AFM topographical images (25 um?) of RSF/1sQGK scaffolds (1-layer). The solution
concentration ratios of RSF/peptide were (a) 0:5 (only peptide), (b) 40:0 (only RSF), (c) 40:1, (d)
40:2, (e) 40:3, (f) 40:4 and (g) 40:5. For example, 40:1 means 15QGK (1 mg/mL) coated on RSF
(40 mg/mL) surface. (h) is an uncoated silicon wafer. (i) Shows the 15QGK (5 mg/mL) coated

glass surface after being washed with DI water. The Z scales (height) of all images are 60 nm.

3.3.3. Cellular adhesion and viability

The cell adhesion and viability experiments were carried out by live / dead
assay on different RSF/IsQGK coated scaffolds as shown in Figure 3-4. Poor
PC12 cell attachment was observed on [3QGK coated glass surfaces compared
to RSF/IsQGK coated surfaces (Figure 3-4 A). This is assumed to be due to the
washing off of 13QGK nanofibers during cell culture, which resulted in exposure
of the underlying bare glass surface. This result was consistent with the AFM
analysis shown in Figure 3-3 i. Pure RSF coated surfaces also exhibited poor
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cell attachment due to the lack of cell recognized functional groups and a weak
negatively charged surface property ( A (b)). However, samples
coated with 13QGK peptide nanofibers on RSF substrates provided enhanced
cell adhesion due to the electrostatic charge-charge interactions between the
RSF layer and 13QGK nanofibers, providing enough positively charged lysine
residues on the surface to facilitate cell binding.5* A significant difference in cell
density was observed between [3QGK (3-5 mg/mL)/RSF and pure RSF (40
mg/mL) coated scaffolds ( B, ™ p < 0.0001), indicating that PC12
neuronal cells have a low bonding affinity on pure RSF (40 mg/mL) substrates.
The scaffold surface topography has a significant effect to the cell spreading. In
general, with increasing 13QGK concentration (onto RSF substrates) the number
of cells attached onto the surface increased ( B), indicating higher
surface roughness resulted in better cell spreading. However, when the
concentration of 13QGK increased to 5 mg/mL, the number of cells decreased
slightly with some areas having no cell attachment ( A (g) and

B, ™p < 0.001). This may result from the detachment of the stacked
nanofibers (Figure 2(g)) when using a high concentration of peptide solution for
surface coating. This means the biomechanical factors also play an important
role. When more peptide fibres are on the surface, the binding between some
peptide fibres become loose and detachment happened upon the buffer wash
after live/dead staining. PC12 cells on bare glass slides showed poor
attachment with aggregation ( A (h)).The Live / dead assay
demonstrated that cells attached on the different concentration ratio
(RSF/13QGK) coated substrates were ~100% live (green) with no detectable
dead cells, indicating that RSF/IsQGK scaffolds have excellent biocompatibility
( C). In contrast, some dead cells (red) were observed on bare glass
surfaces. From this it can be inferred that the combination of RSF and 13QGK
provide a good solution for neuronal cell attachment and proliferation. The best
I3QGK concentrations for coating RSF surfaces were seen to be 3-4 mg/mL.
The results demonstrate that the 13QGK peptide nanofibrous scaffolds exhibited
a similar efficacy to other previously reported peptide scaffolds for tissue

engineering.526. 536, 537

96



Live cells (%)

! [
60-
40-
T .
= 20-
| 0 r . r r

0:5 40:0 401 40:2 40:3 40:4 40:5Glass 0:5 40:0 40:1 40:2 40:3 40:4 40:5Glass

Figure 3-4 A, Live / dead assay of PC12 neuronal cells on different RSF/I;QGK coated substrates
(green: live cells (Syto-9TM staining) and red: dead cells (propidium iodide staining). The
amounts of total cells seeded onto each RSF/I:QGK coated substrate were 10,000 cells/cm?.
The concentration ratios for coating between RSF and 1:QGK were: (a) 0:5, (b) 40:0, (c) 40:1, (d)
40:2, (e) 40:3, (f) 40:4, (g) 40:5 and (h) glass control. Scale bars = 100 um for all images. B,
Average cell number (per cm?) attached on various coated surfaces. C, Percentage of live cells
on various coated surfaces. The percentage of live cells on the different concentration ratio

ok kK

(RSF/13QGK) coated substrates were 100% and on the glass was 61 = 39%. (n = 3;

*

p <0.0001;
"p < 0.001; "p < 0.05).

3.3.4. Cell morphology

To investigate cell morphology, cell nuclei and F-actin were stained for neuronal
cells attached on the different RSF/IsQGK coated substrates ( ). Cell
morphology on RSF (40 mg/mL) and RSF/IsQGK (at a concentration ratio of
40:1) coated substrates showed poor spreading. All cells were round shaped

and the number of cells attached on the substrates was very low. Cell
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morphology on 5 mg/mL 13QGK coated glass surface (0:5) showed better cell
spreading. However, the number of cells attached was also low due to the wash
off of peptide from the surface. Cell morphology on the RSF/IsQGK coated
scaffolds at the concentration ratios of 40:2, 40:3 and 40:4 showed improved
spreading and the number of cells also increased. In contrast the cell
attachment on 40:5 ratios and cover glass were in patches, although the

spreading was also excellent.
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Figure 3-5 Fluorescence images of PC12 neuronal cells attached to various RSF/IsQGK coated
surfaces (blue: DAPI staining for nucleus, and green: phalloidin staining for F-actin). Scale bars

for all images = 50 um.

AFM was used to further characterize the morphology of the PC12 neuronal
cells adhered to the different RSF/IsQGK coated substrates ( A and E;

A and B). On 5 mg/mL I3QGK coated glass, cell spread out on the
glass surface ( A (a)). However, as shown in A (b), cells
attached to the pure RSF (40 mg/mL) substrate did not spread out, while cells
on 13QGK coated on RSF samples ( A (c)-(g)) started to spread and
become elongated onto RSF/I3QGK coated scaffolds. The process of cell
adhesion on a polymer surface can be divided into three phases.*%* 538 Cell

attachment on pure RSF coated substrate corresponds to phase I, passive cell
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adhesion. In phase |, cells adhere on coated substrate by physicochemical
interactions, including van der Waals, hydrophobic and coulombic forces, and
can easily detach.>3® While on the 13QGK coated RSF substrates, cells have
interactions with the positively charged lysine residues as active adhesion. At
different concentration ratios (40:1; 40:2; 40:3 and 40:4) of RSF/I13QGK coated
substrates, cells started to spread and become flattened due to integrin binding,
which is considered as phase Il. At a concentration ratio of 40:5 (RSF/I13QGK)
cells were fully spread and the cytoskeleton was organized to form focal
adhesion, which is known as phase Ill. Therefore, RSF/IsQGK coated scaffolds
possess highly cell-adhesive properties. With the increasing concentration of
I3QGK used for coating, cells attachment to the substrate surfaces was

enhanced.

The average cell height and size on the different RSF/I3QGK coated substrates
were analysed to further investigate the cell adhesion and spreading (

B and C). A steady decrease of the cell height was observed while increasing
the peptide concentration for coating. The average height of the cells on RSF
coated surface was found around 1800 + 80 nm while on the 4-5 mg/mL 13QGK
coated substrates the average height was found only 450 £ 40 nm ( B,
“p < 0.0001), which is very similar to (but slight lower than) that on silicon
wafer surfaces. In contrast, the average cell size (footprint) increased gradually
with increasing peptide concentration and up to an 8 folds increase was
observed at 5 mg/mL ( C, ™p < 0.0001). The variance of average cell
size was high on the 5 mg/mL 13QGK coated glass and silicon wafer surfaces,
indicating the poor uniformity on these surfaces. These results illustrate 13QGK
coated substrates show a better cellular adhesion and spreading than the RSF
(40 mg/mL) coated substrates, indicating I3QGK is an excellent biomaterial for

PC12 cell growth.

The morphology of a typical neuron cell ( D) includes a nucleus,
dendrites, axon and axon terminal buttons.>*® To further investigate the
structure of neurites, the areas within the red boxes on A were
scanned by AFM and shown in E. It can be seen from the enlarged
AFM morphology images that dendrites were not well spread on silicon wafer,

0:5 and 40:0 surfaces. In contrast, when increasing the peptide concentration
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from 1-5 mg/mL for the coating, enhanced neurite growth was observed.
Terminal buttons can be clearly seen in E (e) — (9). Increasing the
I3QGK concentration for coating resulted in increased length of axons as well as
the increased size of the terminal buttons. These results comparable to those
that use ECM proteins such as collagen for neuron patterning, in which neurite
outgrowth was observed due to the interaction of collagen with the cell surface
integrins.®®* The close proximity of the axon terminal buttons gives great
potential to conduct electrical signals to another axon by a nerve synapse
response. Although cells adhered on glass and silicon wafer surfaces (

E (@) and (h)) had long axons, terminal buttons were not observed. And
neurites adhered onto silicon wafers appeared very unhealthy ( E (h)).
These results strongly indicate that I3QGK can promote neurite formation.
These results are consistent with previously work>3° that 13QGK nanofibers
showed excellent biocompatibility (similar to collagen) and can facilitate rapid
and effective hemostasis by gelling the blood and promoting platelet adhesion.
It is likely that I13QGK nanofibers provide a suitable niche for cell attachment and
spreading. The amino groups in the peptides serve as ligands for cell surface
interactions, similar to that in RGD and poly(L)-lysine. 5*! It has been shown that
the slope, density and affinity of ligand all had significant effect to the cell
attachment and migration.>*! The surfaces coated with different concentrations
of I3QGK therefore had different effects to PC12 cell attachment and spreading

and subsequently affected the development of neuronal phenotype.
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Figure 3-6 A, AFM peakforce images of PC12 neuronal cells attached to different
concentrations of RSF/IsQGK coated substrates. The concentration ratios of RSF and 1QGK
were: (a) 0:5, (b) 40:0, (c) 40:1, (d) 40:2, (e) 40:3, (f) 40:4, (g) 40:5 and (h) bare silicon wafer.
The force setpoint constant was 30 nN in all images. The areas indicated by the red boxes were
scanned and are shown in E. Average cell height and size of PC12 cells on various coated
samples are shown in B and C, where ‘SW’ denotes the bare silicon wafer surface. All values

ok sk ok

were compared to RSF (40 mg/mL) coated surfaces. (n >3; ™ “p < 0.0001; “p < 0.01; "p < 0.05).

101



D, a schematic shows representative morphology of a typical neuron cell. E, AFM
topographical images (25 um?) of the red box areas shown in Figure 3-6 A. The Z scale (height)

bars are 150 nm for all images.

h) Silicon wafer

h) Silicon wafer

Figure 3-7 A, AFM height images of PC12 neuronal cells attached on different concentrations
of RSF/15QGK coated surfaces. The concentration ratios of RSF and 1:QGK were: (a) 0:5, (b)
40:0, (c) 40:1, (d) 40:2, (e) 40:3, (f) 40:4, (g) 40:5 and (h) bare silicon wafer. The Z scale (height)
bars = 1.5 um for all images. The peak force images of the areas in the red boxes were

enlarged and shown in B. The force setpoint constant was 5 nN for all images.
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3.3.5. PC12 neuronal cell alignment to micro-patterns produced
by inkjet printing

Neuronal cell alignment plays an essential role in axonal regeneration and is a
key aspect of nerve tissue engineering.>*? 543 Inkjet printing is an emerging
technology that can be used to micro-pattern biological materials in a non-
contact fashion therefore, has been employed here to pattern the peptide
nanofibers onto RSF coated substrates.190 150. 544,545 The printed peptides in
each layer were uniform at the middle of the droplet footprint. Peptide fibres fully
covered the silk substrate (40 mg/mL) after 1 layer printing with an ink
concentration at 3 mg/mL (Figure 3-8), which is similar with previous results
(Figure 3-3 e). However, the height of each layer on the edge was higher than
that in the middle. This is because of the ‘coffee ring effect’ of the inkjet printing
possess that lead more peptide fibres accumulated on the edge of each
footprint.>4¢ Increase the number of layers resulted in rougher surface in the
middle and higher edges (Figure 3-8). PC12 cells showed better attachment on
the edge of the printed patterns. (Figure 3-9 a and b).

b) 3 layers.

-, |

Figure 3-8 AFM topography images indicate peptide IsQGK droplets (3 mg/ml) were printed at
(a) 1 layer, (b) 3 layers and (c) 5 layers on silk substrates (40 mg/ml). These images indicated
the “coffee stain effect” of inkjet printing leads more self-assembled nanofibers at the borders.
It means the concentration of I:QGK located in border higher than that in the middle. The Z

scale bar for all images is 500 nm.

Peptide lines (Figure 3-9) and more complex structures such as the University
of Sheffield logo (Figure 3-11) were fabricated by inkjet printing of 13QGK (3
mg/mL) nanofibers onto RSF (40 mg/mL) coated substrates. As was
demonstrated in Figure 3-9, PC12 cells only grew along the printed patterns.

With increasing layers, the number of cells attached to printed lines increased
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( ). This indicates PC12 cells proliferation and attachment onto
I3QGK substrates depends on the amount of peptide nanofibers adhered to the
surface. The alignment of cells play a dominant role in cell differentiation,
cellular microenvironment and cell-cell interactions and therefore, micro-
patterning of cells via inkjet printing of peptides may provide a useful tool for
future studies of neuronal cell behaviour such as axonal development.>43. 544,547
The live/dead assay ( ) has demonstrated that the PC12 on the
peptide nanofibers showed excellent viability, comparable to that on gelatin
methacrylate (GelMA) scaffold.>*® GelMA contains cell recognized peptide RGD,
and has been widely used as 3D hydrogel scaffolds in tissue engineering.
Recently, Ye et al.>*8 reported GelMA scaffolds fabricated by 3D printing can be
used as nerve guidance conduits (NGC) whose aim are regenerate large-gap
nerve injuries. Here, peptide 13QGK has also shown excellent neuronal cell
compatibility. Therefore, it has a great potential to be used in the fabrication of
NGC in future.
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Figure 3-9 Inkjet printing of 13QGK peptide lines (5 layers) on RSF (40 mg/mL) coated surfaces.
PC12 neuronal cells only attached on the printed lines. (a & b) Bright-field microscopy images
of printed lines. (c & d) Fluorescent micrographs of PC12 cells on printed lines (DAPI staining of
nuclei). (e & f) Phalloidin staining of F-actin. (g & h) are the merged images of c & e, and f & h.
For all images, lines were printed with 5 layers of peptides. Scale bars =1 mm fora, c,eand g

and 250 um for b, d, f and h.
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Figure 3-10 Fluorescence microscopy images of PC12 neuronal cells growing along the 15QGK (3
mg/mL) printed lines on silk substrates (40 mg/ml). Lines were printed with varying layers (1, 3,

5 layers). Scale bars = 1 mm. Images were stained by DAPI and Phalloidin-FITC.
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Figure 3-11 (a) Inkjet-printed University of Sheffield logo (on RSF a coated glass surface) using
13QGK peptide ink, with PC12 neuronal cells growing along the printed pattern. The red and
blue box areas are shown in (b) and (c), respectively. Fluorescence microscopy images of the
printed logo: (d) DAPI staining for nuclei. (e) Phalloidin staining of F-actin. (f) The merged

images of (d) and (e). The logo was printed with 1 layer of peptide (3 mg/mL).

3.3.6. NG108-15 neuronal cells growth on RSF/I3QGK scaffolds

NG108-15 is a hybrid cell line, obtained from the fusion of mouse
neuroblastoma and rat glioma, which can mimic the process of neuronal
differentiation for in-vitro studies.>*® RSF and 13QGK were alternately coated
onto glass slides which can also be used as scaffolds for cell culture with
NG108-15 neuronal cells. The surface characterization of different ratios of RSF
and I3QGK are shown in Figure 3-12. Comparing RSF/13QGK scaffolds used for
PC12 cells, RSF/13QGK scaffolds for NG108-15 neuronal cells were prepared in

different way. Firstly, the spin coating order was changed to RSF solution,
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peptide deposition and then ethanol. In addition, the layers of RSF/IzQGK
deposited were changed from one to two layers. The concentration ratios of
RSF and I3QGK were also changed. However, the overall tendency where
greater amounts of nanofibers resulted in better cell growth was similar to the
previous results obtained from RSF/IsQGK scaffolds for PC12 cells (Figure 3-3).

Figure 3-12 AFM topographical images (25 um?) of RSF/IsQGK scaffolds (2-layers). RSF/1:QGK
scaffolds coated at different ratios: (a) 0:5 (only peptide), (b) 5:0 (only RSF), (c) 5:1, (d) 5:2, (e)
5:3, (f) 5:4, (g) 5:5, and (h) 20:1. (i) 20:5. Note that, the spin coating order was changed to RSF

solution, peptide and ethanol respectively. The Z scales (height) of all images are 60 nm.

NG108-15 neuronal cells were cultured on 1 cm? spin coated glass samples for
2 days in growth media and 4 days in serum free media. Before staining, cells
were imaged under a light microscope, as shown in Figure 3-13. Subsequently,
dual fluorescent dyes, consistent of DAPI and Phalloidin, were used to stain

nuclei and F-actin of cells (Figure 3-14). This enabled a visualisation of the
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degree of morphology of cell adhesion on the RSF/IsQGK scaffolds. 13QGK
scaffolds showed good cell attachment, but the number of cells present was low.
This is assumed to be the case due to a low number of B-sheet structures
present in the peptide and thus they were easily washed off during cell culture
( ). Although NG108-15 cells showed an excellent cell
attachment on RSF scaffolds in they were present in clusters
most of them detached from the scaffold. The cells easily detached during the
staining process meaning that NG108-15 cells showed poor attachment on RSF
scaffolds ( ). For scaffolds containing RSF and [3QGK,
increasing the peptide concentration resulted in more cells uniformly adhering
onto the surface ( ). At a ratio of 5:4 (RSF/ 13QGK), the cells
fully covered the surface however had a tendency to detach ( ).
This is assumed to be the case due to the concentration of 13QGK being too
high resulting in the stacking of nanofibers. The cells adhered and proliferated
onto the stacked nanofibers. This in turn led to cells detaching easily during cell
culture. Therefore, at concentrations of 5:5 (RSF/ 13QGK), there were more
places without cells adhered to the surface ( ). Comparison of
the concentration ratios of RSF and IsQGK at 5:1 and 20:1, showed that at
increased concentrations of RSF the number of attached cells increased (

). Comparison of the concentration ratios of RSF and 13QGK
at 5:5 and 20:5, the places without cells decreased ( ).
This gives evidence that the increasing the RSF concentration leads to a cell
attachment increase for RSF/I13QGK scaffolds. This result is different to that
obtained from RSF/I3QGK scaffolds (1 layer) for PC12 cells, where high
concentrations or RSF resulted in poor neuronal cell attachment. There are two
assumptions can be postulated: 1) as the concentration of RSF is increased,
the charge-charge interactions between negatively RSF and positively charged
I13QGK becomes stronger, resulting in nanofibers being adhered on the RSF
surface. 2) RSF/I3QGK scaffolds for NG108-15 neuronal cells are coated with 2
layers, which means that both sides of the second layer of the RSF scaffold are
coated with 13QGK. This is mostly likely to make positive influences on neuronal
cell attachment. In addition, as shown by the results in , heurite
outgrowth can be observed, with the exception of pure RSF scaffolds (

). From this we can deduce that I13QGK enhances neurite regeneration
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of NG108-15 neuronal cells. However, unfortunately the Phalloidin fluorescent
dye did not stain the F-actin of cells properly so no neurite could be observed,
see Figure 3-14 B. Therefore, for future experiments the Phalloidin fluorescent
dye should be replaced by another fluorescent dye that are able to stain
neurites. For example, the indirect immunofluorescence technique can be
applied, which introduces a mouse anti- Ill-tubulin (neurite marker) antibody

and a Texas Red-conjugated anti-mouse IgG antibody into cells.

Figure 3-13 The light microscope images of NG108-15 cells adhesion on RSF/IsQGK scaffolds (2-
layers). The concentration ratios between RSF and 15QGKare (a) 0:5, (b) 5:0, (c) 5:1, (d) 5:2, (e)
5:3, (f) 5:4, (g) 5:5, (h) 20:1, (i) 20:5 and (j) glass. The scale bar is 200 um as indicated.
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Figure 3-14 A and B show fluorescent microscope images of NG108-15 cells adhesion on

RSF/15QGK scaffolds (2-layers). They showed the cell number and morphology of NG108-15
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cells on RSF/15QGK scaffolds (2-layers). The concentration ratios between RSF and 13;QGK are (a)
0:5, (b) 5:0, (c) 5:1, (d) 5:2, (e) 5:3, (f) 5:4, (g) 5:5, (h) 20:1, (i) 20:5 and (j) glass. (Blue: DAPI
staining for nucleus, and green: phalloidin staining for F-actin). The scale bar of A is 300 um

and Bis 120 um as indicated.

3. 4. Conclusions

In summary, the synthetic peptide 13QGK can dynamically self-assemble into
nanofibers, which can be coated or printed onto RSF scaffolds via charge-
charge interactions and improve neuronal cell attachment and differentiation as
well as neurite outgrowth. The concentration of the I3QGK used for coating
(which affect the nanofiber coverage) has a significant effect to cell attachment
and morphology. We find concentrations between 3-4 mg/mL coated on RSF
substrates to be the ideal condition for PC12 neuronal cells with best
attachment and proliferation. More importantly, it can be used to guide axonal
regeneration and promote the growth of axon terminal buttons. In addition,
I3QGK and RSF exhibit low cytotoxicity against PC12 neuronal cells. Inkjet
printing is capable of depositing functional peptide nanofiber inks into complex
patterns and facilitating cell alignment for tissue engineering applications>,
providing a way for further analysis of in vitro cellular functions®! such as

axonal development.

111



4.Cell Guidance on Peptide Micropatterned
Silk Fibroin Scaffolds
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Guiding neuronal cell growth is desirable for neural tissue engineering but is
very challenging. In this work, a self-assembling ultra-short surfactant-like
peptide 13K which possesses positively charged lysine head groups, and
hydrophobic isoleucine tails, was chosen to investigate its potential for guiding
neuronal cell growth. The peptides were able to self-assemble into nanofibrous
structures and interact strongly with silk fibroin (SF) scaffolds, providing a niche
for neural cell attachment and proliferation. SF is an excellent biomaterial for
tissue engineering. However neuronal cells, such as rat PC12 cells, showed
poor attachment on pure regenerated SF (RSF) scaffold surfaces. Patterning of
IsK peptide nanofibers on RSF surfaces significantly improved cellular
attachment, cellular density, as well as morphology of PC12 cells. The live /
dead assay confirmed that RSF and IsK have negligible cytotoxicity against
PC12 cells. Atomic force microscopy (AFM) was used to image the topography
and neurite formation of PC12 cells, where results revealed that self-assembled
IsK nanofibers can support the formation of PC12 cell neurites. Immunolabelling
also demonstrated that coating of IsK nanofibers onto the RSF surfaces not only
increased the percentage of cells that bore neurites but also increased the
average maximum neurite length. Therefore, the peptide 13K could be used as
an alternative to poly-L-lysine for cell culture and tissue engineering applications.
As micro-patterning of neural cells to guide neurite growth is important for
developing nerve tissue engineering scaffolds, inkjet printing was used to
pattern self-assembled 13K peptide nanofibers on RSF surfaces for directional

control of PC12 cell growth. The results demonstrated that inkjet-printed peptide
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micro-patterns can effectively guide the cell alignment and organization on RSF

scaffold surfaces, providing great potential for nerve regeneration applications.

Keywords: Nerve tissue engineering, micro-patterning, inkjet printing, self-

assembling peptides, PC12 cells

4. 1. Introduction

The human nervous system is composed of the central nervous system (CNS)
and the peripheral nervous system (PNS), which can be easily impaired by
injuries, such as trauma and car accidents, as well as diseases, including
Alzheimer’s disease, Parkinson’s disease, strokes and brain tumours.? 552 553
Although the CNS lacks self-healing ability, the PNS does have regeneration
capabilities but regeneration of both damaged CNS and PNS is a big challenge
in tissue engineering.t 554 555 |t is therefore vitally important to develop well-
defined functional scaffolds for nerve tissue regeneration to help guide neural

cell attachment, alignment, spreading and proliferation.>56-558

In addition to the above, alignment and interconnection of neuronal cells in vitro
allows the mimicking of real neuronal architectures in vivo and help in
understanding the underlying mechanisms needed to promote accelerate nerve
tissue regeneration of damaged neural tissue. Micro-patterning technology,
which has already attracted significant attention, can enable the geometric
control of neuronal cell alignment.>%-562 | ithography, including ultraviolet
lithography (UVL), soft lithography (SL) and electron-beam lithography (EBL), is
a traditional technology for micro-patterning proteins onto substrates.?0 147
Compared to UVL and EBL, SL is a convenient technique,*® which has been
widely used to micro-pattern neuronal cells.55% 560. 562 Eor example, micro-
patterned polydimethylsiloxane (PDMS) has been shown to enhance the
attachment, alignment, spreading, proliferation, neurite formation and
elongation of neuronal cells.%%? However, SL needs to be operated in a high-
standard clean room, and samples can be easily contaminated during
fabrication.143 497 Inkjet printing, on the other hand, is a cost-effective and
flexible micro-patterning technique which is capable of patterning complex
geometries at high precision.?% 147 Moreover, as inkjet printing is a non-contact

technique, cross-contamination of the final product is significantly reduced.
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Therefore, Inkjet printing was used as a micro-patterning technique to pattern
self-assembled peptide nanofibers on regenerated silk fibroin (RSF) surface to

guide the growth of neuronal PC12 cells in this study.

Silk fibroin (SF), extracted from Bombyx mori (B. mori), has received significant
attention due to its biocompatibility, tuneable biodegradability, low
immunogenicity and excellent mechanical properties.?® 63 RSF possesses
tuneable rheological properties and can be used to fabricate different types of
scaffolds, such as hydrogels,3! fiims® and sponges.3? These scaffolds have
been successfully applied in a variety of tissue engineering, such as skin,?%®
vascular®® and musculoskeletal tissue engineering to match the different
properties of autologous tissues.! However, B. mori silk lacks the cell adhesive
components, such as arginine-glycine-aspartic acid (RGD) sequence, which
promotes cell attachment.38 221 565 Therefore, without the addition of cell
adhesive molecules, such as poly-L-lysine (PLL), and extracellular matrix (ECM)
components, silk scaffolds normally have poor cell attachment,65 567 which is

particularly significant for neuronal cells.568

Cell adhesive molecules have been successfully applied as scaffolding
materials in nerve tissue engineering.>'®> During the last two decades, peptide
sequences such as RGD, YIGSR and IKVAV have been used to promote
neuronal cell attachment, proliferation, and neurite outgrowth.8 519 Self-
assembled peptide nanofibers are novel biomaterials that can be fabricated
through bottom-up approach and have the potential to be used as scaffold
materials for tissue engineering.?% 284 For example, surfactant-like peptide AC-
I3K-NH2z (I3K) has an acetyl group on its N terminal and its C terminal was
blocked by an amine group. Three hydrophobic isoleucine (lle or ) and one
hydrophilic lysine residue (Lys or K) causes the peptide to possess the
surfactant feature and promote the self-assembly of I3sK into long and uniform
nanofibers in aqueous solutions.?%? 3% Pgsitively charged PLL has been shown
to promote neuronal cells attachment.5®° Therefore, it is anticipated that the self-
assembled I3K peptide nanofibers also have great potential as a cell adhesive

matrix for nerve tissue regeneration.

In this study, RSF/IsK peptide scaffolds were fabricated to guide neuronal cell
attachment. The coating and patterning of peptide nanofibers was achieved
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through spin coating and inkjet printing, respectively. The glass/silicon wafer
substrates were coated with a layer of negatively charged RSF>’° before the
coating, or printing, of peptide nanofiber solutions. The cationic peptide
nanofibers adhered onto the RSF surfaces through charge-charge interactions.
Rat pheochromocytoma (PC12) cells were cultured onto RSF/I3K scaffolds to
investigate the effect of the IsK peptide nanofibers on cell attachment,
proliferation and viability. Atomic force microscopy (AFM) was used to further
analyse cell morphology, height and footprint on the RSF/IsK scaffold

surfaces.>’?

4. 2. Methods

4.2.1. Resazurin assay

Metabolic activity of PC12 cells was assessed after 24, 72, and 144 hours in
culture. Culture medium was removed, and samples were cultured in a 100 uM
resazurin salt in PBS, and assay dependent culture media for 4 hours at 37°C
and 5% COg. Triplicates of 100uL, of reduced formazan product, were then
transferred to a black 96 well plate and the fluorescence was read in a FLx800
fluorescence plate reader (Biotek Instruments Inc.) at 540/635 nm. Background

fluorescence readings were measured and subtracted from results.

4.2.2. Immunostaining of the neurites assay

Neuronal cell differentiation, on samples, was assessed by measuring the
lengths of neurites extending from cells. PC12 cells were washed with PBS
before cells were fixed with 3.7% (v/v) PFA for 20 minutes at room temperature.
Following a PBS wash, cells were permeabilized with 0.1% Triton X-100 for 20
minutes, at room temperature and unreactive binding sites were blocked with 3%
bovine serum albumin (BSA) in PBS for 30 minutes. PC12 cells were incubated
with a mouse anti-B lll-tubulin (neurite marker) antibody (1:250 dilution from
Promega, Chilworth, United Kingdom) diluted in 1% BSA in PBS and incubated
at 4°C for 24 hours. After a PBS wash, PC12 cells were labelled with Texas
Red-conjugated anti-mouse IgG antibody (1:200 dilution in 1% BSA from Vector
Labs, Burlingame, USA) in 1% BSA, for 90 minutes at room temperature.

Samples were imaged with an upright Zeiss LSM 510 confocal microscope,
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using a helium-neon laser (543 nm) for Texas Red excitation (Aex = 589 nm / Aem
= 615 nm). Images were analysed, and neurites were measured using the ruler

tool on ImageJ software.

4. 3. Result and discussion

4.3.1. Attachment of PC12 neuronal cells on SF films

RSF scaffolds have been extensively used in tissue engineering applications.?'®
However, pure RSF lacks cell recognized molecules, and therefore, it normally
has poor cell attachment.38 221 565 To investigate the attachment of PC12
neuronal cells on the RSF scaffold surfaces, RSF solutions, at different
concentrations, were spin coated onto clean cover glasses or silicon wafers.
AFM images ( A) demonstrated different surface topographies, and
consequently cell attachment. The RSF coated glass surfaces (both 5 and 40
mg/mL) showed smooth coated layers ( A (a-b)) with roughness’s at
the nanoscale (0.78 £ 0.02 nm and 0.93 = 0.01 nm). The RSF scaffolds
investigated here showed poor performance in cell attachment and spreading
using PC12 neuronal cells ( A (d-e)). A significant decrease in cell
density on the surfaces ( B) was observed using RSF coated glasses
both at 5 mg/mL (9600 + 700 cells/cm?) and 40 mg/mL (900 + 600 cells/cm?) as
substrates compared to clean glass (21900 * 1600 cells/cm?), which
demonstrates that PC12 cells have a low binding efficiency to RSF coated
substrates. These results indicate that RSF coatings, in particular at high
concentrations, can be used as cell-repellent surfaces for PC12 cells. When
combined with cell adhesive moieties, surfaces could be used to pattern PC12
cells, to guild the growth of the cells.

To enhance cell attachment, composite RSF scaffolds have been widely used
to facilitate the cell affinity.! RSF scaffolds are normally combined with cell
recognized molecules such as collagen, gelatin and PLL to enhance cell
attachment. For example, gelatin was cross-linked with RSF scaffolds for the
repair of cartilage injury in vitro and in vivo.5’? The scaffolds not only provided a
mechanical protection before neo-cartilage formation, but also a suitable 3D
microenvironment for BMSC (endogenic bone marrow stem cells) proliferation,

differentiation, and ECM production. RSF scaffolds have also been modified
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with RGD sequences through the side groups of aspartic and glutamic acids to
improve the cell adhesion.! While the previous methods mostly involved
chemical modification of the SF material through covalently bonding, here we
use the electrostatic interaction of self-assembled cationic peptide nanofibers to
enhance cell attachment onto SF scaffolds.

b) 40 mg/ml c) Silicon wafer
25000+
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15000 1 —
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d) 5 mg/ml e) 40 mg/ml f) glass
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—

o
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Average cell number per cm? ®
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Figure 4-1 A, AFM topographical images of RSF coated scaffolds on Si-wafers at (a) 5 mg/mL;
(b) 40 mg/mL and (c) bare silicon wafer control, Z scale height = 30 nm. Fluorescence images of
PC12 cells attached to (d) 5 mg/mL and (e) 40 mg/mL RSF coated surfaces and (f) glass control.
(Blue: DAPI staining for nucleus. Green: FITC-phalloidin staining for F-actin.) Scale bar = 100 um.
B, Average cell numbers (per cm?) attached to the RSF coated surfaces at RSF concentrations
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of 0 (glass control), 5 and 40 mg/mL.n>3, ™ "p < 0.0001.

4.3.2. Characterization of RSF/I3K scaffolds

The peptide 13K was able to self-assemble into long and uniform nanofibers
after two weeks of incubation as previously reported.?% 300 According to
previous studies?%, the self-assembly process of 13K is a dynamic process via
non-covalent interactions. Upon complete dissolvement of IsK molecules, small
IsK fragments form interdigitated bilayers with hydrophobic isoleucine residues
kept in the interior, and charged lysine located on the surface of bilayers. Small
IsK fragments then assemble into short stacks through hydrophobic interactions
and hydrogen bonding. Subsequently, based on molecular chirality and surface
curving, these stacks tend to grow into twisted fibres. Further growth leads to
the formation of long and uniform nanofibers. The width of the formed
nanofibers was around 50 nm (Figure 4-2) while the length of the nanofibers

can reach up to 10 um. Persistence length is a characteristic length scale that
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has been used to determine the conformation of a uniform chain length.5"3 Cox
et al.?%8 recently measured the contour length (the distance between two ends
of 13K fibres) by AFM and stochastic reconstruction microscopy and then used
this value to calculate persistence length of 13K fibres. Their results indicated
that self-assembled I3K fibres have an average contour length of around 6 pm

and persistence length of 10.1 £ 1.2 ym.
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Figure 4-2 AFM topographical images of self-assembled 15K nanofibers in HEPES buffer (20 mM;
pH 6.0) at (a) 1 mg/mL for 2 weeks (20 um x 20 um). The area indicated by the blue and red
boxes are shown in (b) (5 um x 5 um) and (c) (500 nm x 500 nm). The height and width of the

cross-section line along a nanofiber are shown in (d). Z scale (height) of all images = 90 nm.

AFM was further used to characterise how concentrations of IsK affect the
surface topography of the IsK coated RSF scaffolds. As shown in Figure 4-3 (a),
only a few self-assembled nanofibers were observed on the 1 mg/mL I3K coated
RSF scaffolds. By increasing the concentration of IsK, the number of nanofibers
increased gradually forming a near full coverage at 3 mg/mL (Figure 4-3 (b-c)).

Further increasing the concentration of IsK resulted in more stacked self-
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assembled nanofibers, which can potentially lead to cell detachment during cell
culture. No significant difference of surface topography between the multi-
material RSF/IsK scaffold (at concentration ratio 40:5) and IsK-only scaffold (5
mg/mL coated glass) could be detected. However, IsK-only scaffolds assembled
on blank glass could easily be washed off when immersed in the aqueous
solutions due to low adhesion properties to the glass surface (Figure 4-4 and
Figure 4-5), hence making it ineffective for cell culture applications. Therefore,
the multi-material combination of 13K and RSF generates a structurally stable
scaffold that can easily withstand normal cell culture procedures and thus
provides an excellent way to generate peptide-based scaffolds for cell culture
applications. The strong adhesion between RSF (negatively charged) and 13K
(positively charged) is a result of the strong electrostatic charge-charge

interactions, 299 300

Figure 4-3 AFM topographical images (25 um?) showing 1-layer RSF/IsK scaffolds coated at
different concentration ratios: (a) 40:1, (b) 40:2, (c) 40:3, (d) 40:4, (e) 40:5, (f) 0:5. The Z scale

(height) for all images is 120 nm.
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Figure 4-4 AFM topographical images (25 pum?) showing 1-layer RSF/I:K scaffolds coated at
different concentration ratios: (a) 0:5, (b) 5:0, (c) 5:1, (d) 5:2, (e) 5:3, (f) 5:4, (g) 5:5, (h) 20:1
and (i) 20:5 in 1 layer. The Z scale (height) =120 nm (a, ¢, d, e, f, g, h and i). The Z scale (height)
=30 nm (b).
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Figure 4-5 AFM topographical images (25 um?) showing 1-layer RSF/IsK scaffolds after
immersion in deionized water and incubation under a 5% CO, atmosphere at 37 ‘C for 6 days.
The concentration ratios of RSF/I5K scaffolds are: (a) 0:5, (b) 5:0, (c) 5:1, (d) 5:2, (e) 5:3, (f) 5:4,
(g) 5:5, (h) 20:1 and (i) 20:5 in 1 layer. The Z scale (height) =120 nm (a, ¢, d, e, f, g, h and i). The
Z scale (height) =30 nm.

4.3.3. Neuronal cell attachment and morphology on RSF/I3K
scaffolds

To investigate PC12 neuronal cell attachment and viability on different RSF/IsK
scaffold surfaces, a live / dead assay was carried out as shown in Figure 4-6.
RSF-only scaffolds showed very low cell adhesion due to a lack of cell
recognizable groups such as RGD. Furthermore, they are negatively charged,
which has been known to have negative effects on cell attachment.?? 98

Therefore, by adding positively charged I3K peptide nanofibers onto the
121



negatively charged RSF substrates, the positively charged lysine residues
deposited on the scaffold surface promoted PC12 cell binding.5** PC12 cells
showed poor attachment on IsK-only and RSF/IsK scaffolds at low IsK
concentrations (< 3 mg/mL) compared with RSF/IsK scaffolds with high 13K
concentrations (3-5 mg/mL). This is most likely because 13K nanofibers are
easily washed off without RSF base during cell culture as shown in the AFM
images in , and the RSF/IsK scaffolds with low
concentrations of 13K provide insufficient anchoring points for cell attachment. A
significant difference in cell density was observed between RSF-only and
RSF/I3K (3-5 mg/mL) scaffolds, indicating the promotion of PC12 neuronal cell
attachment on RSF/I3K scaffolds through the addition of positively charged I3K
nanofibers. However, with an 13K concentration of 5 mg/mL, the number of cells
decreased slightly, where no cell attachment in some areas was observed. This
was possibly due to some detachment of stacked IsK nanofibers occurring at
this and higher concentrations, as previously discussed in section 3.2. The
stacked IsK nanofibers promoted excessive cell attachment and cells grew
quickly becoming over confluent during the incubation time, thus detaching from
the scaffold surface. Additionally, the live / dead assay indicated that RSF/IsK
scaffolds have excellent biocompatibility. The results indicated that I3K is a
promising candidate which can be used as a functional scaffold material similar
to other peptides (such as PLL>* or gelatin®>*) previously reported for tissue

engineering.
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Figure 4-6 A, Live / dead assay of PC12 neuronal cells adhered on RSF/IsK scaffold surfaces.
The live cells (green) were stained by Syto-9TM and dead cells (red) were stained by propidium
iodide. The concentration ratio of RSF and 15K are (a) 0:5; (b) 40:0; (c) 40:1; (d) 40:2; (e) 40:3; (f)
40:4; (g) 40:5 and (h) blank glass (control). (Scale bar = 100 um) B, Average cell numbers (per

cm?) adhered on RSF/I3K scaffold surfaces. C, Percentage of live cells adhered on RSF/IsK
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scaffold surfaces. n > 3. ("""p < 0.0001; **"p < 0.001; **p <0.01 and “p < 0.05).

The investigation of cell morphology attached on different ratios of RSF/IsK
scaffolds was carried out via AFM ( and ). As previously
noted, cells spread out well on IsK-only coated surfaces but showed patchy
attachment due to the peptide being washed off during cell culture. Cells
showed an excellent spreading on IsK-only coated surfaces ( A(a))
whereas cells barely spread out their terminals on RSF-only coated surfaces
( A(b)). Cells started to attach on RSF/IsK coated surfaces at
concentration ratio 40:1 ( A(c)). By increasing the concentration of 13K
from 2 to 4 mg/mL deposited onto RSF (40 mg/mL) coated surfaces, cellular

spreading improved drastically ( A(d-g)), indicating a peptide
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concentration dependence of cell spreading. Additionally, FITC-phalloidin and
DAPI was used to stain actin filaments and cell nuclei respectively to further
characterize the morphology of cells adhered on RSF/I3K scaffolds ( ).
Cells on RSF/IsK coated substrates also showed excellent spreading and
flattening with this being enhanced as the concentration of coated I3K increased.

These results are consistent with previous AFM results shown in A.

The first step of the cell adhesion process is the cell-polymer interactions, which
is essential for cell communication, regulation, tissue development and
maintenance.*%* 538 Cell-polymer interactions can be divided into three types, i.e.
non-adhesion, passive adhesion and active adhesion.*** The interactions
between cells and RSF surfaces corresponds to passive adhesion, which
means cells attach easily but can also easily detach from surfaces.>’4 Cells
attached on RSF/IsK scaffolds on the other hand undergo active adhesion, in
which cells spontaneously adhere onto the surface and the adhesion is tight,
therefore, it is difficult for cells to detach.>”> Additionally, the positively charged
lysine residues in I3K activates cell changing morphology and causes spreading
for attachment-dependent phenotypes. Furthermore, there are three phases
that can describe the process of cell adhesion onto cell-active polymer surfaces.
Cells adhere onto the RSF-only scaffolds via complex physicochemical
interactions including van der Waals, coulombic and hydrophobic forces, known
as Phase | cell attachment.>®° The action of the cells starting to spread and
become flattened on the RSF/I3K scaffold surface ( A(c-d)), due to
integrin binding, is known as Phase II. Full spreading and formation of focal
adhesions for the cytoskeleton of PC12 neuronal cells on the RSF/I3K (
A(e-9)) is regarded as Phase lll. Therefore, RSF/IsK scaffolds, where 13K
can be considered a cell-adhesive polymer, are able to activate the cell
adhesion process inducing spreading and flattening. Increasing the
concentration of IsK resulted in improved and expedited cell adhesive properties.
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Figure 4-7 A, AFM Peak Force Error images of PC12 neuronal cells attached on a series of RSF

and I3K coated surfaces. In addition, enlarged AFM images of red box areas are shown in right

of each image. The concentration ratios of RSF and 15K were: (a) 0:5, (b) 40:0, (c) 40:1, (d) 40:2,

(e) 40:3, (f) 40:4, (g) 40:5 and (h) silicon wafer control. The force setpoint constant is 30 nN for

images of cells and 5 nN for enlarged areas. B and C indicate average cell heights and sizes in
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all scenarios. (n>3; " 'p <0.0001;
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h) Silicon wafer
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Figure 4-8 AFM topographical images of PC12 neuronal cells attached on various coated
surfaces. Enlarged AFM topographical images of red box areas shown in right of each image of
cells. The concentration ratios of RSF and IsK were: (a) 0:5, (b) 40:0, (c) 40:1, (d) 40:2, (e) 40:3,
(f) 40:4, (g) 40:5 and (h) silicon wafer. The Z scale bar is 1.5 um for images of cells and 150 nm

for enlarged areas.
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Figure 4-9 F-actin staining of PC12 neuronal cells attached on different ratios of RSF/IsK coated
surfaces: (a) 0:5; (b) 40:0; (c) 40:1; (d) 40:2; (e) 40:3; (f) 40:4; (g) 40:5 and (h) blank glass
(control). The nucleus was stained by DAPI (blue) and F-actin was stained by FITC-phalloidin,

scale bar = 50 um.

Further AFM analysis revealed the average cell height ( B) on RSF-
only scaffolds was 1650 + 110 nm. In the case of I13K-only scaffolds, an average
cell height of 410 + 80 nm was measured. The average height of cells on
RSF/I3K peptide scaffolds decreased with increasing IsK concentrations (1 to 5
mg/mL) from 880 £ 60 nm to 350 £ 90 nm. For the blank silicon wafer, the
average cell height was 600 = 40 nm, which was similar to (but slight lower than)
that of the RSF/IsK (ratio 40:2) samples. The average size of attached cells
( C) on RSF-only scaffolds was found to be 140 + 10 um?. A gradual
size increase (up to 9-fold at 5 mg/mL IsK) was observed as IsK concentration
was increased. Both average cell height and size on the silicon wafer substrates
were similar to the RSF/I3K scaffold at a concentration ratio of 40:3. The results
indicated that RSF/IsK scaffolds with IsK concentrations above 3 mg/mL are
ideal for PC12 cell adhesion and spreading, outperforming the cell behaviour on
RSF-only scaffolds. The red boxes in A also indicate areas of
interest that were enlarged to further investigate the cell morphology. The AFM
images show neurites of PC12 cells adhering to the RSF-only or RSF/I3K
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coated surfaces ( A(b-g)). In contrast to IsK-only scaffolds,

A(h) shows the neurites of PC12 cells adhering on exposed bare silicon
wafer substrate. The results were similar to those reported by Gupta et al.>’®
who indicated that neural cells can adhere and differentiate on chitosan-based
scaffolds. We conclude that IsK can promote PC12 cell attachment, spreading

and neurite formation.

4.3.4. Differences between RSF/I3K scaffolds and collagen
scaffolds on the function of PC12 cells

Collagen is one of the basic components of the ECM that can provide a natural
environment for cell growth, and proliferation, and is widely used in nerve tissue
repair.5’’> 578 |n addition, collagen has been proven to possess a good
adherence and proliferation ability for PC12 cells.>”® Therefore, the following
experiments, including resazurin assay, live / dead assay and immunostaining
of the neurites, were carried out comparing the differences in PC12 cell
functions on RSF/I3K scaffolds and collagen scaffolds. Note that, three types of
RSF/I3K scaffolds were chosen, where the RSF scaffold concentration was 40
mg/mL and RSF/IsK scaffold concentration ratios were 40:3 and 40:4
(represented as RSF/I3K 40:3 and RSF/IzK 40:4).

The metabolic activity of PC12 cells on sample surfaces (Type | collagen; RSF;
RSF/I3K 40:3 and RSF/I3K 40:4) were determined after 24, 72 and 144 hours in
culture using a resazurin assay, and control groups performed on bare glass
and TCP (tissue culture plastic) substrates ( ). Resazurin possesses
poor fluorescence, which can be reduced by viable cells to form the strong-
fluorophore resorufin. The results of resazurin assay can be measured by
fluorescence reading of the reduced resorufin product. The fluorescence output
is proportional to the population of viable cells. Metabolic activity was observed
to increase gradually between 24 and 144 hours on all surfaces. Cells adhered
on RSF coated surfaces showed the lowest metabolic activity among all test
surfaces at 24 and 144 hours, while for RSF/I3K scaffolds, the metabolic activity
increased more, indicating 13K can promote PC12 cell proliferation. RSF/IsK
scaffolds at a ratio of 40:4 showed the highest metabolic activity which
surpassed that of Type | collagen scaffolds (between 24 and 144 hours),

indicating a difference proliferation on the surfaces. For control groups, cells on
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glass had a lower metabolic activity at all time points which in contrast to TCP.
Highest cell metabolic activity was observed on TCP samples compared to test
surfaces at 24 hours. However, the increase in metabolic activity observed on
the TCP surface between 72 and 144 hours was similar to that of the other

surfaces. This indicates excellent cell proliferation on the coated surfaces.
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Figure 4-10 Metabolic activity of PC12 cells adhered on different surfaces assessed using
resazurin assay after 24-, 72-, and 144-hours culture. TCP represents tissue culture plastic. (n 2

3; """"p < 0.0001).

Live / dead assay results ( ) indicated a low rate of cell mortality on
all surfaces after 6 days of culture. As can be seen from B, there
was a slightly lower proportion of live cells on type | collagen (96.7% £ 0.3%)
compared to RSF (100%), RSF/IsK 40:3 (99.3% = 0.1%) and RSF/IsK 40:4
(98.4% * 0.2%) scaffolds. Although collagen is a well-known biocompatible
material®®, RSF/IzK showed better cell growth and proliferation overall. The
population of cells adhered onto uncoated RSF surfaces was poor (

C), only 34 + 28 cells were observed, which is much lower than the adherence
onto RSF/I3K 40:3 (180 + 50) and RSF/IzK 40:4 (290 £ 50). Please note that, 13K
coated on RSF surfaces, resulted in a significant difference in observed
percentage of live cells. That is due to RSF surfaces having a poor cell
attachment, resulting in cells easily detaching from the RSF surfaces during cell

culture, and only a few cells remaining. The results demonstrated that IsK
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coated on RSF scaffolds can increase neuronal cell proliferation and
attachment. Furthermore, the population of cells increased with increasing 13K
concentration, which is consistent with the results reported in section 3.3.
According to Wiatrak et al.>”®, PC12 Adh cells show good attachment on plastic
surfaces. As can be seen in C (results obtained from much larger
areas than showed in A), there is no significant difference between
RSF/I3K 40:4 and TCP (note that cells on TCP showed patches with some
areas having more cells (e.qg., A(f)) and some areas having less).
Therefore, RSF/IsK 40:4 scaffold also promotes good PC12 cell attachment.
However, there was still a significant higher cell population (650 + 30) on type |
collagen than RSF/IsK 40:4 scaffolds, indicating that peptides with multiple
amino acids / functional groups are required to increase cell densities. The main
amino acids in the collagen peptide are glycine, proline and alanine,>° which
can be used as building blocks to further design a modified self-assembled

peptide based on I3K to improve the performance in nerve tissue engineering.46
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Figure 4-11 A, Representative confocal images of live / dead analysis from PC12 neuronal cell
culture on different surfaces, (a) Glass (control); (b) Type | collagen; (c) RSF; (d) RSF/IsK 40:3;
(e) RSF/IsK 40:4 and (f) TCP (control). The live cells (green) were stained by Syto-9™ and dead
cells (red) were stained by propidium iodide, scale bar = 100 um. B, Percentage of cell viability.
C, The population of live and dead cells. The percentage of live cells on glass surface was 95.1

0.4%; on type | collagen surface was 96.7 = 0.3%; on RSF surface was 100%; on RSF/IsK 40:3
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surface was 99.3 + 0.1%; on RSF/IsK 40:4 surface was 98.4 £ 0.2% and on TCP surface was 99.9

Fokokk

+ 0.1%. TCP represents tissue culture plastic. (n>3; " 'p <0.0001).

PC12 neuronal cells were labelled for 8 Ill-tubulin, a specific neurite formation
marker ( A). Short neurite outgrowth was observed for cells adhered
to uncoated RSF surfaces and on glass substrates. However, at an IsK
concentration of 3 mg/mL coated onto RSF surfaces, neurite formations were
observed, but slightly shorter than those on cells grown on type | collagen. With
increasing concentration of IsK to 4 mg/mL, longer neurite formation was
observed, which indicated that the concentration of IsK directly affects the
length of neurites ( B), which is consistent with the previous AFM
images ( ). The measurement of average maximum neurite lengths
per neuronal cell revealed no significant difference between cells grown on type
| collagen (25 £ 8 um) and RSF/I3K 40:4 surfaces ( B). Experiments
were terminated after 6 days, due to long neurite lengths being physically
impaired at high cell density.>®! Comparison to glass and RSF surfaces, type |
collagen and RSF/I3K 40:4 surfaces had significantly higher percentage of cells
bearing neurites ( C). However, no significant difference was
observed between type | collagen and RSF/IsK 40:4 surfaces, suggesting that
IsK at a concentration of 4 mg/mL possesses similar neuronal cell differentiation

to type | collagen.

A
b) Type | collagen

Average Maximum Neurite Length (um)

d) RSF/I;K 40:3 e) RSF/I;K 40:4

Cells bearing neurites (%)

131



Figure 4-12 A, confocal images of PC12 neuronal cells adhered onto different surfaces,
including (a) Glass (control); (b) Type | collagen; (c) RSF; (d) RSF/IsK 40:3; (e) RSF/IsK 40:4 and (f)
TCP (control). Neurites (red) were stained by anti-B Ill-tubulin, scale bar = 20 um. B and C
indicate average neurite lengths and the percentage of cells bearing neurites in all scenarios.

*kokokk

TCP represents tissue culture plastic. (n23;  p < 0.0001).

4.3.5. Micropatterning PC12 cells on RSF scaffolds via inkjet
printing of peptide nanofibers

The micro-patterning of complex biomaterial structures plays an essential role in
guiding cell adhesion, migration, differentiation and proliferation.'4% 142 |nkjet
printing can be used as an effective tool to micro-pattern complex structures of
biomaterials onto a vast variety of bio-substrates including protein scaffolds.>*
Therefore, it has been deployed here to print 13K (3 mg/mL) peptide nanofibers
as the letters “SHEF” onto RSF (40 mg/mL) coated substrates. Cell culture
studies revealed cells grew almost exclusively along the printed 13K letters as
shown in . The results were consistent with those reported by
Poudel et al.>6 who used photolithography to pattern collagen type | on cell-
repellent surfaces and demonstrated neural cell growth along the patterns. It
was noticed that PC12 cells prefer to grow on the edge of the letter lines rather
than their central areas. This is attributed to the so-called ‘coffee ring effect’
resulting from the inkjet printing possess, thus resulting in more 13K nanofibers
accumulating on the edge of the letters.5#5: 582 |t is possible to reduce this effect
by the addition of additives to alter the surface tension and spreading of the 13K
ink during the printing process, which might be deemed beneficial in the future.
In nerve tissue engineering, the alignment of cells is important in axonal
regeneration and direction®3. Therefore, we have shown here the micro-
patterning of PC12 cells via inkjet printing of the self-assembled 13K peptide
nanofibers onto RSF substrates may provide an excellent approach to enable

the analysis of axonal development in vitro.544 584
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Figure 4-13 A, Inkjet-printing of 1 layer of “SHEF” letters onto RSF coated glass surfaces (40
mg/mL) using IsK peptide (3 mg/mL) as the ink, with PC12 neuronal cells growing along the
printed letters. B, Enlarged letters (“HE”). (a, DAPI staining for nucleus; b, FITC-phalloidin

staining for F-actin; ¢, merged images of a & b), scale bar = 500 um.

4.3.6. Investigation of topographical and thickness of RSF/IsK
scaffolds with different layers

AFM was further used to characterise the different number of layers of RSF/IsK
scaffolds, where 1 layer ( ), 2 layers ( ) and 3 layers (
) coated onto silicon wafer were investigated. Firstly, different concentration
ratios between RSF and IsK of 1 layer coating was characterised.
shows the long nanofibers of self-assembled I3K in 20 mM HEPES buffer (pH 6)
at 5 mg/ml without RSF. A blank sample only containing RSF is shown in
, Where the nanofibrillar structure of pure RSF with a sequence of
associated segments can be seen. For samples containing RSF and I3K
mixtures, increasing the peptide concentration resulted in more nanofibers
adhering to the RSF surface. Further increase of peptide concentration of 13K

resulted in stacking behaviour ( ). At a concentration ratio of 5:3
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(RSF/13K), the nanofibers fully covered on RSF surface. Nanofiber stacking can
be considered unfavourable for cell culture as this might lead to cell detachment
when stacked fibres detach. Comparison of the concentration ratios of RSF and
IsK at 20:1 and 20:5, showed that they had a similar trend with 5:1 and 5:5.
Comparison between 20:1 and 20:5 ratios as shown in Figure 4-4 (g) and (i)
respectively, showed that there were very few nanofibers at a ratio of 20:1.
Increasing the ratio to 20:5 resulted however in an increase to the order of few

hundreds.

As shown in the AFM images (Figure 4-4, Figure 4-14 and Figure 4-15),
different amount of layers spin coated (1-3 layers) onto silicon wafer showed

similar surface characterization.

Figure 4-14 AFM topographical images (25 um?) showing 2-layers RSF/I3K scaffolds coated at
different concentration ratios: (a) 0:5, (b) 5:0, (c) 5:1, (d) 5:2, (e) 5:3, (f) 5:4, (g) 5:5, (h) 20:1
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and (i) 20:5 in 1 layer. The Z scale (height) =120 nm (3, ¢, d, e, f, g, h and i). The Z scale (height)
=30 nm (b).

| |

Figure 4-15 AFM topographical images (25 um?) showing 3-layers RSF/I3K scaffolds coated at
different concentration ratios: (a) 0:5, (b) 5:0, (c) 5:1, (d) 5:2, (e) 5:3, (f) 5:4, (g) 5:5, (h) 20:1
and (i) 20:5 in 1 layer. The Z scale (height) =120 nm (a, ¢, d, e, f, g, h and i). The Z scale (height)
=30 nm (b).

In conclusion, RSF/I3sK scaffolds at a concentration ratio of 5:3 resulted in a
desirable amount and distribution of nanofibers adhering to the RSF surface,
which might show best properties for cell culture (Figure 4-4 (e), Figure 4-14 (e)
and Figure 4-15 (e)).

Despite the surface morphology appearing to be similar regardless of the

number of layers coated, it is important to investigate any possible effects the
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layer number might have in cell culture studies (Figure 4-16). The depth of the
‘dark holes’ in Figure 4-16 showed a significant increase with increasing number
of layers. This might give rise to an attraction of lots of cells on the scaffold
surface, however, most likely will lead to cell detachment when media is
changed as fibres might detach form the surface more readily.

It is possible to seed cells onto these scaffolds with different layer amounts, to
investigate how the layers affect cell proliferation and attachment. If the
amounts of layers have a positive influenced to cells, inkjet printing can be
applied to alternately print RSF and IsK for many layers (e.g., 50 layers) with
ease. This could pave the way to 3D RSF/IsK scaffold providing a better
opportunity to further investigate the properties of neural cells in 3D.

s
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Figure 4-16 AFM topographical images (25 um?) showing RSF/IsK scaffolds coated at the ratio
5:3 in different layers (a) 1 layer, (b) 2 layers, (c) 3 layers, (d) 5 layers, (e) 8 layers, (f) 12 layers.

The Z scale for all images is 120 nm as indicated.

Spectroscopic ellipsometry was used to test the thickness of RSF/IsK layers on
silicon wafers after spin coating. The results of RSF/IsK for 1 and 3 layers are
shown in (Figure 4-17). Both samples show the same tendency, after mixing
RSF with 1 mg/ml I3K, the thickness showed a slight decrease in thickness.

Following a further increase of IsK, the thickness increased in a linear manner.
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The thickness difference between the two samples (Figure 4-17 A) mostly likely
originates from two silicon wafers not having been cleaned in exactly the same
way, however a thickness of 20 A was assumed for the ellipsometry
measurements. RSF and I3K contain negative and positive charges,
respectively, which might explain the decrease in thickness between pure RSF
(5:0) and RSF/I13K (5:1) due to attractive forces.
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Figure 4-17 Layer thickness of RSF/IsK coated surface (5:0, 5:1, 5:2, 5:3, 5:4, 5:5). (A) 1 layer
(black line) and 3 layers/3 (red line). (B) 3 layers. The unit of thickness is A.

4. 4. Conclusions

The surfactant-like ultrashort peptide 1K is able to self-assemble into
nanofibrillar structures with a hydrophobic isoleucine tailed fibre core, and
positively charged lysine residues located outside the fibres.?%: 58 The self-
assembled I3K peptide nanofibers have been successfully used as templates for
the fabrication of silica nanotubes.?®® In this study, 13K peptide nanofibers were
used as a cell-attractive agent to modify RSF scaffold surfaces to encourage
neuronal cell (PC12 cell) attachment and growth. Commonly, positively charged
PLL has been used for facilitating cell attachment and proliferation586: 587,
However, it can be cytotoxic, especially due to the high-molecular-weight of
PLL.58 Therefore, the structure of PLL should be modified via incorporation of
segments that can reduce toxicity.58 In addition, the IsK peptide is more cost-
effectively than PLL due to its short sequence. Overall, we speculate that the
positively charged IsK peptide nanofibers could be used as an alternative to PLL

for cell culture and tissue engineering applications.

It was found in our study that RSF-only coated surfaces had poor PC12 cell
attachment, due to a lack of cell binding functional groups. However, this could
be counteracted by introducing IsK peptides nanofibers onto the scaffolds
during the fabrication process. The peptide nanofibers naturally immobilise onto
the RSF scaffold surfaces via charge-charge interactions, where the RSF-only
scaffold surface is negatively charged and the IsK peptide nanofibers are
positively charged. The results showed that the presence of I3K peptides
promoted PC12 cell binding efficiency as the positively charged lysine residues
facilitate cell attachment, which is equivalent to PLL.56°

Two methods (spin coating and inkjet printing) were applied to prepare scaffolds,
with a series of different concentration ratios of RSF and 13K onto glass and
silicon wafer as substrates. Cells grown on the prepared scaffolds showed
variable attachment, proliferation, and morphology including the formation of
neurites. Additionally, the live and dead assay demonstrated that both RSF and

IsK demonstrated negligible cytotoxicity toward PC12 neuronal cells, indicating
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that both materials are promising scaffold materials for neural tissue
engineering. In addition, the RSF/IsK (ratio 40:4) produced scaffolds that
optimally supported cell adhesion indicating excellent biocompatibility and
differentiation. This also demonstrates that the ultra-short peptide 13K could be
used as an alternative to PLL for cell culture and tissue engineering applications.

Inkjet printing has been shown to be an excellent micro-patterning method for
the guidance of cell attachment.5®© The charge-charge interactions between
positively charged IsK peptide nanofibers and negatively charged RSF coated
surfaces facilitated the robustness of the scaffold system during fabrication and
cell culture work. Thus, enabling excellent cell growth along the printed patterns.
This patterning method is a strength of inkjet printing offering a promising
approach for analysing and understanding fundamental cellular functions such

as neurite development and cell-cell interaction in vitro.55% 592
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5.Short peptides induce neurite outgrowth
of neuronal cells

Abstract:

Control of polymer-cell interactions is an essential factor to be considered for
the design and fabrication of scaffolds for tissue engineering applications. In this
work, the hydrophobic isoleucine tail (Is) was modified with laminin or fibronectin
derived peptides with the sequence of IKVAV, PDSGR, YIGSR, RGDS and
PHSRN, respectively. The resulting designed short peptides IsKVAV, I1sRGDS
and IsYIGSR were able to dynamically self-assemble into nanofibers, while the
remainder were unable to. Pure regenerated silk fibroin (RSF) substrates
showed poor cell attachment of neuron cells, such as rat PC12 cells. Therefore,
this property was used as a cell-repellent agent. On this other hand, RSF
substrates allowed the designed short peptides to strongly adhere to its surface
via hydrogen bonding. Live / dead assays revealed that the peptides [3KVAYV,
ISRGDS and I3YIGSR exhibited negligible cytotoxicity against PC12 cells. The
specific interaction between PC12 cells and the short peptides were investigate
using atomic of microscopy (AFM). The results indicted the presence of a
synergistic effect in the designed short peptides enabling them to promote
cellular attachment, cellular proliferation and morphology change of PC12 cells.
In addition, AFM results showed the presence of both peptides IsKVAV and
I3YIGSR possesses the best regulation of proliferation and attachment of PC12
cells, consistent with those obtained from the immunofluorescence staining
technology. The approach of combining two different self-assembling short

peptides has great potential for nerve regeneration applications.

Keywords: Nerve tissue engineering, polymer-cell interaction, RGDS; YIGSR,;

IKVAV; self-assembling peptides, PC12 cells

5. 1. Introduction

The peripheral nervous systems (PNS), which includes cranial nerves,
peripheral nerves, spinal nerves and neuromuscular junctions, as well as the
central nervous system (CNS), consisting of the brain and spinal cord, are the

140



two major components of the human nervous system.! After injury, nerves are
capable to spontaneously regenerate in the PNS, however are unable to
regenerate in the CNS. Despite the peripheral nerve self-repair ability, the nerve
regeneration and functional recovery depends on the injury gap length. If the
gap length is too long above the critical gap length nerve regeneration is
limited.5°2-5%4 |In addition, nerve injuries for both PNS and CNS are a serious
problem that affects millions of people worldwide, leaving a large social and
economic burden on society.! Therefore, it is of strong interest to design

biomaterial scaffolds to promote nerve regeneration and functional recovery.

The extracellular matrix (ECM) is a non-cellular component located within all
tissue and organs, and can be recognized as a scaffold to modulate cellular
behaviours, such as differentiation, proliferation, adhesion and migration. The
major components of ECM are glycosaminoglycans, proteoglycans and fibrous
proteins that contain collagen, fibronectin, laminin, elastin and so forth.517. 595.5%
In the last decades, ECM components have been used as biomaterial scaffolds
in nerve tissue engineering (TE).>°" 59 Collagen is the major component of
ECM in living tissue, making it the most studied scaffold material to date.59% 600
Until now, at least 28 different types of collagen have been discovered and
classified into different families based on their structure and distribution within
the human body.5°* Type | collagen has a strong positive effect on nerve cells,
enable it as the gold standard in nerve TE.5"8 602 |n addition to collagen, laminin
and fibronectin have also been successfully applied in nerve TE.*?® This is
because of active peptide sequences present within laminin and fibronectin.
These include the peptide sequences IKVAV, PDSGR and YIGSR present
within laminin, as well as RGDS and PHSRN in fibronectin.693-605 Although
these active sequences have been successfully synthesised, they have been
unable to form suitable 2D/3D scaffolds, allowing to provide more suitable

cellular microenvironment in the development of TE applications.

Peptide self-assembly is a “bottom-up” approach, in which the 20 natural amino
acids are used as building blocks, enabling the ability to form well-ordered
nanoarchitectures under certain conditions, leading to the formation of
hydrogels.?>% 293 Peptide amphiphiles are one essential category of peptide

self-assembly, which can emulate nanoscale fibres and pore morphology of
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natural ECM. Therefore, these have been widely applied for use as biomaterial
scaffolds for bone, skin and nerve repair applications.?%® 606, €07 peptide
amphiphiles can be further divided into several sub-types, of which the
surfactant-like peptide sub-type, structurally the simplest, have been
successfully applied in nerve TE. These peptides are normally consisting of
several repeated hydrophilic amino acid residues as the head and one or two
hydrophobic amino acid residues functioning as the tail.?5 246. 608 The short
peptide AC-I3K-NH2 (I3K) is a typical example of surfactant-like peptide, which
contains a hydrophobic tail made of three isoleucine residues (lle or 1) and a
hydrophilic head composed of lysine (Lys or K).?%8 29 |n addition to this, the
terminal charges on the N terminal are blocked by acetyl groups and the
carboxyl groups of the C terminals are blocked by amine groups, thus
promoting the self-assembling of I3K. Inspired by active peptide sequences from
laminin and fibronectin there is a great potential to design self-assembling

peptides via the addition of a hydrophobic tail such as Is.

Another inexpensive biomaterial is silk fibroin (SF), which has been extensively
researched owing to its strong mechanical properties, biocompatibility, low
immunogenicity, and biodegradability, can be extracted from the silk worm
Bombyx mori (B. mori).: 563 Over the last two decades, SF has been widely
applied in different categories of TE as a scaffold material, ranging from bone,
skin, vascular and so forth.?> 38 However, pure SF lacks specific domains (e.g.,
adhesion motifs contained in laminin and fibronectin) beneficial for neural cell
adhesion, and thus has been shown to have poor cell attachment and
differentiation of neuron cells.%3 6° Therefore, SF can be utilised as a cell-

repellent surface, allowing the design of short peptides coated on SF surfaces.

In this study, short peptides were designed and their solubility and self-
assembly was tested and characterised via atomic force microscopy (AFM).
Subsequently, RSF/peptide scaffolds were fabricated via spin coating, and were
further used to culture rat pheochromocytoma (PC12) cells. This allowed the
investigation of how the designed short peptides affected the response of PC12
cells, including cell attachment, differentiation and viability. AFM was also used
to further analyse the phenotype of PC12 cells in respect to their size and

height as well as their neurite formation.
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5. 2. Methods

5.2.1. Peptide solution preparation

It was attempted to dissolve the designed peptides AC-I3RGDS-COOH
(IRRGDS), AC-I3KVAV-COOH (Is3KVAV), AC-I3YIGSR-COOH (Is3YIGSR), AC-
IsSPDSGR-COOH (IsPDSGR) and AC-IsPHSRN-COOH (IsPHSRN), in 20 mM
HEPES buffer at 1 mg/mL. The peptide solutions were influenced by means of a
variety of external environmental conditions including temperature and pH in an

attempt to fully dissolve the peptides and promote self-assembly.

5.2.2. Investigation of time dependent peptide self-assembly

The synthetic peptide 13RGDS was dissolved in 20 mM HEPES buffer (pH 7.5)
at 1 mg/mL. The synthetic peptides IsKVAV and IsYIGSR were dissolved in 20
mM HEPES buffer (pH 12.5) at 1 mg/mL. After this, samples of the peptide
solutions were dripped (around 20 pL) onto fresh mica at different time intervals
(0 h, 3 h,6h,9 hand 3 days) and then dried under ambient conditions prior to

AFM characterization.

5.2.3. Preparation of RSF/peptide bilayer scaffolds

The synthetic peptide 13RGDS was dissolved in 20 mM HEPES buffer (pH 7.5)
at 1 mg/mL. The synthetic peptides IsKVAV and IsYIGSR were dissolved in 20
mM HEPES buffer (pH 12.5) at 1 mg/mL. After complete dissolution, a mixture
of two peptide solutions at 1:1 volume ratio was done. These peptide solutions
were then incubated for 1 week under ambient conditions for self-assembly to

commence.

The RSF/peptide bilayer scaffolds were prepared by following a previously
described method. RSF/peptide bilayer scaffolds were fabricated through spin
coating (Laurell Technologies Corporation, USA) onto 1 cm? glass slides or
silicon wafers. The first layer of RSF (30 uL, 8000 rpm, 25s) was coated
followed by 95% ethanol (20 pL, 8000 rpm, 25 s) to covert the structure of RSF
from soluble silk | to insoluble silk 11.148 Then, the peptide solution (30 pL,
8000 rpm, 25 s) was spin coated onto RSF substrate to form second layer. The

concentration of RSF was diluted to 40 mg/mL and the concentration of either of
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peptide solution or mixed peptide solution was 1 mg/mL. The samples were
designed as RSF and peptide solution or mixed peptide solution. For example,
RSF/I3KVAV/I3YGSR means 1mL peptide I13KVAV solution at 1 mg/mL mixed
with 1mL peptide IsYGSR solution at 1 mg/mL were coated onto RSF (40
mg/mL) surface.

5. 3. Results and discussion

5.3.1. Investigation of the properties of designed short peptides

The chemical structures of the designed short peptides are shown in

. Structurally the N terminal connected I3 tail is blocked by an acyl group to
increase tendency for aggregation, whilst the C terminal connected hydrophilic
head (active sequence) is left open. The hydrophilic head of the designed short
peptides contains hydrophobic or polar uncharged amino acid residues, so that
they do not need an amine group to increase their self-assembly ability. To test
their solubility and self-assembly ability, the designed short peptides were
dissolved in 20 mM HEPES buffer at various pH values prior to AFM
characterization. HEPES buffer rather than pure water was chosen as it
promotes the dissolution of peptides, this is due to the fact that HEPES buffer is
negatively charge when the pH is over 9.5 and positively charged at pH’s below
5.5.610 In addition, it can reduce the electrostatic repulsion between the peptide

monomers of peptides during self-assembly process.

Unlike the peptide 13QGK that has been previously reported,?® our peptide
I3SRGDS was unable to completely dissolve in HEPES buffer at pH 6.0 which we
assume is due to the arginine (Ala) residues present with a hydrophobicity value
of 0.31. In addition to this, when the peptide IsRGDS was dissolved in HEPES
buffer (pH 6.0), the pH of the mixture decreased below pH 4.0 almost reaching
the peptides isoelectric point (Pl). Therefore, IsSRGDS could not be completely
dissolved under this condition. Increasing the pH of peptide 13RGDS solution to
around pH 5.0 enabled the complete dissolution. Therefore, the best condition
for ISRGDS was 20 mM HEPES buffer at a pH of 7.5. According to

, although the dissolving part of peptide 1sRGDS in 20 mM HEPES
buffer can form nanofibers (pH 6.0), the amounts of nanofibers increased

significantly when 13RGDS was dissolved in 20 mM HEPES buffer at an initial
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pH of 7.5. Therefore, increasing the pH value of the peptide 13RGDS solution
could increase its solubility, allowing more peptides available for self-assembly,

hence the more fibres formed.

Compared to I3RGDS, there are more hydrophobic residues present in the
peptides IsKVAV and IsYIGSR. Therefore, these show a stronger self-assembly
ability, but are also less soluble. Adding IsKVAV and I3YIGSR into 20 mM
HEPES buffer at an initial pH of 6.0, the pH of the mixture decreased to around
pH 4.0, where the Pl of IsKVAV and IsYIGSR are 5.68 and 5.12 respectively.
Therefore, both peptides showed very poor solubility in this buffer, but the
dissolved part could still form nanofibers ( ). When the
pH value was increased to reach pH 6.0, both peptides could be completely
dissolved. However, partial aggregation and precipitation of both short peptides
could be observed. That is because of the positive charged lysine (Lys) and Ala
residues in the peptides, which can connect with carboxyl groups via charge-
charge interactions. When the pH value of peptide solution was increased to
over pH 9.5, the positive charge of Lys and Ala forms water by hydroxide.
Therefore, the best dissolution condition for the peptides I13KVAV and IsYIGSR
were in 20 mM HEPES buffer at an initial pH 12.5, which showed excellent

solubility and self-assembly capabilities ( ).

Compared to the peptide sequence IsRGDS, the peptide IsSPDSGR has an
added proline (Pro) residue in its sequence. The hydrophobicity value of Pro is
0.72, resulting in a poor solubility in HEPES buffer (pH 6). In addition, as can be
seen from the self-assembly ability of sSPDSGR was also poor
for the dissolved part, only a few small peptide segments were formed. That is
because of Pro residue is the most destabilizing group, which may inhibit the

backbone to form a secondary structure, such as a B-sheet conformation.61

The peptide sequence I3PHSRN showed good solubility in 20 mM HEPES
buffer at pH 6.0 but could not self-assemble ( ). Therefore, we
find that IsPHSRN lacks self-assembly ability. Its self-assembly capabilities

could be improved by blocking with an amine group on its C terminal.
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Figure 5-1 A, Chemical structures of the designed short peptides. (a) I3RGDS; (b) 1sPDSGR; (c)
IsKVAV; (d) IsPHSRN and (e) 1sYIGSR. B, AFM topographical images (25 um?) showing short
designed peptides (1 mg/mL in 20 mM HEPES buffer) self-assembles 3 days at different initial
pH value. Peptide I3RGDS self-assembles at (a) pH 6.0 and (b) pH 7.5. Peptide I3KVAV self-
assembling at (c) pH 6.0 and (d) pH 12.5. Peptide I5YIGSR self-assembles at (e) pH 6.0 and (f) pH
12.5. (g) Peptide I3PDSGR assembles at pH 6.0 and (h) Peptide IsPHSRN assembles at pH 6.0.
The Z scales (height) of image (a) to (d) are 100 nm; (e) and (f) are 80 nm; (g) and (h) are 30

nm.

5.3.2. Time effect of peptides self-assembly

The dynamic self-assembly process of the peptide IsSRGDS was similar to that
of 13K and [13QGK.?% 2°° After dissolution of 13RGDS, small short stacks are
immediately formed through hydrophobic interactions between the I3 tails
(Figure 5-2 (a)). These stacks continued to grow, resulting in the formation of
nanoribbons (Figure 5-2 (b)). Furthermore, as nanoribbons grow, they tend to
twist due to electrostatic repulsion and molecular chirality (Figure 5-2 (c)). At the

later stage of self-assembly, long and uniform nanofibers are formed (Figure 5-2

().

20 nm 30 nm

20 nm 30 nm
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Figure 5-2 AFM topographical images of peptide IsRGDS dynamic self-assembly (1 mg/ml in 20
mM HEPES buffer at pH 7.5) at different time scales. (a) 0 h; (b) 3 h; (c) 6 h and (d) 3 days. The

Z scales for all images are 30 nm as indicated.

The peptide 13KVAV also can self-assemble into long and uniform nanofibers
(Figure 5-3 (d)), with a dynamic self-assembly process similar to that of IsSRGDS.
Here the hydrophobic interactions and hydrogen bonding play a dominant role
during the initial stage of self-assembly, forming anti-parallel 3-sheets (Figure
5-3 (a) and (b)). Subsequently, long-range interactions become dominant, leads
to a twist occurs (Figure 5-3 (c)). Continued growth eventually develops into
long and uniform nanofibers (Figure 5-3 (d)). It is worthy to note that, the speed
at which the peptide Is3KVAV self-assembles is faster than that of IsSRGDS,
especially in later stage of the self-assembly process. This is most likely due to
the Lys residues in the middle of backbone. The electrostatic repulsion amongst
the side chains of the Lys residues has a strong hydrophobic attraction towards
the side chains of the Is tails as well as sides chains of the Val and Ala residues.

This enables the formation of nanofibers with greater speed.

30 nm
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Figure 5-3 AFM topographical images of peptide I3KVAV dynamic self-assembly (1 mg/mlin 20
mM HEPES buffer at pH 12.5) at different time scales. (a) 0 h; (b) 3 h; (c) 6 h and (d) 9 h. The Z

scales for all images are 30 nm as indicated.

After complete dissolution of I3YIGSR in HEPES buffer at 20 mM and a pH of
12.5, the self-assembly had already completed, evident from long and uniform
nanofibers formed (Figure 5-4). The self-assembly process of I3YIGSR is also a
dynamic process. Because small and short stacks and twisted nanoribbons
could be observed at 0 hour (Figure 5-4 (a)). Tyrosine (Tyr) residues present in
the peptide I3YIGSR can form n-nt stacking to structurally facilitate the peptide
self-assembly. In addition, the tendency for aggregation is increased due to long
hydrophobic tails present in I13YIGSR. Due to these features I3YIGSR has the

fastest self-assembly among the three designed short peptides.

30 nm

Figure 5-4 AFM topographical images of peptide 15YIGSR self-assembly (1 mg/ml in 20 mM
HEPES buffer at pH 12.5) at 0 h (a) and (b). The Z scales for all images are 30 nm as indicated.

5.3.3. Further characterize designed short peptides

AFM was used to characterize the width and height of the designed short
peptides after incubation for 3 days during self-assemble into nanofibers (Figure
5-5 A). As can be seen from Figure 5-5 B, there was a significant greater width
of I3YIGSR nanofibers (58.3 + 3.9 nm) compared to those of IsRGDS nanofibers
(45.7 £ 4.0 nm) and IsKVAV nanofibers (47.7 £ 2.6 nm), which demonstrates
that IsYIGSR possesses a stronger self-aggregation ability. This result was
further confirmed due to the Tyr residues and long hydrophobic tails that can
help in the self-aggregation of short peptides. According to previously reported

works,3%4 612 hydrogen bonding is mainly responsible for the 1-D growth of the
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assembly, and hydrophobic interactions amongst the side chains of
hydrophobic amino acids can drive lateral growth. Therefore, there was no
significant difference of width between [sRGDS nanofibers and IsKVAV
nanofibers, but the height of I3RGDS nanofibers (5.12 £ 0.54 nm) was
significantly lower than that of IsKVAV nanofibers (8.34 + 0.43 nm). Although
there was no significant difference in height between IsKVAV nanofibers and
I3YIGSR nanofibers (6.44 + 1.44 nm), the formed IsKVAV nanofibers showed
more entangled tendency. The peptide nanofibers tend to entangle is due to the
nonspecific inter fibre attractive forces exceed repulsive force.®'2 Therefore, the
inter fibre force (between attractive forces and repulsive force) of IsKVAV
nanofibers is larger than inter fibre force of I13YIGSR nanofibers. This means

peptide IsKVAV at high concentration is easier to self-assemble into hydrogel.
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Figure 5-5 A, AFM topographical images (25 um?) of self-assembled short peptides in HEPES
buffer (20 mM; 1 mg/mL) for 3 days, in which (a) peptide 1RGDS self-assembled in HEPES
buffer at pH 7.5, (c) peptide I5YIGSR and (e) peptide IsKVAV self-assembled in HEPES buffer at
pH 12.5. Z scale height of all images = 50 nm. The areas labelled by blue, red and green colour

in (a), (c) and (e) were analysed in (b), (d) and (f), including their height and width of cross-
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section line along a nanofiber. B and C, Average width, and height of cross-section lines along

nanofibers (n=3).

5.3.4. Characterization of RSF/peptide bilayer scaffolds

The surface topography of scaffolds has a real impact on cell biology behaviour,
such as cell adhesion, proliferation and migration.'4 Therefore, it is necessary
to investigate whether the self-assembled peptide can be washed off from the
surface when immersed in an aqueous solution. AFM was used to characterize
the topography of RSF/peptides scaffolds after immersion in deionized water
and incubation under a 5% CO2 atmosphere at 37 °C for 6 days ( ).
The results indicated that the self-assembled peptides possess a good
adhesion to RSF substrates. In detail, RSF-only scaffolds formed a stable
structure after the confirmational change converting the soluble silk | to
insoluble silk 1l by treatment with to ethanol was done ( ).148 In
addition, RSF proteins contain lots of amino acids such as serine (Ser) and Tyr
residues. Their side chains are capable to form hydrogen bonds with biological
substrates.®'®> This is reason why self-assembled peptides are highly adhesive
to RSF surfaces ( ). It has been widely shown that type |
collagen can promote the cells adhesion of PC 12 as well as differentiation and
neurite outgrowth,%'® hence it was used as a control group in this study. As
shown in , a coating of type | collagen resulted in a smooth layer

on glass substrates.
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Figure 5-6 AFM topographical images of RSF/peptides scaffolds after immersion in deionized
water and incubation under a 5% CO, atmosphere at 37 °C for 6 days. (a) RSF scaffold; (b)
RSF/I3RGDS scaffold, (c) RSF/I5YIGSR scaffold, (d) RSF/IsKVAV scaffold, (e) RSF/IsRGDS/I5YIGSR
scaffold, (f) RSF/I3KVAV/I3YGSR  scaffold (g) RSF/IsKVAV/I3RGDS  scaffold, (h)
RSF/I3KVAV/I3YGSR/IsRGDS scaffold; and (i) Type | collagen. The Z scales for images (a)-(c) and

(e)-(h) are 30 nm; (d) is 90 nm and (i) is 10 nm as indicated.

5.3.5. Cellular adhesion and viability

The Live/dead assay was carried out to investigate PC12 neuronal cell
adhesion and viability adhered on different RSF/peptide scaffold surfaces
(Figure 5-7). As can be seen from Figure 5-7 A (a), pure RSF scaffold surfaces
showed poor PC12 cell attachment (800 + 632 cells/cm?). That is because pure
RSF lacks cell recognized active sequences, leading to easy cell detachment

during cell culture. When the designed short peptides sequences were coated
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onto RSF surfaces however, all surfaces supported excellent PC12 cell
attachment, with no notable dead cells to be observed ( ).
This is due to the adhesion motifs RGDS, IKVAV and YIGSR present in the
designed short peptides enabling the promotion of proliferation and attachment
of the cells.%1”: 618 Type | collagen, a famous biocompatibility material, is
currently the gold standard for nerve cells.>’® %02 There was a significant higher
cell population on type | collagen surfaces (37600 + 1600 cells/cm?) compared
to those on RSF/I3RGDS surfaces (26000 + 4850 cells/cm?; “p
<0.01). However, on I3KVAV or I3YIGSR nanofiber coated RSF surfaces no
significant difference could be observed compared to that of type | collagen.
The highest number of PC12 cells were identified when grown on
RSF/I3KVAV/IsYGSR surfaces (50267 + 2948 cells/cm?), which showed a
significantly higher cell population compared to that of type | collagen (

“p <0.01). In addition, the live/dead assay revealed RSF/peptide
scaffolds possess excellent biocompatibility, which similar values to type |
collagen ( ). These results demonstrated that our designed short
peptides sequences can provide similar efficacy to other short peptides (such
as Fmoc-IKVAV and Fmoc-YIGSR) previously reported in literature, making

them promising candidates for nerve tissue engineering applications.%®
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Figure 5-7 A, Live/dead assay of PC12 neuronal cells adhered on various RSF/peptides scaffolds
surfaces. (a) RSF scaffold; (b) RSF/IsRGDS scaffold, (c) RSF/IsYIGSR scaffold, (d) RSF/IsKVAV
scaffold, (e) RSF/IsRGDS/I5YIGSR scaffold, (f) RSF/IsKVAV/IsYGSR scaffold (g) RSF/IsKVAV/IsRGDS
scaffold, (h) RSF/IzKVAV/I3YGSR/IsRGDS scaffold; (i) glass control and (j) Type | collagen
(control). Syto-9™ was used to stain live cells (green) and propidium iodide was used to stain
dead cells (red). The scale bar for all images is 100 um as indicated. B, Average cell number
(per cm?) adhered on various RSF/peptides scaffolds surfaces. All values are compared to Type

| collagen coated surface. C, Percentage of lives adhered on various RSF/peptides scaffolds

(**** okk

surfaces. n > 3. p <0.0001; “"p <0.001; “p <0.01 and "p < 0.05).

5.3.6. Cell morphology

The investigation of PC12 cell morphology adhered onto different RSF/peptides
scaffolds was carried out by immunofluorescence staining technology (

), in which the cell nucleus was stained by DAPI and F-actin was stained by
FITC-phalloidin. Pure RSF surfaces showed poor performance in cell spreading
( ), similar to previously reported works.?® 698 When [sKVAV

nanofibers or I3YIGSR nanofibers were coated onto RSF surfaces, extended

154



cell morphologies were observed ( ). However, this effect
appeared not to be significant on RSF/IsSRGDS scaffolds ( ),
indicating the presence of IsSRGDS nanofibers was not able to active good cell
adhesion, such as spreading and flattening. The scaffold surfaces containing
equimolar concentrations of peptide I13RGDS and peptide I1sKVAV or peptide
I3YIGSR showed improved spreading ( ). This result was
similar to those reported by Lee et al.?% who indicated the combination of the
peptides RGD and YIGSR showed a synergistic effect on the spreading of
PC12 cells. Laminin based peptides IsKVAV and IsYIGSR also showed a
synergistic regulatory effect on cell morphology for which the cell adhesion
properties even better than those growth on type | collagen (

). The results indicated RSF/IsKVAV/IsYIGSR scaffolds were the best for the

positive regulation of morphology of PC12 cells.

DAPI Phalloidin DAPI Merge

Merie

Phalloidin

|

4Sy
M-4SY

" \ )
4
N . q

H-4SY
A-4SH

HA-NSH H-M-4SY

sse|
UsalE||0D A-"-M-4SH A-M-4SH

Figure 5-8 F-actin staining of PC12 neuronal cells attached to various RSF/peptides scaffolds.
(a) RSF scaffold; (b) RSF/IsKVAV scaffold, (c) RSF/IsRGDS scaffold, (d) RSF/I3YIGSR scaffold, (e)
RSF/I3KVAV/I3RGDS scaffold, (f) RSF/IsKVAV/I3YIGSR scaffold, (g) RSF/IsYIGSR/I3RGDS scaffold,

(h) RSF/I3KVAV/I3RGDS/I5YGSR scaffold; (i) blank glass and (j) Type I collagen. The nucleus was
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stained by DAPI (blue) and F-actin was stained by FITC-phalloidin. The scale bar for all images is

50 um.

AFM was also applied to continue to investigate the PC12 cell morphologies
adhered to different RSF/peptide scaffolds ( ). The
average cell height on pure RSF scaffolds was measured at 1745 + 165 nm,
which had no significant difference compared to that on RSF/IsRGDS scaffolds
(1465 £ 192 nm). In addition, as shown in the average cell size on
pure RSF (149 £ 7.9 um?) and RSF/IsRGDS scaffolds (125 + 4.9 ym?) had no
significant difference. These results indicated IsSRGDS nanofibers do not
promote differentiation into neuronal phenotypes, which was consistent with
immunofluorescence staining analysis shown in In contrast
however, the peptides I3SRGDS simply mixed with IsYIGSR or IsKVAV at a ratio
of 1:1, keeping the overall concentration at the same 1 mg/mL, resulted in a
significant increase in observed average cell height and area of PC12 cells
( ). Interestingly, there was no significant difference of
average cell height between the RSF/Is3KVAV/IsRGDS scaffold (714 + 118 nm)
and collagen (473 £ 111 nm). In addition, no significant difference of average
cell area between the RSF/I3RGDS/I3YIGSR scaffold (777.4 + 142 ym?) and
collagen (1075 + 251 ym?) could be observed. However, both RSF/IsYIGSR
(1049.5 £ 216 nm; 552.3 + 47 uym?) and RSF/IzKVAV scaffolds (1250 + 180 nm;
594.9 + 40 ym?) had a significant difference in average cell height and the cell
surface area compared to those grown on collagen. This implies that 1sRGDS
had a synergistic effect when combined with I3YIGSR or I13KVAV in terms of
PC12 cells active adhesion. Furthermore, the peptides I3YIGSR and IsKVAV
also showed a synergistic effect on the spreading of PC12 cells (429.6 £ 74.2
nm; 1200.2 + 308 um?), which however had no significant difference to the
average cell height and area compared to those grown on collagen. In addition
to these dual-peptide presenting scaffold, triple-peptide scaffolds also showed a
synergistic effect on the spreading of PC12 cells. The areas of interest indicated
with red boxes on the figures were enlarged to further investigate the structure
of neurites. As can be seen from dendrites did not
grow well on pure silicon wafer samples, pure RSF, RSF/Iz3RGDS and
RSF/IsRGDS/13YIGSR/I3KVAV scaffolds. Although the cells adhered on dual-

peptide presenting scaffolds had long axons, terminal buttons could be only
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clearly seen on RSF/IsKVAV scaffolds, indicating 1sKVAV nanofibers promoted
the growth of axon terminal buttons the best. Therefore, the molar ratio of the
peptides IsKVAV and I3YIGSR could be regulated to over 1, such as 2:1, which
may strongly promote neurite formation. Overall, laminin derived self-assembled
peptides (IsYIGSR and I13KVAV) provided a synergistic effect, enabling cells to
fully spread and promote the formation of long neurites. This result was similar
to that of collagen. Therefore, this peptide combination it has a great potential to

be used instead of collagen for the regeneration of neural tissue.
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Figure 5-9 A, AFM peak force images (left) and topographical images (right) of PC 12 neuronal
cells attached to different RSF/peptides scaffolds, in which enlarged areas of red box in right
images are shown in right of images. (a) RSF scaffold; (b) RSF/IsKVAV scaffold, (c) RSF/IsRGDS
scaffold, (d) RSF/IsYIGSR scaffold, (e) RSF/IsKVAV/IsRGDS scaffold, (f) RSF/IsKVAV/IsYIGSR
scaffold, (g) RSF/IsYIGSR/IsRGDS scaffold, (h) RSF/IsKVAV/IsRGDS/IsYGSR scaffold; (i) blank
silicon wafer (SW) and (j) Type | collagen. The force setpoint constant is 30 nN in all left images.
The Z scale (height) bars are 150 nm in all right images. B and C indicated average cell height

and size of PC12 cells in all scenarios. All values are compared to Type | collagen coated surface.
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Figure 5-10 AFM topographical images (left) and peak force images (right) of PC 12 neuronal
cells attached to different RSF/peptides scaffolds, in which enlarged areas of red box in right
images are shown in right of images. (a) RSF scaffold; (b) RSF/IsKVAV scaffold, (c) RSF/IsRGDS
scaffold, (d) RSF/IsYIGSR scaffold, (e) RSF/IsKVAV/IsRGDS scaffold, (f) RSF/IsKVAV/IsYIGSR
scaffold, (g) RSF/IsYIGSR/IsRGDS scaffold, (h) RSF/IsKVAV/IsRGDS/IsYGSR scaffold; (i) blank
silicon wafer (SW) and (j) Type | collagen. The Z scale (height) bars are 1.5 um in all left images.

The force setpoint constant is 5 nN in all right images.

5. 4. Conclusions

In this study, five different short peptides were designed based on the active
sequences found in the natural ECM. It was found that the peptides IsRGDS,
I3SKVAV and I3YIGSR could dynamically self-assemble into long and uniform
nanofibers in aqueous solutions, while the peptides 13PDSGR and IsPHSRN
were unable to self-assemble. It is believed this is due to 1sPDSGR containing
pro residues, which can inhibit the formation of the secondary structure. The
peptide 1sPHSRN was found to lack self-assembly capabilities. Subsequently
the peptides IsRGDS, I3KVAYV, I3YIGSR and their mixtures were coated onto
RSF substrates by spin coating and attached firmly via hydrogen bonding.5*®

In vitro cell culture experiments with PC12 cells showed that 13RGDS could
promote proliferation, but was unable to regulate a morphological change of
PC12 cells. However, the peptide I13RGDS provided a synergistic effect when
combined with the peptides I3YIGSR or I13KVAV, and resulted in a significantly
improved morphology change of neuron cells. In addition, the presence of both
peptide IsKVAV and peptide I13YIGSR also showed synergistic effects on PC12
cells, indicating the best attachment, proliferation and spreading that was similar
to those grown on collagen substrates. Moreover, the live/dead assay revealed
that the RSF substrates coated with IsKVAV, I13RGDS and I3YIGSR exhibited
negligible cytotoxicity against PC12 cells. As such, the presence of both the
peptides IsKVAV and IsYIGSR was able to better regulate neuron cell
proliferation and attachment, which gives rise to a great potential to valuable

applications for future nerve tissue engineering applications.
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6. Conclusions and future work

6. 1. Conclusions

In this thesis, two variety of attractive biomaterials, silk fibroin (SF) and peptide
amphiphiles (PAs), have been fully investigated and discussed relating to their
performance for tissue engineering (TE) applications. Although SF-based
scaffolds have been successfully applied in most TE applications, such as
musculoskeletal, skin and wound, they showed poor performance for nerve TE,
due to lack of cell recognized peptide segments. PAs can be further divided into
few sub-classes, in which ionic self-complementary peptides and lipidated PAs
which have been widely studied for use in nerve TE. However, surfactant-like
peptides are another sub-class of PAs, which have not been applied to nerve
TE to date. Therefore, surfactant-like peptides were used here to improve the

performance of SF for nerve TE applications.

The peptides 13K and 13QGK are typical examples of surfactant-like peptides,
which can self-assemble into long and uniform nanofibers as previously
reported. The successfully self-assembly was characterised by atomic force
microscopy (AFM). It was demonstrated that the formed nanofibers, with strong
positive charges due to lysine residues strongly adhered to SF coated substrate
via charge-charge interaction. Furthermore, results indicated that nearly no
neuron cells adhere onto pure SF scaffold. However, when peptide nanofibers
were coated onto SF surfaces morphology and amount of neuron cells
significant increased. For both IsK and IsQGK concentrations between 3 and 4
mg/mL showed the best cell attachment, proliferation and neurite outgrowth of
neuron cells. In addition, according to AFM results, the peptide [3QGK can
foster growth of axon terminal buttons while 13K was unable to. This might be
due to the glutamine residues present in 13QGK. The live/dead assay showed
SF, 13K and [13QGK possess negligible cytotoxicity against neuron cells. In
addition to this, inkjet printing was used to print peptide nanofibers into complex
patterns (e.g., the university icon and words) onto SF surfaces, enabling cell
guidance of neuron cells. This approach to micro-pattern neural cells might
provide a way to further analysis and understand neurite development and cell-

cell interactions in vitro.
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Inspired from the typical examples of surfactant-like peptides, five different short
peptides were designed focused on active sequences present in the
extracellular matrix, including I[sKVAV, IsRGDS, I[3YIGSR, [sPDSGR and
IsSPHSRN. Unfortunately, the peptides IsPDSGR and IsPHSRN were found to be
unable to self-assemble into long and uniform nanofibers. This is most likely
due to proline residues present in the backbone, which can inhibit the formation
of secondary structures. The peptide IsSPHSRN also lacked self-assembly
capabilities. The peptides IsKVAV, IsRGDS and IsYIGSR were able to self-
assemble into nanofibrillar structures after incubation and where further
investigated. It was found that pure SF substrates could serve as a cell-
repellent agent, however, it also allows for strong adhesion of peptides via
hydrogen bonding with IsKVAV, IsRGDS and IsYIGSR. Although the peptide
ISRGDS could improve the proliferation of neuron cells, it could not control the
phenotype of neuron cells. However, 13RGDS provided a synergistic effect
together with I3YIGSR or I13KVAV or both, resulting in a significantly improved
morphology change of neuron cells. The presence of both peptides IsYIGSR
and IsKVAV showed the best synergistic regulatory effect on the response of
neuron cells, including cell attachment, differentiation and spreading. This result
was similar to those grown on collagen. In addition, IsKVAV, I3RGDS and
I3YIGSR showed low cytotoxicity towards neuron cells. The combination of the
peptides IsKVAV and IsYIGSR indicates a great potential for use instead of

collagen for nerve regeneration applications.

These results strongly indicate that surfactant-like peptides can also serve as
successful biomaterial for scaffolds in nerve TE.
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6. 2. Future work

6.2.1. Based on this thesis

The results collected and analysed in this thesis indicated that self-assembled
peptides could promote proliferation, morphological change, differentiation of
neuron cells, in vitro. However, in vivo studies should be investigated before
commercial applications can be considered. Hydrogels are one of the most
attractive scaffolds to provide a suitable three-dimension (3D) microenvironment
for neuron cells. In addition, these can better mimic the extracellular matrix
(ECM) of the human body over two-dimensional (2D) models. Therefore, the
fabrication of 3D hydrogels is very important and necessary for future studies.
Although self-assembled peptides can eventually lead to the formation of
hydrogels, a huge amount of self-assembled peptides will need to be used to
achieve this. In addition, pure peptide formed hydrogels have poor mechanical

properties.

The RSF hydrogel scaffolds can be made by the introduction of crosslinkers
and catalysts to the RSF solution at sub-zero temperatures.!® 620 This was
tested by using glutaraldehyde as the crosslinker and N,N,N',N'-
Tetramethylethylenediamine (TEMED) as the catalyst. As shown in :
the crosslinker (glutaraldehyde) and catalyst (TEMED) were added to the RSF
solution at 120 mg/mL, which formed hydrogels at -16 °C within 1 day.
Interestingly, only mixtures containing glutaraldehyde and TEMED added into
RSF the solution at equal volumes formed hydrogels. Despite quantitatively
evaluating the reaction with RSF, glutaraldehyde and TEMED is difficult, the
mechanical performance of these hydrogels fabricated is impressive.
RSF/peptide hydrogels were successfully fabricated using this approach as
shown in . The RSF/peptide hydrogels could potentially be
implanted in nerve defects in small animals (e.g., sciatic nerve defects in rat and
acute spinal cord injury in rabbit), which will have a great potential to promote

regeneration of defect sites.

The short peptides, discussed in chapter 3 and 4 (IsK or I3QGK) also can be
mixed with the designed short peptides from chapter 5, to investigate how they

might influence the response of nerve cells. As shown in , all mixed
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short peptides could self-assemble into long and uniform nanofibers. These
combinations might also provide a synergistic effect on the adhesion and
spreading of neuron cells.

In addition to this, the technologies to fabricate 3D scaffolds should be further
studied. For example, the fabrication of RSF/peptide scaffolds crosslinked with
glutaraldehyde vapour via electrospinning;®?! using inkjet printing to print RSF
and peptides layer-by-layer to fabricate porous RSF/peptides scaffold; using
extrusion bioprinting to print 3D scaffold that contain the mixture of living cells,
RSF and peptides.%??

Overall, the combination of short peptides and RSF should give a better
regulation for the proliferation and differentiation of neuron cells and offer a
significant cost savings. This should be considered for future work and its use in

nerve tissue engineering.

Figure 6-1 A, the addition of glutaraldehyde and TEMED at various volume ratios into RSF

solutions (120 mg/mL), in which (a) and (d) at volume ratio 30:30; (b) and (e) at volume ratio
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40:30; (c) and (f) at volume ratio 40:40. In addition, digital images (a)-(c) showing the mixed
solution before incubating at sub-zero temperature. Digital images (d)-(f) showing the mixed
solution formed hydrogels after incubation at -16 °C for 1 day. B, the fabrication of
RSF/peptides hydrogels. In details, peptide solution (I3KVAV/I3YIGSR; 1 mg/mL) was added into
RSF solution at different volume (a) 100 mL, (b) 200 mL and (c) 300 mL, then mixed with

glutaraldehyde and TEMED at volume ratio 30:30, followed by incubating at -16 °C for 1 day.
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Figure 6-2 AFM topographical images of the mixed short peptides at equimolar concentrations
self-assembled at A, 1 day and B, 7 days. (a) 15K mixed with [3QGK; (b) 13K mixed with I3KVAV; (c)
15K mixed with 13RGDS; (d) IsKVAV mixed with 13QGK; (e) 13QGK mixed with I3RGDS. The Z scales

for all images = 50 nm as indicated.
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6.2.2. Silk fibroin

As was reported by Thakur et al.,’?2 2D nanomaterials possessing high aspect
ratios and ultrathin structures could interact with the polymers to enhance their
mechanical properties. Additionally, some specific pattered 2D nanomaterials
could have similar effects to growth factors on the enhancement of cell
differentiation.®?* SF has shown great potential together with 2D nanomaterials
to increase its mechanical properties for future bone, cartilage ligament and
tendon tissue engineering applications. In skin and wound applications, the
production of SF matrices built on particular morphologies has demonstrated
promise in decreasing the risk of scar tissue in patients. However, at present,
their clinical applications are still scarce and therefore more research needs to
be conducted to move towards clinical trials and FDA approved products based

on this excellent biomaterial.

In addition, four-dimensional (4D) printing (when 3D printing combined with
‘Time’) has emerged and became an emerging technology and attractive topic,
which can overcome some limitations of 3D printing, such as the creation of the
sophisticated dynamics of native tissues®® and optimize the functional
responses of cell-constructs interactions®26. ‘Time’ is defined as printed 3D
biocompatible scaffolds that continue to evolve over time while they are
printed.%2” The materials chosen for 4D printing should possess biocompatibility
and reshape or change their function by means of external stimuli including
temperature, water, magnetic fields, osmotic pressure and light.52” Very recently,
Kim et al.628 described a 4D printing system based on Sil-MA hydrogels and
DLP, which has been successfully applied in the regeneration of damaged
trachea of rabbits. Therefore, RSF could be a key biomaterial that can be used

in bioink formulations, illustrating its great potential in future 4D bioprinting.

6.2.3. Peptide amphiphiles

Although PAs have demonstrated significant advantages in TE applications,
one main disadvantage that urgently need to be addressed is their low
mechanical strength and stability to enable their usefulness in clinical
applications. We believe this can be solved by targeted design of the peptide

backbone with an aim to increase their intermolecular forces during the self-
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assembly process. Furthermore, the peptide self-assembly can be enhanced
via chemically-induced crosslinkers, catalysing enzymes or by physically-
induced parameters such as temperature and pH and CMC concentration. A
striking example for this was described by Singha et al.®?® where the designed
lipopeptide contained pyrene butanoic acid connected to lysine and cysteine,
which formed hydrogels with a high insolubility and excellent confinement
properties. The strong T-m stacking of pyrene rings and intramolecular
hydrogen bonds endow the insolubility of this hydrogel giving it an excellent
stability for over 1 year.

Furthermore, chemical peptide synthesis can ensure batch-to-batch consistency
of PAs for TE applications.3¢” However, at present the commercial fabrication of
PAs hydrogels is still a challenge. This is because there is a need to make to
ensure reproducibility and functionality of PAs hydrogels for high speed and
large-scale fabrications methodologies, particularly to produce cell-
encapsulated PA hydrogels. Another challenge is the sterilization process of
PAs-based hydrogels, but standard irradiation and heat methods can deactivate
bioactive macromolecules®® and freeze-drying methods might affect the
porosity, morphology and mechanical properties of the hydrogels. Therefore,

more research is needed in this area.
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