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Summary
This aim of this PhD was to develop new polypeptide hydrogels via the ring opening
polymerisation (ROP) of N-carboxyanhydride (NCA) amino acid monomers. By
incorporating a range of different amino acid building blocks and architectures,
hydrogels with different properties could be obtained. Chapter 1 will cover the topics
relating to the thesis including the use of NCA ROP for star shaped polypeptide formation
and also its use in the generation of polymeric hydrogels. Chapter 2 will look at the
effects of different amino acid side groups on the physical self-assembly behaviour and
aqueous gelation of star shaped polypeptides. In chapter 3, the effect of switching the
position of covalent disulphide crosslinks from core to shell mediated assembly and its
impact on the mechanical properties of a range of star polypeptides will be discussed. In
chapter 4, the fabrication of UV curable shear thinning star polypeptide hydrogels with
3D extrusion printing will be demonstrated. Finally in chapter 5, the use of a newly
synthesised difunctional NCA monomer in the development of organogels and hydrogels
is described.
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CHAPTER 1
INTRODUCTION
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Abstract
This chapter will detail the beginnings and current state of NCA derived synthetic
polypeptides, the role of multifunctional initiators in the development of complex star
shaped polypeptide architectures and their associated properties, the synthetic
approaches undertaken for the design of hydrogelating materials from the NCA ring
opening polymerisation; detailing the dependence on amino acid composition and
architecture; followed by a brief introduction to 3D printing and its potential relevance
in the fabrication of polypeptide hydrogels.
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1.1 Polypeptides from the N-carboxyanhydride ring opening
polymerisation
Polypeptides, sometimes referred to as poly(aminoacid)s, are an intriguing class of
biomolecules which compose the building blocks of living biological systems. They
possess a naturally occurring morphological characteristic with an intrinsic ability to selfassemble into higher order structures, rationalising their use as the basis for the design
of functional materials.1,2 Synthetic polypeptide mimics are well known with many
experts in the field employing unique methodologies to control and predict self-ordering
characteristics.3,4 The inherent biocompatibility of the molecular framework has
prompted the utilisation of these materials in areas such as tissue engineering 5,6 and
drug delivery.7,8 Many reports have outlined the versatility associated with modifying the
composition of polypeptide materials, with many examples integrating orthogonal
chemistries to enhance biological assimilation. 9-11 Polypeptides derived from the Ncarboxyanhydride (NCA) ring opening polymerisation (ROP) represent a more practical
yet rapid approach to producing sequence defined polypeptides with control over
scalability, molecular weight and amino acid composition in comparison to both solution
and solid phase peptide synthesis.12 The side chain amino acid moieties provide point of
interest for further chemical modification and thus a plethora of components can be
introduced that may potentially possess stimuli triggered responsiveness. Additionally,
the structure-property relationship can be modulated by tuning these side chain
functionalities. The resulting self-assembly of polypeptide chains into conformations
which include α-helix and β-sheet arrangements can bestow stability to the polypeptide
system, much like that seen in biological proteins.13

1.1.1 Development of N-carboxyanhydride’s
N-carboxyanhydride monomers derived from amino acids have been utilised in research
for well over 100 years. In 1906, Hermann Leuchs reported the first instance of the
preparation of amino acid NCAs. 14 The Leuchs method employs the halogenation of Nalkyloxycarbonyl substituted amino acids. Upon heating, the formed N-alkyloxycarbonyl
amino acid halide is then cyclised forming the amino acid NCA and an alkyl halide.
Alternatively, the Fuchs-Farthing method utilises the phosgenation of N-unsubstituted
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amino acids.15-17 The method employs the use of phosgene gas bubbled through an inert
solvent containing the amino acid. Initially, the reaction proceeds with the formation of
the N-chloroformyl intermediate, which then undergoes ring closure to generate the
NCA and HCl (Scheme 1.1).

Scheme 1.1: Conventional route for synthesis of N-carboxyanhydrides using
phosgenation strategies.

The limitations and safety concerns associated with phosgene, particularly its volatility
and high toxicity, prompted the use of more stable phosgene derivatives in the form of
liquid diphosgene and solid triphosgene, which are currently preferred for synthetic use.
Both are safer alternatives to phosgene, while showing significant improvement over
stoichiometric control.18-21 To this day, both methods are still employed to develop
amino acid precursors for the generation of polypeptide materials. However, controlled
polymerisation of NCAs can be an issue post monomer synthesis due to the presence of
impurities, which can be difficult to remove.

The drawbacks of both Leuchs and Fuchs-Farthing methods are the halide by-products
generated during NCA formation. The presence of amino acid-HCl salts, 2-isocyanatoacyl
chlorides, N-chloroformyl amino acids and/or alkyl halides as contaminates in NCAs may
result in inhibition of chain propagation and thus premature chain termination. 22,23
Although recently, improved methods for NCA purification have been developed. Pure
NCAs are mainly isolated by recrystallisation, but new methods have demonstrated
qualitative removal of such by-products. The use of flash chromatography has been
reported to yield pure amino acid NCAs of those with highly modified side groups or
those that have proved difficult to crystallise.24 Additionally, an interesting recent report
disclosed the use of a celite filtration method as a purification of large scale NCAs. 25 A
range of different amino acid NCAs were prepared using the phosgenation protocol,
followed by precipitation and drying. The crude monomers were then re-dissolved and
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passed through a bed of celite before being re-precipitated and stored without any
subsequent recrystallisation. The pure NCAs were then polymerised yielding
polypeptides devoid of any low molecular weight by-products as observed in GPC traces.

1.1.2 Mechanism of N-carboxyanhydride ring opening polymerisation
Synthetic polypeptides derived from the NCA ring opening polymerisation (ROP) have
been explored since the 1940s, with advancements in chemical methodologies adding
multiple preparatory protocols for control of the polypeptide polymerisation. The ROP
of NCA monomers is widely known to proceed via the following mechanisms; the ‘normal
amine mechanism’ (NAM) and the ‘activated monomer mechanism’ (AMM). The NAM
promotes the ring opening polymerisation of NCAs through nonionic initiators, which are
inherently more nucleophilic than basic and contain a mobile proton. Commonly used
initiators are primary amines or secondary amines, while some reports have detailed the
use of hydroxyl26 and thiol based initiators.27 The NCA ring is opened through
nucleophilic attack of the carbonyl group (5-CO) resulting in the formation of a carbamic
acid intermediate, which eventually undergoes decarboxylation to form a primary amine
(Scheme 1.2, Path 1). Propagation of the polypeptide chain is through this terminal
amine end group, which will subsequently ring open the next NCA monomer. This amine
chain end is less nucleophilic than the initiator, meaning the chain propagation occurs
far slower than the initiation step.

In the AMM, the initiator (usually a tertiary amine) is more basic than nucleophilic, and
thus abstracts a proton from the NCA nitrogen (3-N) forming the conjugate anion. This
NCA anion then acts as the initiating species by attacking the carbonyl group (5-CO) of
another NCA monomer and proceeding to propagate the chain through formation of
another NCA anion and the release of CO 2 (Scheme 1.2, Path 2). This mechanism usually
yields high molecular polypeptides with poor control over poly dispersity due to the
chain propagation rate being more rapid than the monomer initiation rate.

26

Scheme 1.2: ROP of α-amino acid NCAs by normal amine mechanism (NAM) and
activated monomer mechanism (AMM).33
The coexistence of both competing mechanisms in the NCA ring opening polymerisation
can prevent the production of well-defined polypeptides. Control over polypeptide
sequence length and architecture is therefore difficult to achieve without optimising
experimental conditions. Many research groups have made significant advances in
preventing the occurrence of the AMM pathway in order to improve control over
polypeptide sequence formation. Attempts in the form of continuous nitrogen purging
of the NCA reaction solution28 or reacting the NCAs at low temperature with application
of constant vacuum have proven to make a substantial difference to resultant
polypeptides homogeneity.29 In addition, a multitude of different initiator systems have
been successfully employed controlling propagating polypeptide chains in an attempt to
prevent sequence termination reactions and proceed to yield well-defined
polypeptides.30-34

1.2 Development of star polypeptides
Star shaped polypeptides are a class of structurally diverse branched architectures
comprising multiple linear polypeptide sequences that are attached to a central core.35
These linear sequences, quite often referred to as polypeptide ‘arms’, can be tailor made
for particular applications by using the appropriate amino acid monomers. The star
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shaped system allows for high control over polypeptide arm composition, polypeptide
arm length, molecular weight and core composition, thus offering great versatility in
terms of structural design and material properties. The synthetic strategy employed for
the development of star shaped polypeptides is generally one of either; the grafting from
method (core-first), the grafting to method or the arm-first method (Figure 1.1).

Figure 1.1: Design of polypeptide star polypeptides through (a) grafting from (core-first),
(b) grafting-to and (c) arm first approaches. 35

1.2.1 Grafting-from (core-first) approach
The grafting from approach is the most commonly used method for preparing these star
shaped macromolecules. The grafting to principle is based around the development of
individual polymer chains growing simultaneously from a multifunctional dendritic
central core. The control of the polymerisation is governed by each grafting site on the
macro-initiator possessing the same reactivity thus having greater control over the
propagating chains and ideally maintaining homogeneity in the polymer arm length. This
method can readily yield structurally diverse star shaped architectures with high
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molecular weight. A multitude of different star polymers have been prepared using this
approach in conjunction with a variety of monomers.

The difficulty associated with characterising the stars is a significant disadvantage of the
preparation method. There are currently no direct analysis methods to correctly identify
the globular structure, independent polymer arm length and molecular weight of the
star polymers without first altering the macromolecule. In spite of this, much literature
relates to the use of this method for producing star shaped polypeptides. The
composition and structure of these initiators can vary significantly yielding star
polypeptides with different functionalities within the core. Multifunctional molecules
with amino functionalised surfaces have also been used. 36 For example, Inoue el al. have
detailed the use of amine functionalised cyclotriphosphazenes as viable multifunctional
initiators

in

NCA

ROP.37,38

In

one

report

a

hexakis(4-amino-phenoxy)

cyclotriphosphazene was used in the ROP of β-benzyl-L-aspartate (BLA) NCA. They
designed a library of 6-arm star polypeptides with different degrees of polymerisation
(DP) of PBLA. While narrow dispersities were observed (1.2-1.3), some bimodal
distributions were evident in the SEC traces.

Amine modified 4-armed perylene derivatives were used by Klok et al. to generate star
polypeptides via the ROP of ZLL NCA. Removal of the Z protecting groups yielded watersoluble, fluorescent perylene-poly(L-lysine) derivative. However, the polypeptides were
found to have very broad dispersities (1.2-4.6) and did not achieve targeted molecular
weight. The limitation of the multifunctional chromophore was realised when a target
DP of 400 did not meet theoretical values as determined by SEC, thus the development
of elongated polypeptide chains (above 200 repeat units) was not viable due to the
sterics associated with the perylene core.

The use of 3-arm initiators to develop star shaped homo and block copolymers has also
been explored.39,40 Barz et al. employed the tri-armed dendrimers for the generation of
diblock stars consisting of sarcosine and protected lysine (TFA or Boc) sequences.40 The
star block copolypept(o)ide (PeptoStars) exhibit a well-controlled DP, have narrow
dispersities and maintain uniform particle sizes (5 nm). Moreover, the introduction of a
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disulfide core in the 3-arm structure provides redox responsive degradation of the star,
with resulting cleaved copolymer arms equally possessing low dispersities. Another
recent report described the use of poly(sarcosine) in the synthesis of a 3-armed star
shaped hybrid block polypeptoide. 41 The trifunctional initiator tris-(2-aminoethyl)amine
(TREN) was used in the ROP of N-methyl glycine (sarcosine) NCA to grow the hydrophilic
inner blocks which were chain extended with poly(sarcosine)’s secondary amine
terminus, growing a hydrophobic poly(ε-caprolactone) outer shell. The star diblock
copolymers had controlled molecular weights, narrow molecular weight distributions
(1.1), could assemble into nanoparticles (56-169 nm) in aqueous solution and showed
good cell viability.

Figure 1.2: Star polypeptides prepared through NCA ROP of BLG NCA via
poly(propylene)imine dendrimers. 43

Structurally defined dendrimers such as PAMAM (poly(amidoamine)) and PPI
(poly(propylene imine)) have also been used in the design of the architectures (Figure
30

1.2).42-44 Okada et al. developed star shaped glycopolypeptides through the ROP of
glycosylated NCA monomers using a 3rd generation PAMAM dendrimer. 45 The star
polymers were found to have low dispersities as deduced from SEC while
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C-NMR

studies revealed that the ROP of the glyco-NCAs occurred through the terminal amino
groups on the PAMAM dendrimer.

Although a drawback of using these dendritic amino macromolecules has been
demonstrated by Mays and co-workers.46 They studied three different amine terminated
macroinitiators for the NCA ROP of ε-butyloxycarbonyl-L-lysine and γ-benzyl-L-glutamate
monomers and compared their effects on molecular weight distribution. The purely
primary amine based initiator, 2(aminomethyl)-2-methyl-1,3-propanediamine (AMPDA),
produced monomodal star block copolypeptides with low dispersities. In contrast, with
both the generation 0.0 PAMAM and generation 1.0 PPI dendrimers, they found that the
tertiary amine groups located in the core can simultaneously initiate the ring opening
polymerisation in tandem with the terminal primary amines, yielding bimodal star
copolypeptides with higher dispersity.

An example of the translation of these dendrimer derived star polypeptide materials into
viable biomaterials was recently provided by Lam et al. 47 They copolymerised Z-lysine
and valine NCA monomers with 16 and 32 arm PAMAM dendrimers and subsequently
deprotected

them,

affording

water

dispersible

structurally

nanoengineered

antimicrobial peptide polymers’ (SNAPPs) to combat multidrug-resistant (MDR) bacteria.
The polymers were found to be active both in vitro and in vivo at sub-μM concentrations
against Gram-negative bacteria, with no acquired resistance evident. They function by
binding electrostatically with the negatively charged phospholipid headgroups of the
bacterial outer membrane, resulting in cell membrane disruption and subsequent cell
lysis.

Aside from dendrimers, other branched initiators have been used extensively in the
development of star polypeptides. Similar to the PPI and PAMAM dendrimers, these
branched polymers contain primary amine termini which possess the same capacity in
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terms of NCA ROP initiation. Many cases have explored the growth of polypeptide shells
from branched poly(ethylene imine) (PEI) cores. 48-50 One particular report detailed the
design of a library of different poly(lysine) chain lengths tethered to a hyperbranched
poly(ethylene imine) (PEI) core. 51 The star PLLs were found to be unimodal due to no
existing tertiary amine initiation but had a larger molecular weight distribution than that
of the dendrimer mediated NCA ROP. Liu et al. have published many reports on st ar
polypeptides derived from PEI cores, including a recent report on branched block
copolypeptides of poly(L-phenylalanine) chain extended with poly(L-lysine) or poly(Lglutamic acid) with a PEG shell as drug delivery vectors. 52 Another report from their
group detailed the synthesis of a library of micelle forming amphiphilic star block
copolymers from a PEI core. 53 The copolymers contained a hydrophobic oligopeptide
(HOP) with either oligo(L-tryptophan), oligo(L-phenylalanine), oligo(L-leucine), oligo(γbenzyl-L-glutamate) or oligo(ε-benzyloxycarbonyl-L-lysine) used as the inner shell
sequence, and a hydrophilic PEG block as the outer shell. In those copolymers with short
HOP blocks and elongated PEG peripheral blocks, unimolecular micelles were observed
with DLS (dynamic light scattering). This micellisation enabled the copolymers to
encapsulate hydrophobic drugs with relative loading capacity’s ranging up to 10%. Chen
et al. have also used polyalanine grafted to a PEI core as an efficient condensing agent
for nucleic acids.54 The star polymer series (DP 30, 60, 90) ranged in dispersities (1.1-1.4),
were found assemble into smaller nanoparticles with larger alanine sequence length
(~100nm) and were effective siRNA carriers in vitro.

Star polypeptides have also been generated through many other types of branched
macroinitiators. Klok and co-workers were the first to report the synthesis of purely
highly branched PLL by employing repetitive NCA ROP and strategic deprotection. 55,56
They simultaneously used a mix of Lys(TFA) and Lys(Z) monomers to synthesise a linear
copolypeptide using a hexylamine initiator and then used selective deprotection steps to
cleave the TFA protecting groups. Using the same monomer blend, they grew
polypeptide branches from the pendent amino groups on the initial linear copolypeptide
to produce the G0 branched PLL. Subsequent generations (G1, G2) were achieved using
the same stepwise approach. Although the materials were not fully monodisperse as
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indicated by SEC or uniform in terms of molecular structure, they represent a viable
alternative as purely polypeptide based dendritic macromolecules.

1.2.2 Grafting-to approach
The ‘grafting to’ approach is another viable means of synthesising star shaped polymers.
It involves the attachment of a multifunctional core to linear polymer sequence via a
linking reaction. The efficiency of this approach is highlighted by the high degree of
control associated with the design and synthesis of the polymeric arms, which allows for
the production of structurally defined architectures after tethering said sequences to a
dendritic core. Comprehensive characterisation of these synthetic linear arms can be
completed using conventional methods, allowing for accurate determination of polymer
arm density and arm length of the formed star polymers. 57 However, the amount of time
necessary for quantitative conjugation and the purification steps associated with
removing unreacted linear arms, which are generally used in excess, still present barriers
to overcome. Nonetheless this straightforward albeit imprecise method has been
studied extensively for the development of star polypeptides.

There is a plethora of specific conjugation reactions have been used for this method of
star polymer development. One in particular is the copper catalysed azide-alkyne
cycloaddition, which has been utlised in the design of a multitude of star polymers due
to its facile, high yielding nature. 58 Many reports detail its use in the development of star
polypeptide architectures. Lin et al. have also described the successful formation of
diblock copolymers via the attachment of linear PBLG to a 3-armed azide terminated PS
star polymer.59 The 3-armed copolymers synthesised were shown to be quantitatively
conjugated as confirmed using FTIR, NMR spectroscopies as well as GPC, with
chromatographic traces showing the expected molecular weight shift. Similarly, star
homopolypeptides

were synthesised through

alkyne

multifunctional azide terminated polyhedral oligomeric

terminated PBLG
silsesquioxane

and

(POSS).

Characterisation confirmed conjugation of POSS grafted with polypeptide arms. 60
Moreover, Alliferis and coworkers explored the use of urea linkages through the reaction
of amine terminate block copolypeptides with a trifunctional isocyanate. 61 The linking
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reaction successfully conjugated linear PBLG-b-PZLL arms to a 3-armed core with high
control as deduced from the molecular weight shift which was in agreement with
theoretical predictions.

1.2.3 Arm-first approach
A varied take on the grafting to method is the ‘arm first’ approach. It consists of the
introduction of a multifunctional crosslinking monomer which reacts with the active
terminal groups of the linear polymer. The linear polymeric arms are placed on to a
densely packed core forming globular structure known as a core crosslinked star (CCS)
polymer (Figure 1.3).62,63 This approach holds the potential to introduce different
functionalities within the core, enabling the control of multiple core functional groups
depending on the choice of multifunctional crosslinker. However, a distinct disadvantage
of this method is the long reaction times associated with the development of multi-arm
star polymers (>50) and the limited control over the size of the core. Qiao et al. has also
used this methodology to prepare core crosslinked star polymers consisting purely of
polypeptides.64

Figure 1.3: The generation of CCS polypeptides via an arm-first strategy using cystine NCA
as a crosslinker.64
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Linear PZLL or PBLG arms were prepared using hexamethylenedisilazane (HMDS)
mediated ring opening polymerisation of respective NCAs, with core crosslinking
achieved by macro-initiation of the difunctional L-cystine NCA monomer. Although the
star polymers did have some linear molecular weight side products (PDI > 1.2), a library
of star polymers with different properties owing to differing molecular weight (6–15 kDa)
could be readily generated. The star copolypeptide contained a redox responsive core
(disulphide) and was capable of encapsulating hydrophobic drugs.

Using a similar approach, Ding and coworkers prepared a series of nanogels from
disulfide-core-cross-linked star copolymers.65 The core crosslinked star copolymers were
formed via one-step ring opening polymerisation of mixed L-phenylalanine and L-cystine
NCA monomers with a monofunctional PEG-amine initiator. The formed nanogels were
found to be biocompatible and exhibited enhanced intracellular release of doxorubicin
(DOX) in GSH pretreated HeLa cells. CCS polymers have also been developed through
hydrid system design. Audouin et al. synthesised a library of polymers via a combination
of NCA ROP with FRP or RAFT.66 An amino styrene initiated PBLG homopolypeptide was
synthesised and subsequently crosslinked with a divinyl monomer generating CCS
polymers with multiple different molecular weight distributions. Of the series of
polymers generated, those synthesised using FRP led to polymers with higher yields than
those synthesised with RAFT.

1.2.4 Miktoarm star polymers
In addition to symmetrically grafting homo, block or statistical polymers to a
multifunctional core, asymmetric grafting is also possible creating what are referred to
as ‘miktoarm’ polymers. The miktoarm star polymers are formed by integrating multiple
different polymer chains composed of different chemical backbones on to a multi-arm
macromolecule. A great example of the concept was published by Hadjichristidis et al.,
who formed an ABC type miktoarm with individual polystyrene (PS), polyisoprene (PIP)
and poly(tertbutoxycarbonyl-L-lysine) (PBLL) arms.67 The mixed conformation of each
respective sequence contributed to the formation of rod-coil like assemblies. In a similar
fashion, click chemistry techniques have been used as synthetic route for the design of
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AB miktoarm star polypeptides. Liu and coworkers used a 3-arm initiator with pendent
reactive functional groups for both NCA ROP (primary amine) and click reactions (alkyne),
both capable of growing polypeptide chains and attaching linear polypeptide arms
respectively.68 Alternatively, NCA ROP can be conducted on monofunctional initiators
with clickable side groups and then tethered to star miktoarm polymers. For example,
Pati et al. have recently reported the design of 3-armed miktoarm star copolymers
composed of both glycopolypeptide and poly(ε-caprolactone) chains using NCA ROP and
‘click chemistry’.69 The linear glycopolypeptide was prepared via propargylamine
mediated NCA ROP and then attached to the 3-armed star via azide-alkyne cycloaddition.
The resulting miktoarm amphiphiles exhibited morphologies such as nanorods,
polymersomes, and micelles in aqueous solution, with nanostructure formation easily
modulated by tuning the chain length of the blocks. Another interesting example was
detailed on the development of 4-armed mixed glycopolymer-polypeptide conjugate.70
Two of the arms were functionalised with propionyl bromide, which were used as the
reactive handles in the synthesis of a library of mannose, glucose, and galactose based
glycopolymers via ATRP. The other 2 arms were azide functionalised, which were used
to click on alkyne terminated PZLL. The subsequent deprotection afforded a 4-arm
hydrophilic star miktoarm polymer, displaying a broad range of antimicrobial activity
towards both Gram-positive and Gram-negative bacteria. The production of CCS
polymers using miktoarm design principles has also been explored by Lu and
coworkers.71 Initially, they used a PEG macro-RAFT agent with an aldehyde-bearing
divinyl monomer and a fluorescent aluminum tris(8-hydroxyquinoline) cross-linker to
compose a CCS polymer. Aldehyde–aminooxy coupling with an aminooxy terminated
PBLG yielded the fluorescently labeled polypeptide–PEG miktoarm conjugate.
Subsequent β-hydroxyethylenediamine aminolysis of PBLG rendered functionalities that
were used to form star miktoarm polyplexes with siRNA.

1.3 Polypeptide hydrogels
Hydrogels are a class of gelating materials comprising a water-soluble three-dimensional
(3-D) crosslinked network. They are highly branched, porous and possess a similar water
enveloped network to that of the extracellular matrix (ECM), which is an advantageous
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characteristic when considering criteria for biomaterial design. 72,73 Historically,
biomedical hydrogels have been prepared with natural occurring polymers such as
gelatin or hyaluronic acid, with subsequent chemical augmentation affording material
properties and functionalities that would be otherwise non-existent in their basic
chemical form. However, there are still many disadvantages associated with the use of
natural hydrogels mainly in terms of reproducibility. Prompting this, the emergence of
hydrogelating materials from purely synthetic sources has helped to overcome some of
these limitations. Similar to naturally occurring hydrogels, a synthetic hydrogel can be
described as a hydrophilic polymer that is ‘crosslinked’ in solution by secondary forces
that may be electrostatic, steric or covalent in nature. 74 In synthetic polymers, the option
for pre and post polymerisation modification allows for the inclusion of functionalities
that facilitate aqueous gelation and thus control the material properties. Resulting
hydrogels may exhibit self-recovering, self-healing or shear thinning behaviour. 75,76 Of
particular interest is their use as drug/gene delivery depot systems or tissue engineering
scaffolds.77 Of those materials available, synthetic polypeptide hydrogels comply with
the criteria described.

1.3.1 Scope of polypeptide based hydrogels
Over the last decade, the use of peptide based hydrogels has been thoroughly
explored.78, 79 The aqueous gelation of these materials is highly sensitive to composition,
which can be finely tuned using a range of synthetic strategies.80 Their development can
be tailored to predict secondary structural folding, creating polypeptide hydrogels with
specific physical and mechanical properties such as stimuli responsiveness, 81 structural
rigidity82 and elasticity.83 Comparable to natural hydrogels, biomimetic polypeptide
hydrogels also display similar physicochemical properties to those compositions found
in the ECM.84 Multiple different side chain functionalities can also be imprinted into a
polypeptide systems, providing diverse material properties. In addition, the polypeptide
backbone is capable of both hydrolytic and proteolytic cleavage akin to the degradation
profile of native proteins.85,86 Their structural stabilisation stems from ordered
arrangements of polypeptide strands via α-helical or β-sheet conformations.87,88 These
arrangements have been characterised using a number a qualitative methods including
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circular dichroism (CD) and fourier-transform infrared (FTIR) spectroscopy. FTIR
spectroscopy is a particularly valuable method for identification as it detects the bond
vibrational modes of the amide carbonyl (amide I) and the amide secondary amine
(amide II) in two characteristic regions of interest. 67 Small conformation changes in the
peptide backbone can alter the structure, shifting the amide vibrational mode to a
different wavenumber, allowing for observation of conformational change. Thus,
synthetic polypeptides represent excellent candidates for applicable hydrogelating
materials due to their highly desirable properties. Of those synthetic polypeptides, the
design of hydrogels from the N-carboxyanhydride (NCA) ring opening polymerisation
(ROP) has been of paramount interest in recent years.89-91 Hydrogel production through
the use of integrated orthogonal chemistries has helped to develop versatile fabrication
systems in the design of advanced polypeptide structures. 92-94 The continuing
emergence of these new synthetic ‘tools’ may provide a route to next generation hybrid
polypeptide hydrogel systems which can be tailor-made to realise biomedical
applications.95,96

1.3.2 Polypeptide hydrogels from physical crosslinking
Both chemical and physical interactions can result in the formation of crosslinking
‘junctions’ within aqueous solution and in some cases organic solvents. 97,98 In physical
hydrogels, the crosslinks necessary for hydrogel network stabilisation are a consequence
of independent hydrophobic segments which are directly attached to hydrophilic
segments. Physical interactions in the form of hydrogen bonding and other non-covalent
interactions such as electrostatic interactions, π-π stacking and hydrophobic interactions
can stabilise supramolecular polypeptide assemblies. 99-101 The polypeptide chain
aggregation occurring through the intermolecular/intramolecular assemblies of these
physical moieties is the main driving force for the conformational orientation into either
α-helixes and β-sheets, sometimes forming fibrillar hydrogels (Figure 1.4).102,103

38

Figure 1.4: Fibrillar α-helical supramolecular hydrogel networks from hierarchical selfassembly of copolypeptides of different macromolecular topologies (diblock, triblock,
pentablock).80

The role of secondary structure in polypeptide-based gelators is integral for their
formation and stabilisation. In particular for multi-block copolypeptides, the presence or
absence thereof plays a vital role in hydrogelation. Hydrogel mechanical properties can
be finely tuned by controlling the secondary structure through structural modulation,
such as changing the chain length of hydrophilic and hydrophobic blocks, modifying side
groups with functionalities capable of supramolecular assemblies, and/or switching
stereochemistry of polypeptide. Those polypeptides derived from racemic repeat units
usually result in polymeric sequences devoid of any secondary structure, meaning
hydrogelation relies primarily on the amphiphilic balance. Due to this inherent lack of
hydrogen bonding, high polypeptide concentration is required for gelation. 104 As such
amino acid L-isomers are primarily used in synthetic polypeptide amphiphiles. With
these homo-isomeric peptide sequences, the assembly of one inherently α-helical or βsheet forming hydrophobic block, together with a separate random coil forming
hydrophilic block, can result in the supramolecular self-assembly in to a hydrogel matrix
with an optimised hydrophile-hydrophobe ratio. Physically crosslinked hydrogels
prepared from multi-block copolypeptides have been subject to extensive research from
many groups, and are the basis of new age biomaterials for tissue engineering. Deming
et al. have published many findings on their studies of copolypeptides, ranging from
diblock to pentablock amphiphiles and employing a range of amino acid building blocks
and different block lengths to finely tune gel strength. 105-108, Interestingly extensive
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biological studies were conducted on the diblock copolypeptide hydrogels (DCH)
composed of tailored peptide sequence lengths of lysine and leucine. 109 The DCH could
form 3D deposits in vivo and showed no toxicity after injection into the central nervous
system (CNS).

1.3.3 Polypeptide hydrogels from chemical crosslinking
The introduction of reactive chemical crosslinkers to a solvated polypeptide can create
dense three-dimensional gel networks capable of entrapping water. In the case of water
soluble polymers, covalent bonding of pendent groups in hydrophilic polypeptide chains
can lead to hydrogels with a chemically crosslinked network. In many cases, the chemical
bonding of polypeptides in solution can result in hydrogels with definitive shapes as the
chemical bonding is irreversible. Employing these principles, Hammond and co. have
detailed the possibility of using reactive group grafted polypeptides as precursors to
hydrogel networks.82, 90 They synthesised poly(γ-propargyl-L-glutamate) (PPLG) and then
grafted mixtures of short PEG chains terminated with inert hydroxyl or reactive
maleimide and/or norbornene groups via azide-alkyne cycloaddition. A series of
macroscopic hydrogels were then formed through thiol-ene crosslinking of the PPLG
macromers with a 4-arm star shaped PEG. The PPLG gels were far less dependent on
swelling as a function of crosslink density in comparison to PEG only gels, mainly due to
the retention of α-helical conformers. Bioconjugation reactions for specific amino acid
residues has had a recent emergence for their potential use in the development of
orthogonal

crosslinkers

for

fabrication

of

polypeptide

hydrogels.

The

triazolinedione (TAD) ‘click-like’ reaction has been used by Hanay and coworkers to
covalently

crosslink

residues

of

tyrosine

and

tryptophan

in

segmented

copolypeptides.110,111 For instance, copolypeptides comprising tyrosine and lysine were
reacted with a difunctional TAD molecule, which selectively formed a tyrosine-bisTAD
conjugate in rapid time (60-70 s). The highly efficient crosslinking resulted in the
formation of a stiff polypeptide hydrogel. Popescu et al. have explored the pH dependent
self-assembly behavior of aqueous solution of poly(l-alanine)-block-poly(l-glutamic acid)block-poly(l-alanine) amphiphiles and the effect of end-capping with benzaldehyde via a
Schiff base reaction.112 This dynamic bonding interaction lead to a sol-gel transition at
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physiological pH (7.4) after heating and slow cooling, forming opaque stiff hydrogels due
to assembly into twisted fibrillar β-sheets. The Schiff-base triggered gelation was
reversible, with decoupling of the benzoic–imine dynamic covalent bonding evident
when lowering pH (6.5). Other recent studies demonstrated the use of commonly
employed chemical ligation amide coupling strategies which provided hydrogels with
covalent crosslinks. Ma et al. exploited the side group chemistry of two separate poly-Llysine and poly-L-glutamate polypeptides, crosslinking the pendant amine and carboxyl
residues using EDC/NHS amidation. 113 The hydrogels formed exhibited low fouling of
protein and were found to be non-cytotoxic. Gel properties changed with a different pH
and ionic strength concentrations, while enzymatic triggered release of DOX and
diclofenac was demonstrated. Similarly, Qiao and coworkers prepared cryogels through
EDC/sulfo-NHS cross-linking of a random copolypeptide consisting of mixed poly(Llysine) and poly(L-glutamate) using cryo conditions (Figure 1.5).114

Figure 1.5: Development of macroporous hydrogels showing (a) scheme of polypeptide
formation and (b) freeze thaw technique. 114

Images from both environmental scanning electron microscopy (ESEM) and confocal
laser scanning microscopy (CLSM) revealed large macroporous structures (≥100 μm). The
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pore morphology could be readily changed (spongey or columnar-like) by tailoring the
ratio of lysine to glutamic acid, which also had a large effect on the swelling and
mechanical stiffness properties.

1.3.4 Polypeptide hydrogels with stimuli response
The inclusion of functional groups which are systemically triggered by stimuli such as
temperature and light represent current design principles when requiring ‘’responsive’’
hydrogels. For temperature mediated gel-to-sol or sol-to-gel transitions, conformational
switches play a major role. A well-established example is the phase change of gelatin,
whereby hydrogelation is anticipated to arise from the coil-helix interchange when
subject to temperature reduction. 115 In synthetic approaches, many materials integrate
the much used polymer PEG as a core building block, due to its ability to dehydrate and
stimulate conformation changes in peptide blocks prompted by a change in
temperature. Many reports detail the use of block copolymers of PEG and β-sheet
forming peptides as thermoreversible hydrogelators with tunable LCST (lower critical
solution temperature).

Figure 1.6: Nanofiber and hydrogel formation via temperature induced self-assembly of
ODLAG6-b-PEG68-b-ODLAG6.120

Jeong et al. have multiple reports detailing the incorporation of PEG into block
copolypeptide amphiphiles and their thermoreversible sol-gel transition.116-118 One
particular report details the relationship between the orientation of polypeptide
sequences composed of amphiphilic PEG-L-polyalanine and PEG-DL-polyalanine diblock
copolymers.104 Those polypeptide amphiphiles containing L-isomers switched from
random coils to β-sheets and underwent a sol-gel transition (8.0 wt%) with an increase
in temperature in the range of 20-40 °C. The DL-isomer remained as a random coil in
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aqueous solution as it could not undergo secondary structural assembly. Similar to
strategies used by the Jeong group, additional thermo-reversed gelators from PEG/βsheet peptide copolymers (Figure 1.6) were reported by the Chen119 and Wooley120,121
groups. Huang and coworkers also used such design principles in the development of
oligo-tyrosine PEG copolymers. They functioned as reverse thermal gelators at
temperatures ranging between 22-50 °C, with CD suggesting more efficient β-sheet
packing of the tyrosine segments at elevated temperatures. 122 The Li group have also
published multiple reports on ethylene glycol (EG) modified glutamate as
thermoresponsive functionalities within polypeptide sequences. 123-125 Similarly, Zhang et
al. reported a non-ionic polypeptide hydrogel from copolymers of poly(g-[2-(2methoxyethoxy)ethyl]-l-glutamate) and poly-L-leucine.126 Thermoresponsive gelation
was observed at elevated temperatures above 22 °C, while the hydrogel depots also
maintained a controlled release of model protein cargos.

Photo induced crosslinking or polymerisation represents a convenient stimuli to
manipulate for macroscopic control of hydrogelation. An early report from Ohkawa et al.
described coumarin functionalised polymers of lysine and ornithine which underwent
photodimerisation at low concentrations in aqueous media, forming enzymatically
degradable transparent hydrogels. 127,128 A more recent example of photo-cylclisation for
the production of hydrogels was provided by Chen and coworkers, who used PEG-bpoly(L-glutamic acid-graft-cinnamyl-L-glutamate)

copolymers.129 The presence of

multiple cinnamyl moieties cause micellar assemblies in aqueous solution, which then
convert to nanogels after photo-induced cyclodimerisation of residues. The drug release
profile of the nanogels could be easily modulated by varying block composition. Photodegradation also constitutes another promising aspect of the recent studies concerning
polypeptide hydrogel networks. Deming et al. have prepared a photolabile NCA
monomer based on L-lysine with an o-nitrobenzyloxycarbonyl (oNB) protecting group
and used it in the design of block copolypeptide hydrogels (Figure 1.7).130 The oNB-lysine
residues functioned as a viable substitute for the commonplace hydrophobic residues
used in block copolypeptide hydrogel design. After UV irradiation, full cleavage of the
oNB groups was achieved, prompting a gel-sol transition. A photolysis assay allowed for
the expedited released of a loaded dye into the surrounding aqueous media, showing
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the capacity of the hydrogels as loading depots. Similarly, Li and coworkers reported a
series of supramolecular photo/thermosensitive poly(o-nitrobenzyloxycarbonyl-Llysine)-block-PEO (PNBL-b-PEO) hydrogels based on normal and reverse micellar
assemblies after complexation with α-cyclodextrin (α-CD).131 The hydrogels could switch
orientation from reverse to normal micelles with pH gradient change and showed a rapid
reduction in storage modulus from 11 to 1.8 kPa after 30 min of UV irradiation.

Figure 1.7: Photo-cleavage of poly(L-lysine)-block-poly(oNB-L-lysine) amphiphilic
hydrogels resulting in polypeptide dissolution and complete hydrogel disruption. 130

Enzymatic crosslinking provides another methodology for forming covalent linkers
between peptide backbones, but is specific to the chemistry of certain side groups. Chen
et al. have published multiple reports using the enzyme horseradish peroxidase (HRP) in
combination with hydrogen peroxide (H2O2) on polypeptides with phenol functionalised
residues.132 Hydrogels of tyramine and poly(ethylene glycol) grafted poly(L-glutamic
acid) were rapidly formed under physiological conditions in the presence HRP and
H2O2.133 The mechanical properties of the hydrogels could be readily modulated by
changing the concentration of both HRP and H2O2. After subcutaneous injection into the
back of rats, the hydrogels were maintained for 10 weeks and exhibited acceptable
biocompatibility.

Physiologically, utilising disulfide bonding allows for swift selective cleavage under
intracellular conditions (highly reductive) while it remains stable extracellularly due to
the lower concentration of the reductant glutathione (GSH). Using this strategy, many
redox responsive polypeptide hydrogels have been developed. 134 A reduction-sensitive
disulphide polypeptide based nanocarrier with near-infrared fluorescence (NIRF) probe
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was prepared by Yan et al.135 GSH mediated DOX release in vitro was vastly accelerated
in comparison to neutral conditions. Cell uptake studies showed that they the NIRF
nanogel entered the cell via endocytosis. Using NIRF labeling, direct monitoring of drug
release from the NIRF nanogel demonstrated that DOX molecules migrate to the nucleus
while the NIRF nanogel localises in the cytoplasm. Alternative building blocks were used
to develop dual thermal and redox responsive hydrogels (Figure 1.8) based on mPEGpoly-L-methionine, as reported by Chen et al. 136

Figure 1.8: ROS-responsive mPEG-PMet hydrogels demonstrating (a) oxidation induced
cargo release and (b) cytoprotective ability with oxidative stress. 136

The hydrogels were quenched in the presence of a H 2O2 rich environment, leading to
oxidation of the methionine residues to sulphoxide/sulphones and destroying the βsheet secondary structure necessary for gelation. The L-methionine residues functioned
as antioxidants and showed cyto-protective properties against induced oxidative stress
in vitro and in vivo. Hydrogels have also been made through incorporation of disulphides
through alternative chemistry, For instance, poly-L-glutamic acid (PLG) grafted with
disulfide bond forming phloretic acid has been reported. 137 The hydrogel was used as a
cell-laden 3D matrix, releasing the cells via a GSH cue which disrupts the entangled
hydrogel network. The cells released maintained high viability demonstrating the
potential of this platform for cell encapsulation applications in tissue engineering.
Moreover, faster degradation of the hydrogels (denoted PLG-g-CPA) was observed after
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subcutaneous injection into rats, highlighting the advantage of using these disulphide
containing hydrogels in vivo.

1.3.5 Polypeptide hydrogels from star architecture
In terms of materials, there have been few reports detailing star polypeptide
hydrogelating materials from either CCS 64,65 or symmetrical stars. For symmetric star
polypeptide hydrogels, Thornton et al. have previously demonstrated the synthesis of
polyalanine decorated star polymers, tethered to a 4-arm poly(ethylene glycol) (PEG). 138
An accurate degree of polymerisation with the amount of alanine NCA in the monomer
feed was deduced by

1

H-NMR spectroscopy. Both circular dichroism and FTIR

spectroscopy revealed that the star polypeptide induces gelation through a predominant
α-helical secondary structure with some β-sheet conformations evident. Increasing βsheet conformation was noted for longer polyalanine chains. The hydrogels were also
capable of loading albumin for prolonged periods, before stimulating its release by
proteolytic degradation using the enzyme elastase. Dong et al. synthesised star
polypeptides by ROP of diethylene glycol-L-glutamate NCA using a tetra(amine) with a
disulfide core as the initiator (Figure 1.9).139 The star polypeptide self-assembled into
thermo/reduction responsive micelles, with a hydrogelation observed at 3.4-3.8 wt%.
Their properties were tunable by controlling polypeptide segment length while the
disulphide core allowed for reductive cleavage of the star polypeptide hydrogel. The
chemotherapeutic drug DOX was loaded into the star polypeptide micelles which
demonstrated a reduction-sensitive drug-release profile. Polypeptides with star
architectures were also reported by Shen and coworkers. 140 Comprising of similar
oligo(ethylene glycol) (OEG) functionalised poly(L-glutamate) (poly(L-EG2Glu)) tethered
to 8-arm and 32-arm dendrimer cores, the star polypeptides readily formed hydrogels in
water. Critical gelation concentration (CGC) was highly dependent on the degree of arm
branching. For an almost identical arm length, the 32-arm polypeptide (1.0 wt%) had
lower CGC than the 8-arm polypeptide (2.0 wt%). TEM and AFM revealed entangled and
branched fibrillar structures as a result of α-helical packing, which was attributed to the
gelation. Rheological analysis showed that the hydrogels exhibit shear thinning and fast
recovery properties.
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Figure 1.9: Scheme of redox/thermo responsive micellisation and hydrogelation of star
polypeptides.139

1.4 3D Printing
Additive manufacturing (AM), or more commonly referred to as three dimensional (3D)
printing is widely applied technique utilised in a multitude of object production fields. 141
The technology permits the development of objects with defined layer-by-layer
construction through automated processing using computer aided design (CAD).
Recently, it has emerged as an alternative to current technologies for the development
of on-demand tissue engineering scaffolds as its precision and reproducibility make it
one of the most straightforward fabrication methodologies. 142 A number of AM methods
for the 3D fabrication of hydrogels have been explored (Figure 1.10), included laser
assisted,143,144 stereolithography,145,146 inkjet147,148 and extrusion based 3D printing.149,150
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Figure 1.10: 3D printing techniques for hydrogels. 142

1.4.1 Overview on 3D fabrication methods
Stereolithography (SLA) utilises an ultraviolet (UV) laser for the development of
constructs with high accuracy. 151 Commonly used SLA methods function whereby the
layers are built ‘‘bottom up’’. The first layer is attached to the build platform, which
orientates above the resin reservoir. After this first layer is created, it is detached from
the reservoir and continues to move with the rising build platform as each subsequent
layer is created by the laser. The process is repeated until the final structure is generated.
Either light reactive monomer resins or polymers containing photo-crosslinkable
functionalities are used which are then processed through spatially limited photo-curing
to design well-defined structures.

Inkjet printing generates structures through the continuous creation of droplets onto a
substrate with a thin layer of powder. 152 Drop on drop creation can be achieved using
thermal and piezoelectric printing heads. The thermal processing head vaporises the ink,
forming a vapor bubble that expands and then ejects from the fluid reservoir. The
piezoelectric processing head functions by introducing a voltage pulse to the fluid
reservoir, which creates a pressure transition within the fluid reservoir resulting in
droplet formation.
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For 3D laser fabrication techniques, matrix-assisted pulsed laser evaporation direct
writing (MAPLE-DW) is commonly utilsed.153 It functions whereby a laser beam is passed
through one side of a quartz support slide, with a layer of material to be printed coated
on the other side. The beam is aimed at the interface of the quartz support slide resulting
in rapid localised heating, which causes vaporisation of the material layer to occur. The
resulting bubble expands from the bottom of the quartz slide depositing a jet of material.

For extrusion based 3D printing, sometimes termed direct ink writing (DIW); integrative
computer software allows for the input of a scaffold blueprint, which is provided in the
form of a CAD file, to enable the printer to recognise the construction directions for
development of the desired shape. The extrusion proceeds as a continuous volume of
hydrogel is projected from a nozzle creating layer-by-layer patterns which is governed
by the movement of the printhead in the x-y-z axis.150,154 Defined printing resolution is
achieved by using smaller nozzle inner diameters (IDs) than those used for cannula
injections. The rheological properties should be ascertained before attempting 3D
printing, in order to identify the shear effects on the hydrogel inks’ recovery post needle
extrusion, as the reassembly of the ink should be rapid enough to ensure high shape
fidelity of the deposited construct. However, there are some uncontrollable parameters
that may affect the resolution of 3D deposited hydrogel layers such as gravity induced
structure deformation, non-uniform extrusion through a change in printing speed or
missing layers due to the presence of air bubbles. Therefore a consistent process is
necessary when choosing the layering substrate, controlling the printing parameters and
preparing the hydrogel inks.

The direction of 3D fabrication strategies towards applications of biological relevance
resulted in a new age technology termed ‘‘bioprinting’’, which combines aspects of both
additive manufacturing and cell culture. In bioprinting approaches, a computercontrolled 3D printer extrudes cell-laden hydrogel inks, also referred to as bio-inks, into
preset biomimetic models. Similar to hydrogel inks, 3D patterning of bio-inks should
result in the deposition of self-supporting, well defined geometric shapes. The difference
here being that bio-inks are purposed for prompting the growth of new biological tissue
49

which has a particular cellular organisation and active biological function. 155 Initial
screening of the rheological properties of the bio-ink should be determined as
encapsulated cells can be sensitive to the shear rates associated with needle extrusion.
The cue for proliferation and differentiation in said cells is usually achieved by
incorporating biomolecules such as growth factors or other components into the bio-ink
formulation in order to stimulate the desired cell response. Recently, bioprinting has
been successfully used in the development of augments representing some of the
anatomic geometries of the human body; such as skeletal muscle, 156 vascularised
tissue,157 bionic ears,158 aortic valves159 and bone tissue.160 A particular advantage of
these 3D deposited scaffolds is that the chances of immunorejection, so often seen in
patient to patient organ transplants, is less likely. This is a consequence of using
autologous primary stem cells, which are extracted directly from the patient. 161 The cells
are seeded in the bio-ink and internal cues allow the tissues of choice to form over time.
Theoretically the regenerated tissues formed in the 3D printed scaffold would then
integrate accordingly into the target site of the patient after transplantation. Hence,
there is a need for these bio-ink hydrogels to be designed appropriately in order to cope
with the requirements necessary for the development of bio-engineered tissue.

1.4.2 Types of 3D printable hydrogel inks
The conventional feedstock material used for inks comes in the form of naturally
occurring hydrogelating polymers. Collagen, hyaluronic acid, gelatin, agarose, alginate,
fibrin, and chitosan have all been used in 3D printing technologies. These naturally
derived hydrogels possess biomimetic function and a structural composition resembling
the ECM. Sodium alginate (alginate) is one of the most commonly used hydrogels for
inkjet and extrusion based printing. 144,149,150,158 It is a polysaccharide that can be isolated
from seaweed. Alginate is densely populated with anionic functional groups, which
permits the formation of ionic bridge domains when it interacts with divalent cations in
solution. Normally it is 3D printed as a viscous solution into a bath containing divalent
ions (usually CaCl2) and thus crosslinked in situ, or it is 3D printed and then exposed to
the same solution as a post-printing crosslinking strategy. As alginate does not contain
any cell adhesive motifs, it is sometimes blended for bioactivity. 162 For example Butcher
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et al. have used it in combination with gelatin to create aortic valve conduits that showed
markedly improved mechanical properties and high cell viability over alginate alone. 163

Gelatin, which is derived from animal tissues/skin/bone, is another primary source of
gelating material for 3D printing. 157,160 It is a denatured form of the native protein
collagen. Although collagen is a major component of the natural ECM and would ideally
be suitable for 3D printing, it is limited in terms of formulations due to its poor water
solubility and subpar mechanical properties. Owning better solubility, less tertiary
structures than and consisting of cell adhesive RGD motifs, gelatin represents an ideal
alternative for tissue engineering 3D fabrication methods.

164-166

Gelatin is generally

functionalised with methacrylamide to obtain gelatin methacryloyl (GelMA), a commonly
used photo-curable hydrogel ink. For 3D construct development, this provides a post
processing strategy which functions to enhance mechanical stabilisation, prevent
evaporation and entrap the matrix for cell proliferation.167,168

Figure 1.11: (A) Scheme of dual crosslinked hyaluronic acid hydrogels with their 3D
extrusion and construct crosslinking techniques (B) Images of lattice constructs from the
printing process.172
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Similar to gelatin, hyaluronic acid (HA) has been as a basis for hydrogel inks. HA is a
naturally occurring polysaccharide which is ubiquitous in both human and animal tissues.
HA can be sourced from bacteria, 169 and it is both biodegradable and bioactive, making
it a sustainable feedstock material for tissue engineering applications. However, it is
highly hydrophilic and has low viscosity in highly aqueous media, limiting its application
as a standalone hydrogel for 3D printing.170 Burdick and coworkers have many reports
on HA-based supramolecular hydrogel systems which are adapted for many applications
in 3D printing (Figure 1.11).171-173 Intricate constructs have also been generated using
Me-HA containing hydrogel inks for bone tissue engineering. 174 Using similar
modification strategies as those used for gelatin, hyaluronic acid has been functionalised
to create viable cell-laden constructs. HA derivatives with hydrophobic functionalities
have been used to introduce more control over the materials viscosity, with
methacrylated hyaluronic acid (Me-HA) primarily used.

In purely synthetic hydrogels, many strides forward have been made towards developing
materials capable of fulfilling the criteria demanded by cell-laden matrix 3D printing. Of
those hydrogels, poly(ethylene glycol) (PEG) is commonly used for 3D printing owing to
its hydrophilicity and cyto-compatibility.145,146,175 In spite of this, PEG as a standalone
hydrogel ink does not have the required mechanical properties for stable construct
development and does not promote cellular function for encapsulated cells. As such it is
normally blended with natural polymers or bioactive polymers in order to develop
mechanically tunable hydrogel inks with biological functionality. 176-178 Functionalised
PEG is generally used in the form of PEG-diacrylate (PEG-DA) or PEG-methacrylate (PEGMA) which permits photo-curing post-extrusion. For example, Hockaday et al. used PEGDA physically mixed with sodium alginate for 3D extrusion of aortic valves with vastly
improved elastic moduli (~5-75 kPa).158 Pluronic is another synthetic non-ionic
copolymer consisting of a hydrophobic polypropylene oxide (PPO) sequence flanked by
two hydrophilic polyethylene oxide (PEO) sequences. Wu and coworkers have used
wholly diacrylate-functionalised pluronic hydrogels to design defined microvascular
networks with diameters ranging from 200 to 600 μm via photo-curing.179 Other than
this it is commonly used as a supporting material in hydrogel inks as it requires high
polymer concentration for gelation. 180
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There is a dearth of research completed on synthetic peptide based hydrogels as 3D
printable inks. Of those known, ultrashort peptide amphiphiles have been explored. 181184

These short amphiphilic peptides generally undergo self-assembly into fibrous

hydrogels under physiological conditions. They are inherently biocompatible and have
conformation stability in terms of structural folding arrangements, 185 which can facilitate
extrusion based hydrogel recovery ensuring retention of printed construct fidelity. For
instance, Hauser el al. reported stiff lysine containing hexapeptide hydrogels which were
3D printed into scaffolds that supported the differentiation of hMSCs into organotypic
cell structures.181 Other reports detailed the use of peptide hybrid systems as the basis
in hydrogel inks used for 3D structural deposition. For synthetic polypeptide hydrogels
derived from NCA ROP, only one such report currently exists.

Figure 1.12: Ink-jet printing of the polypeptide-DNA hydrogel via DNA hybridisation
forming hydrogel constructs which are responsive to enzymatic degradation. 186

Duncan et al. developed a supramolecular polypeptide-DNA hybrid hydrogel for in situ
3D printing by designing two separate ink formulations (Figure 1.12).186 Bioink A
consisted of a polypeptide-DNA conjugate with a multitude of single stranded DNA
(ssDNA) attached to a poly(L-glutamic acid240-co-γ-propargyl-L-glutamate20) peptide
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backbone. Bioink B was formed from double stranded DNA (dsDNA) with “sticky ends”.
Using ink-jet printing, both bio-inks were physically mixed rapidly forming hydrogels
through DNA hybridised crosslinks, with deposited constructs having millimeter scale
geometries and also demonstrating viability for cell encapsulation.

With this is mind, the use of established hydrogel systems within the field has discounted
emerging synthetic hydrogels which have more control over the integration of
mechanical behaviour and biochemical cues. While the majority of 3D printing using
hyaluronic acid, alginate and gelatin as hydrogelating materials has realised some
noteworthy success, a lack of more reproducible, straightforward polymeric hydrogel
systems is a major shortcoming in the field of 3D printing.

1.5 Overview and Objectives
Significant progress in developing polymeric materials for their use in biomedical science
has been accomplished in recent years. In particular the use of tailor made synthetic
polypeptides, which have the ability to mimic the assembly and function of biological
proteins, has expanded the field of material science in regenerative medicine with
particular applicability in tissue engineering and drug/gene delivery. Hydrogelating
materials from polypeptides are an emerging alternative to naturally occurring hydrogels
due to their inherent biocompatibility and ease of design. Synthetically, they also
represent more sophisticated, robust and tunable systems than the hydrogels obtained
from natural sources. With this in mind, the purpose of this PhD project was to develop
new hydrogel depots using amino acid building blocks and orthogonal chemistries via the
N-carboxyanhydride (NCA) ring opening polymerisation (ROP) and then assess their
potential for applicability in biomedical applications. The use of poly(propylene) imine
(PPI) dendrimers as initiators in the development of star shaped copolypeptide hydrogels
was the synthetic strategy employed in chapters 2 to 4, while chapter 5 applied a new
difunctional NCA monomer (diaminopimelic acid) as an in situ crosslinker for hydrogel
development.
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Specifically, chapter 2 describes the effects of sequential corona blocks of different
hydrophobic side groups and their hydrogelation ability for star shaped poly(L-lysine). By
keeping the amphiphilic ratio constant, diblock sequences based on tyrosine,
phenylalanine, valine and alanine were examined spectroscopically and rheologically.
Pushability studies of the hydrogel materials was examined to determine their
applicability as potential injectable drug/gene loading depots.

In chapter 3, star shaped diblock copolypeptide hydrogels that are crosslinked through
both core and shell disulphides are examined. By maintaining the feed ratio of lysine and
cysteine residues but switching the sequential addition of the NCA monomers for two
separate star polymer systems, an in depth look at the architectural effects on both
conformational and mechanical properties is described. The material were found to
undergo spontaneous gelation within minutes of aqueous immersion with significantly
low polymer content <0.5 wt%. The redox responsiveness of the disulphide bonds were
also analysed through drug release profiles of the chemotherapeutic drug doxorubicin
hydrochloride in the presence and absence of a reducing agent.

Chapter 4 looks at star copolypeptide hydrogels which were synthesised by employing
an amphiphilic system using glutamate and valine residues. By introducing a UV
crosslinkable group (allyl), the material was used as a hydrogel ink for 3D extrusion
printing. Changing the sequence order from triblock with a block of allyl groups to a
diblock where the allyl functionalities were grafted, 3D printed constructs with improved
homogeneity and mechanical properties could be obtained. These constructs were
examined for their degradation profile in different pH conditions and also probed for
their potential to release molecular cargo in the form of a model drug. Moreover, the
leachates of the 3D printed constructs were also examined for their toxicity towards 3T3
fibroblasts.

Chapter 5 describes the use of a newly synthesised difunctional NCA monomer which
was subsequently evaluated as a crosslinker for both ionic polypeptide and non-ionic
polypeptoide sequences. The use of the diaminopimelic acid (DAPA) NCA crosslinker for
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the preparation of organogels and hydrogels was subsequently investigated after
removal of the protecting groups. Spectroscopic and rheological analysis was also
conducted to analyse the conformation and mechanical properties of the hydrogels.
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Abstract
A range of 8-arm star shaped diblock copolypeptides were developed to investigate their
potential as self-assembling amphiphiles in aqueous media. These star shaped block
copolypeptides

were

synthesised

by

sequential

N-carboxyanhydride

(NCA)

polymerisation from a polypropylene imine (PPI) dendrimer core to comprise a poly(Llysine) core and poly(L-tyrosine), poly(L-phenylalanine), poly(L-valine) and poly(Lalanine) outer blocks. All star block copolypeptides except the poly(alanine)
copolypeptide spontaneously self-assemble into hydrogels at low polymer concentration
 2.0 wt%. Investigation of the secondary structure by FTIR and Circular Dichroism (CD)
spectroscopy confirm a largely random coil conformation. The hydrogels were further
investigated for their viscoelastic properties revealing a correlation between structural
chemistry of pendant side groups and hydrogel strength. The highest gel strength was
achieved with the star block copolypeptide consisting of poly(L-phenylalanine) outer
blocks. The versatility of the hydrophilic/hydrophobic system allows for a straightforward
modification of the hydrophobic shell sequence which can be utilised to modulate the
mechanical strength for various applications.

Christina Payne conducted the rheology at RCSI.
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Fernando Salles de Oliveira assisted with the SEM imaging at DCU.
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2.1 Introduction
Hydrogels are highly versatile materials in biomedical science. Based on their high water
content and permeability as well as their structural integrity similar to the extracellular
matrix, hydrogels are ideal building blocks in regenerative medicine and as therapeutic
delivery systems.1-4 Continued development of more efficient synthetic methodologies
has enabled the design of a class of potentially biocompatible hydrogelators in the form
of structurally well-defined oligopeptide amphiphiles.5 Supramolecular self-assembly of
oligopeptide amphiphiles into interconnected hydrogel networks is known to be
stabilised via hydrogen bonding and other non-covalent interactions such as electrostatic
interactions, π-π stacking and hydrophobic interactions. 6-9

Polypeptide structures readily obtained by the polymerisation of amino acid Ncarboxyanhydrides (NCA) have also been explored for hydrogel formation. For example,
Deming presented the design of hydrogels from linear amphiphilic co-polypeptides.10-13
One such report details the hierarchical self-assembly of these materials composed of a
hydrophobic poly(L-leucine) segment grafted to a cationic poly(L-lysine) block. Selfassembly was attributed to the specific peptide secondary conformation, whereby
adjacent lysine sequences form long fibrous networks while poly(L-leucine) residues
adopt a rigid α-helical arrangement driving spontaneous hydrogel formation in an
aqueous environment. Subsequent in vivo studies have demonstrated the suitability of
these block copolypeptides as potential scaffolds or delivery matrixes in CNS tissue. 14
Our group recently disclosed an NCA-derived PEG2000-Tyr5 amphiphilic block copolymer
that can undergo thermoresponsive hydrogelation at a low concentration range of 0.253.0 wt% within a temperature range of 25 to 50°C.

15

While this material displays a

desirable inverse thermoresponse (i.e. it hydrogelates upon temperature increase), it is
extremely sensitive to structural variation, which limits the scalability and applicability of
the material. We hypothesize that a pre-organisation of the polypeptide amphiphiles
might overcome these disadvantages while maintaining a low solid content in the
hydrogel. Pre-organisation was first utilised by Jeong who reported a series of
amphiphilic hybrid PEG block copolymers obtained by ring-opening polymerisation of
alanine or phenylalanine NCAs.16-21 These materials self-assemble into nanostructures
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such as micelles in aqueous solutions and further transition into hydrogels at high
polymer concentration in the range of 3.0-14 wt% through intermicellar aggregation
when the temperature increases. However, the initial step of micelle formation is a
dynamic process and strongly dependents on the conditions and concentration of the
amphiphiles.

Here we propose amphiphilic star polypeptides as hydrogelators in which the individual
amphiphiles are “fixed” to a central core thus providing a covalent core-shell
nanoparticle similar to micelles. Star polypeptide synthesis by NCA polymerisation has
significantly advanced recently 22-25 and several groups have evaluated these higher order
polypeptide structures for the delivery of therapeutics. 26-28 Only few examples of star
polypeptide hydrogels have been reported thus far. Li prepared a series of poly(L diethylene glycol glutamate) (L-EG2Glu) sequences grafted from 8-arm and 32-arm
dendritic molecules.29 Highly dependent on arm and sequence composition, the star
polymers underwent transformation into hydrogel networks at low critical gelation
concentration (CGC) ranging from 1-3 wt% The lower CGC threshold could only be
observed using the 32-arm polypeptides, which recorded a notably higher polydispersity
index (PDI) than the 8-arm analogues. Thornton has also reported the generation of
polypeptide hydrogels comprising of a star shaped architecture.30 Synthesised via the
polymerisation of alanine NCA from a 4-armed star shaped poly(ethylene glycol) (PEG)
initiator, the hydrogel could form at about 10.0 wt% and was found to be enzymatically
degradable.
Herein we present the synthesis of a series of novel star shaped diblock copolypeptide
amphiphiles, affording materials which are spontaneously forming hydrogels. The use of
the highly branched star architectures allows for superior intermolecular physical
interactions between the adjacent hydrophobic moieties when compared with their
linear counterparts. Close examination of the conformation via spectroscopic analysis
revealed that the gelation of the star macromolecular architecture appears to be
governed by the influence of a range of hydrophobic residues, i.e. methyl (L-alanine),
isopropyl (L-valine), phenyl (L-phenylalanine) and phenol (L-tyrosine) groups. The
disparate chemistry attached to the individual moieties promotes contrasting self69

assembling properties in the series of star polypeptide amphiphiles. This enables a
seamless modification of hydrogel strength by alternating the hydrophobic side chain.

2.2 Experimental
2.2.1 Materials
All chemical were obtained from Sigma Aldrich unless other wise noted. εcarbobenzyloxy-L-lysine, L-phenylalanine, O-benzyl-L-tyrosine, L-alanine and L-valine
were purchased from Bachem. Second generation (G2) poly-propylene imine (PPI)
dendrimer was obtained from SyMO-Chem BV (The Netherlands). The NCAs of εcarbobenzyloxy-L-lysine, L-phenylalanine, O-benzyl-L-tyrosine, L-alanine and L-valine
were synthesised following literature procedures. 15,32

2.2.2 Methods
Nuclear Magnetic Resonance (NMR) analysis was completed using a Bruker Avance 400
(400 MHz) spectrometer at room temperature with d-DMSO, D2O, CDCl3 and d-TFA as
solvents. Attenuated total reflection (ATR) FTIR spectra were recorded using a PerkinElmer Spectrum 100 in the region of 4000-650cm−1. Four scans were completed with a
resolution of 2 cm−1. A background measurement was performed prior to loading the
sample onto the ATR for measurement. Size Exclusion Chromatography (SEC) was
performed on an Agilent 1200 system in combination with two PSS GRAM analytical (8 ×
300 and 8 × 100, 10 μ) columns, a Wyatt Dawn Heleos 8 multi angle light scattering
detector (MALS) and a Wyatt Optilab rEX differential refractive index detector (DRI) with
a 658 nm light source. The eluent was DMF containing 0.1 M LiBr at a flow rate of 1 mL
min-1. The column temperature was set to 40 °C with the MALS detector at 35 °C and the
DRI detector at 40 °C. Molar masses and polydispersities (dispersity, Đ = Mw/Mn) were
calculated from the MALS signal by the Astra software (Wyatt) using the refractive index
increment (dn/dc) of 0.101 for ply-ε-carbobenzyloxy-L-lysine (PZLL). All GPC samples
were prepared using a concentration of 2 mg/mL and were filtered through a 0.45 μm
millipore filter, prior to injection. Circular dichroism (CD) spectra were recorded on an
Aviv CD Spectrophotometer 410 (Aviv Biomedical, Inc. New Jersey, USA). The star
copolypeptides were prepared at a concentration of 0.3 mg mL -1 in deionised water. Each
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solution was placed into a quartz cell with a path length of 0.1cm and analysed in the UV
region (180 to 280 nm). Deionised water was used as a reference for baseline correction
before sample measurement. The mean residue ellipticity was calculated using the
following equation:

[Θ]MRW / (10 × l × c)

(1)

With experimentally determined (Θ) in mdeg, mean residue weight (MRW) in g/mol,
path length (l) in cm and sample concentration (c) in mg/mL. The existence of α-helical
conformation can be calculated from the following equation:

% α-helix = (–[Θ222] + 3,000)/39,000

(2)

Where [Θ222] is the ellipticity measured at 222nm. 31 Rheological measurements were
performed on a TA Instruments AR 1000 Rheometer. All measurements were conducted
at room temperature using 40 mm diameter cone plane geometry and 4° cone angle.
Push-ability testing was performed to evaluate the suitability of hydrogels as injectable
candidates. The assay was carried out using a Zwick Roell Z050 mechanical testing
machine (Germany) fitted with a 5 N load cell. Samples were gelled in 97% deionised
water prior to the assay and injected through a 25G needle. Scanning Electron
Microscopy (SEM) was carried out on a Hitachi S3400n Scanning Electron Microscope
equipped with a tungsten thermionic emitter. All samples were initially freeze dried and
then sputter-coated with gold before imaging. Pore sizes were determined using a fixed
scale bar, measuring the width of three equivalent fibres. The mean width was then used.
The salt assaying of the materials was conducted in triplicate. Sample sizes used (~20 mg)
were incubated at 3.0 wt% in a range of NaCl concentrations until they were visibly
transparent. Vials were weighed empty and that weight was used as a reference. The
swollen weight of the hydrogels was determined after subtracting the reference. The
weight swelling ratio of the star diblock copolypeptide hydrogels was determined using
the following equation:
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Q = (ms–mr)/mr

(3)

Where mr is the hydrogel mass in dry state and ms is the hydrogel mass in the swollen
state.

2.2.3 Synthesis of ε-carbobenzyloxy-L-lysine NCA
ε-carbobenzyloxy-L-lysine (10.00 g, 35.7 mmol), α-pinene (12.50 g, 91.7 mmol) and 100
mL ethyl acetate were placed in a three-neck round bottom flask and heated under
reflux. Triphosgene (8.30 g, 27.9 mmol) was dissolved in 40 ml ethyl acetate and 2/3 was
added drop-wise during the first hour. The remaining solution was added and reflux was
maintained until all solids disappeared and the solution became clear (4 h). Distillation
was performed to remove 2/3 of ethyl acetate followed by addition of 120ml n-heptane;
the solution was then heated to recrystallise. The NCA was recrystallised thrice and
subsequently washed with n-heptane to remove any trace impurities. It was dried under
vacuum to afford a colourless fluffy solid (yield 85%).
1

H NMR: (d-DMSO): δ [ppm] = 9.10 (1H, s, -NH-COO-CO-), 7.39−7.27 (6H, m, -C 6 H5 & -

NH-CH2), 5.00 (2H, s, -OCH2-C6H5), 4.42 (1H, t, -CO-CH-CH2-), 2.99 (2H, q, -CH2-NH-),
1.73−1.30 (6H, m, -CH 2-CH2-CH2-NH-). *similar procedures were performed for O-benzylL-tyrosine (recrystallised thrice), L-phenylalanine

(recrystallised twice), L-valine

(redissolved and precipitated once and recrystallised once) and L-alanine (redissolved
and precipitated once and recrystallised once).

2.2.4 Synthesis of 8-arm diblock copolypeptides
The NCA of ε-carbobenzyloxy-L-lysine (2.37 g, 7.74 mmol) was added to a Schlenk flask.
Under a N2 atmosphere, 35 mL of anhydrous CHCl3 was added until the NCA was
dissolved. The flask was placed in a temperature controlled oil/water bath at 0°C. G2 PPI
dendrimer (18 mg, 2.42×10-2 mmol) was prepared in 2 mL of dry CHCl3, and quickly added
to the Schlenk flask via syringe. The solution was allowed to stir for 24 hours at 0°C. FTIR
spectroscopic analysis was utilised to confirm total consumption of NCA monomer. A
sample was taken directly via syringe to monitor the molecular mass using GPC. The NCA
of O-benzyl-L-tyrosine (288 mg, 9.68×10-1 mmol) was dissolved in 5 mL anhydrous CHCl3
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and charged to the Schlenk flask via syringe. The solution was allowed to stir at 0°C until
all of the NCA monomer was consumed as confirmed by FTIR. The polymer was
precipitated into excess diethyl ether and dried under vacuum in a dessicator (yield 89%).
*Other star block copolymers were prepared accordingly replacing the O-benzyl-Ltyrosine NCA with L-phenylalanine NCA, L-alanine NCA and L-valine NCA.

2.2.5 Deprotection of 8-arm diblock copolypeptides
1 g of star poly(ε-carbobenzyloxy-L-lysine)-block-poly(O-benzy-L-tyrosine) was dissolved
in 11 mL of trifluoroacetic acid (TFA) and allowed to stir for 1 h. 5mL of HBr 33 wt% in
acetic acid was added drop wise to the solution in a six-fold excess with respect to εcarbobenzyloxy-L-lysine and O-benzyl-L-tyrosine and allowed to stir for 15 h. The
polymer was precipitated twice into diethyl ether (40 mL) and centrifuged. The
TFA/diethyl ether waste was decanted and the precipitate was washed once more with
diethyl ether. The polymer was dried under vacuum and then subsequently dissolved in
deionised water. Dialysis was performed against deionised water for 4 days using a
3.5kDa MWCO membrane, with frequent water replacement. The polymer was then
lyophilised (yield 65%). *Deprotection of the other block copolymers was carried out
with a reduced quantity of HBr as PZLL was the only sequence present bearing cleavable
protecting groups.

2.3 Results and Discussion
2.3.1 Preparation of star diblock copolypeptides
The general design of the 8-arm star polypeptide hydrogelators comprises a core region
of hydrophilic poly(L-lysine) (PLL) blocks extended with hydrophobic oligopeptide blocks.
The latter were selected from a range of amino acids capable of exhibiting differed
modes of interaction and hydrophobicities to elucidate the structural effect on the
hydrogel formation. Elaborating on previous work from our group, 24 an 8-arm primary
amine terminated PPI dendrimer was used as an initiator in the ring opening
polymerisation of ε-carbobenzyloxy-L-lysine (ZLL or cbz-L-lysine) NCA at a constant PPI
to ZLL-NCA ratio of 1:320 (i.e. targeting 40 units per arm) using high vacuum techniques
at 0°C.32
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Scheme 2.1: Synthesis of diblock copolypeptides from 8-arm polypropylene imine (PPI)
dendrimer core using sequential NCA monomers.

Subsequent macroinitiation of hydrophobic amino acid NCAs of O-benzyl-L-tyrosine
(BLT), L-phenylalanine (LPA), L-alanine (LA) and L-valine (LV) was accomplished after full
ZLL NCA conversion (confirmed by FTIR by disappearance of NCA anhydride bands)
without intermediate work-up targeting an average block length of 5 units per arm
(Scheme 2.1, Table 2.1). The choice of amino acids is rationalised by the fact that the
poly(LPA) block bearing phenyl functionalities in comparison to the poly(LT)’s phenol
moieties.
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Table 2.1: Molecular weights and polydispersities of amphiphilic diblock copolypeptides.
Polymer(a)

M n (g/mol) theor.

M n (g/mol) SEC

Đ

8-PZLL40

83,800

82,300

1.04

8-PZLL40-b-PBLT5

94,000

93,400

1.07

8-PZLL40

83,800

70,900

1.05

8-PZLL40-b-PLPA5

89,600

79,400

1.09

8-PZLL40

83,800

67,900

1.03

8-PZLL40-b-PLV5

87,900

77,500

1.05

8-PZLL40

83,800

60,600

1.03

8-PZLL40-b-PLA5

86,600

63,600

1.04

1-PZLL32

10,400

8,300

1.04

1-PZLL32-b-PBLT5

11,200

9,500

1.11

1-PZLL148(b)

83,800

38,700

1.02

1-PZLL148-b-PBLT30

94,000

46,600

1.20

(a) indices denote the theoretical composition (NCA/R-NH2 ratio). (b) The indices for this
sample denote the degree of polymerisation from SEC analysis as full monomer
conversion was not achieved. *linear denoted by 1 and star (8-arm) denoted by 8.

Moreover, both poly(LA) and poly(LV) peripheral sequences bear aliphatic methyl and
isopropyl groups, respectively, without the possibility of aromatic π-π interaction.
Successful grafting of PZLL from the PPI core was confirmed by 1H-NMR spectroscopy
(Figure 2.1A, 2.1B). After addition of the second block, size excluison chromatography
(SEC) confirmed the anticipated increase in molecular weight for all star diblock
copolypeptides (Figure 2.2, Table 2.1, Figure A1-3).
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A

B

Figure 2.1: 1 H-NMR spectra of (A) 8-PZLL40 and (B) 8-PZLL40-b-PBLT5 in CDCl3.
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Figure 2.2: SEC traces of A) 8-PZLL40-b-PLPA5, B) 8-PZLL40, C) 8-PZLL40-b-PLV5 and D) 8PZLL40.
Quantitative deprotection of the PZLL inner block was achieved with TFA and HBr 33 wt%
in acetic acid, which in the case of PBLT simultaneously deprotected the tyrosine benzyl
ether, which was evident from the quantitative disappearance of the aromatic peak at
7.2 ppm in the 1H-NMR spectra (Figure 2.3) yielding amphiphilic star block copolymers
8-PZLL40-b-PBLT5, 8-PLL40-b-PLT5, 8-PLL40-b-PLV5 and 8-PLL40-b-PLPA5.

Figure 2.3: 1H-NMR spectra of 8-PLL40-b-PLT5 in D2O.
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2.3.2 Polypeptide hydrogelation and morphology
The hydrogelation capacity became immediately apparent for each of the library of star
copolypeptides. Deprotected 8-arm PLL (8-PLL40) alone did not form hydrogels in water,
while the tyrosine extended star block copolymer 8-PLL40-b-PLT5 formed transparent
hydrogels at concentrations as low as 2.0 wt%. Both 8-PLL40-b-PLPA5 and 8-PLL40-b-PLV 5
also spontaneously formed hydrogels in contrast to 8-PLL40-b-PLA5, which did not form
hydrogels at any concentration (Figure 2.4). Upon observation, 8-PLL40-b-PLT5 was visibly
more transparent than the other samples, which appear slightly opaque. In an attempt
to investigate the influence of the star shaped architecture on the hydrogel formation
the synthesis of a linear analogue 1-PLL320-b-PLT40 with exactly the same overall
molecular weight and 1-PLL40-b-PLT5 representative of a single arm was attempted.
While the latter could be synthesised, limitations of the amine initiation in realizing high
molecular weights only permitted the synthesis of a linear equivalent L-PZLL148-b-PBLT30.
Notably, neither linear analogue underwent hydrogelation highlighting the importance
of the star architecture in this process.

A

B

C

Figure 2.4: Hydrogels obtained from 8-PLL40-b-PLT5 (A), 8-PLL40-b-PLV5 (B) and 8-PLL40-bPLPA5 (C) at a polymer concentration of 3.0 wt%.
In order to elucidate the morphology of the star diblock copolypeptide hydrogels,
samples were freeze dried in the gelled state and visualised using Scanning Electron
Microscopy (SEM) (Figure 2.5). Condensed fibers are observed in lyophilised 8-PLL40-bPLT5, revealing a highly porous structure with fibers ~25.7 μm apart. While 8-PLL40-b78

PLPA5 exhibits a ribbon-like network with twisting layers developing into a small porous
structure characteristic of β-sheet conformation.33 Observed in 8-PLL40-b-PLV5 is an
elongated network with pore sizes as large as 37.3 μm and supermolecular fibers
stacking along a single axis.

A

B

C

Figure 2.5: SEM images of lyophilised hydrogels obtained from A) 8-PLL40-b-PLT5,B) 8PLL40-b-PLV5 and C) 8-PLL40-b-PLPA5. Scale bar = 100 μm.

2.3.3 Secondary structure analysis
The conformational analysis of each star diblock polypeptide was done using ATR-FTIR in
the dry state after lyophilisation and Circular Dichroism (CD) in the gel state. In the dry
state all star polypeptides display an intense amide I band around 1647 cm -1,
characteristic of a dominant random coil conformation. In addition, small differences in
the band structure around the amide I and amide II bands are apparent, which suggests
the coexistence of β-motifs (Figure 2.6).
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Figure 2.6: FTIR spectra with assigned amide bands.
For example, in the 8-PLL40-b-PLT5 spectrum an additional amide I shoulder peak is visible
at 1677cm-1, suggestive of β-turn. The other gel forming polypeptides 8-PLL40-b-PLPA5
and 8-PLL40-b-PLT5 also exhibited a split amide I band (1628cm -1 and 1648cm-1). The 1648
cm-1 C=O vibration can be assigned to random coil structures, while the presence of βsheets is suggested by the band at 1628 cm -1. Also in this case a shoulder peak at 1674cm1

could be assigned to the presence of β-turn conformation. The co-occurrence of

random coil, β-sheet and β-turn configurations seems conceivable considering the
complex star shaped polypeptide architecture. Hierarchal stacking of the hydrophobic
moieties can occur through intermolecular and intramolecular interactions. Evident βsheet structures here can be attributed to intermolecular stacking of residues akin to the
parallel or twisting patterns. 34,35 The β-turn motif is plausible since oligopeptide
sequences may fold ‘back on themselves’ through hydrogen bonding 3-4 residues
apart.36,37 Both stacking configurations are comparable to patterns observed in micelle
formation considering the architecture of the star polypeptide. 38-40 Notably, there is an
absence of β-sheet bands in non-hydrogelling 8-PLL40-b-PLA5. Observed are vibrational
modes located at 1649 cm -1 and 1543 cm-1, representative of a random coil population.
In the absence of β-sheet structure no intramolecular network can be formed. The
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importance of the coexistence of two conformations for hydrogel formation was
highlighted in the literature albeit for linear PLL block copolymers adopting β-sheets and
α-helices. 31

Figure 2.7: Circular dichroism (CD) spectra of amphiphilic block copolymers in water.
CD spectroscopy was utilised to gather information about the asymmetric arrangement
of the peptide backbone in the hydrogel state. The CD spectra of all polypeptides are
collated in Figure 2.7. All of the star architectures exhibited a broad negative trough
below 200 nm and an intense positive peak above 215 nm in agreement with the FTIR
results of a random coil configuration. The highest random coil content was observed for
8-PLL40-b-PLV5 and 8-PLL40-b-PLPA5. The decreasing band intensity of the 8-PLL40-b-PLT5
minima at 195 nm suggest that the random coil content is affected by the hydroxyl
substituent on the phenyl ring. The random coil contribution is further reduced in the
non-gelling 8-PLL40-b-PLA5 as well as in the linear reference polypeptide. Notably, the
degree of unordered conformation in 8-PLL40-b-PLV5 is sufficient enough to promote
hydrogelation. However, the same conformational abundance is deficient in 8-PLL40-bPLA5, explaining the absence of self-assembly. The CD spectra are devoid of any
characteristic β-sheet or β-turn peaks, which would be evident by maxima at ~200nm
and ~220 nm and minima at ~206nm. 41 The common feature of coil conformation
observed from the spectroscopic analysis indicates that PLL regulates the folding pattern
(Figure A4) due to its excess with respect to the hydrophobic sequence.
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2.3.4 Hydrogel properties
The extent of gelation of the star shaped polypeptides was determined from comparison
of dry and swollen samples. The critical gelation concentration (CGC) was determined
from incremental increase in water concentration which was followed by time
equilibrated gelation (Table 2.2). The transition from sol to gel for 8-PLL40-b-PLT5 was
noted at 2.0 wt% polymer content using the vial inversion method. In contrast 8-PLL40b-PLPA5 still maintained its crosslinked network at a higher water concentration
(98.75%). A low MGC was also observed in the 8-PLL40-b-PLV5 sample (1.5 wt%). The
degree of swelling of the star block copolypeptides measured with a solid content of 3.0
wt% did not reveal significant differences in the equilibrium weight swelling ratios (~5055 %; Table 2.2.2).

Table 2.2: Hydrogel swelling and mechanical properties (EGT: equilibrium gelation time;
CGC: critical gelation concentration; Q: swelling ratio).
polypeptide

EGT

CGC

(s)(a)

(wt%)

8-PLL40-b-PLT5

1200

2.00

8-PLL40-b-PLPA5

600

8-PLL40-b-PLV5

350

Q(b)

G’

Injection force

(Pa)

(N)

50.76

180.7

5.88

1.25

55.69

2210.1

7.29

1.50

49.88

220.5

7.22

(a) time from initial dispersion in aqueous media until complete dissolution with gelation
confirmed using the vial inversion method. (b) 3.0 wt% in deionised water; Q = (ms–mr
)/mr, where mr is the hydrogel mass in dry state and ms is the hydrogel mass in the
swollen state.

An interesting feature of these materials is their stability in salt solution. For reference,
only Deming has previously demonstrated the stability of cationic polypeptide hydrogels
in both high and low ionic strength media. 11 Although alternative secondary structural
configuration contributes to self-assembly here, the hydrogels exhibit similar properties
over a small range of ionic concentrations (Figure 2.8). The swollen gel networks appear
unhindered over this range, although a rheological assay may provide a better insight
into the true ‘masking effect’ of NaCl on the PLL electrolyte segments. A reduction in the
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degree of swelling is prompted after incubation in saturated 10-2 M NaCl solution and
was noted in accordance with increasing visual turbidity. Thus, the deterioration of the
gel network of all star polypeptide samples became apparent. Media began to separate
from the gel and collapse of the network ensued after equilibrium incubation.

8-PLL40-b-PLT5
8-PLL40-b-PLPA5
8-PLL40-b-PLV5

Figure 2.8: Swelling ratio of star diblock copolypeptides (3.0 wt%) as a function of
increasing ionic concentration.

The rheological properties of all star block copolypeptides hydrogels were measured at
the same polymer concentration (3.0 wt%) in water in order to determine the
viscoelasticity of the samples. Initially, the linear viscoelastic regime was assessed by a
strain sweep experiment to determine the storage (G’) and loss modulus (G’’) (Figure
2.9). The 8-PLL40-b-PLT5 hydrogel exhibited a storage modulus of 168 Pa, which was
found to be the weakest polypeptide hydrogel. Altering the chemistry of the side group
by removing the hydroxyl group had a significant effect on the mechanical properties. To
illustrate the sizeable gap in gel strength, the storage modulus increased to 2040 Pa for
8-PLL40-b-PLPA5 hydrogel. The difference of ~1870 Pa between its L-tyrosine analogue
illustrates the highly sensitive nature of physical crosslinking sites within these star
shaped hydrogel networks.
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A

C

Figure 2.9: Rheological properties of star diblock copolypeptides, 8-PLL40-b-PLPA5 (), 8PLL40-b-PLV5 (), 8-PLL40-b-PLT5 (). Frequency sweep (A) of hydrogels over linear
frequency (sheared at γ = 0.1, ω = 1-1000 rad s-1); closed symbols - storage modulus;
open symbols - loss modulus. Amplitude sweep (B) of hydrogels over increasing strain
(sheared at γ = 1-100, ω = 1 rad s-1). Strain based recovery (C) of hydrogels (sheared at γ
= 1, ω = 6 rad s-1 for 8 mins before switching to γ = 0.1, ω = 6 rad s-1 for 24 mins).
It could be hypothesised that incorporation of the hydroxyl group provides a partially
solubilising functionality via the acidic proton, which would allow water to penetrate.
The relationship between storage modulus and strain is depicted in Figure 2.9B. Upon
incremental increase in the strain amplitude (γ = 1 Đ 00), shear thinning of each of the
hydrogels samples became apparent. However, all star diblock copolypeptide hydrogels
demonstrated rapid recovery properties after application of a large strain (Figure 10C).
Initially, the gel structure was broken down under large oscillatory amplitude (γ = 1). The
storage modulus G’ of both 8-PLL40-b-PLT5 and 8-PLL40-b-PLV5 underwent a reduction just
over one order of magnitude while the G’ of 8-PLL40-b-PLPA5 dropped by two orders of
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magnitude. After a return to a lower amplitude strain (γ = 0.1) all polypeptide hydrogels
recovered to their original gel strength within 5-20 seconds. In particular, 8-PLL40-bPLPA5 underwent network re-assembly almost instantaneously. These properties
validate the hydrogels as suitable candidates for applications through a syringe/needle.
Indeed, when the gels were loaded into a syringe only a moderate force of 5.9-7.3 N was
required to push them though the attached needle and subsequently recover their gel
state. (Table 2.2). The force applied is acceptable when considering compression forces
up to 10 N were required for therapeutic pramlintide injections, albeit with slightly
smaller needles (29G and 31G). 42 The data implies an advantageous feature of these
materials, which is that hydrogel strength can be easily modulated for application
purposes. The comparative storage and loss moduli of both 8-PLL40-b-PLT5 and 8-PLL40b-PLV5 hydrogels would be suitable for a drug delivery matrix. 43 The high strength
associated with the 8-PLL40-b-PLPA5 hydrogel (3.0 wt%, 2.2kPa) regards it compatible in
applications ranging from wound healing scaffolds to vascular tissue scaffolds. 44,45 The
polymer 8-PLL40-b-PLPA5 demonstrated superiority in physical crosslinking due to the
densely packed aromatic residues. It can be concluded that the inclusion of a hydroxyl
substituent on the aromatic ring or the replacement with an aliphatic residue proved to
be detrimental to hydrogel strength as the storage modulus decreased almost tenfold in
each case.

2.4 Conclusions
A series of star shaped amphiphilic diblock copolypeptides with a poly(L-lysine) core and
alternating hydrophobic outer peptide blocks were prepared from the 8-arm PPI
dendrimer mediated ring opening polymerisation of amino acid NCA monomers.
Spontaneous aqueous self-assembly was observed for copolymers composed of Ltyrosine, L-phenylalanine and L-valine outer blocks but was absent in those with Lalanine outer blocks or linear polymers modelling a single star copolypeptide arm. Solgel transitions were observed at particularly lower polymer concentration (1.25 wt%) for
star copolymers containing the phenyl functionality. This presence of this moiety also
appears to contribute to a stronger gel network as seen in the rheological
measurements. The unique self-assembly associated with amphiphilic star polypeptides
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afforded hydrogel materials with multiple properties. They maintain structure with high
water content, can be injected with minimal force and are potentially enzymatically
degradable, and such may be utilised for various applications.
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CHAPTER 3
DISULPHIDE CROSSLINKED COPOLYPEPTIDE HYDROGELS

This chapter was published in; Polym. Chem., 2018, 9, 3908.
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Abstract
A series of 32- and 64-arm star shaped diblock copolypeptides containing opposite block
sequences of oligo(cysteine) and poly(lysine) resulting in hydrogels comprising core and
shell mediated disulfide crosslinking. Spontaneous gelation was observed within minutes
of aqueous immersion, without any necessary pretreatment at concentrations as low as
0.05 wt%. The secondary structure underwent a change in agreement with the gel-sol
transition as evidenced by a combination of FTIR and CD spectroscopy. Changing the
sequence on the 32-arm from core crosslinking to shell crosslinking had a significant
effect on hydrogel storage modulus as it changed from 820 Pa to 4530 Pa. Notably,
changing the polypeptide block sequence order had a direct effect on mechanical
properties (including self-recovery behaviour). While the core crosslinked hydrogel
underwent shear induced recovery almost instantaneously after passing through a
standard syringe needle, the shell crosslinked hydrogel expelled water when subject to
the same shear. The responsiveness of the molecular system to redox stimuli provides
further desirable attributes that could allow for controlled, targeted delivery of
therapeutic payloads.
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3.1 Introduction
Polymeric hydrogels, which are a class of gelating materials comprised of a threedimensional (3-D) crosslinked network, have received considerable attention in recent
times for their applicability in biomedical science. Of particular interest is their use as
drug/gene delivery systems and vectors, tissue engineering scaffolds or bio-devices such
as sensors.1 Hydrogels have been prepared from a variety of biocompatible natural and
synthetic polymers including polysaccharides and vinyl polymers. 2,3 In synthetic
polymers, pre- and post polymerisation modifications can be readily achieved allowing
for inclusion of functional groups that can facilitate gelation. Hydrogels produced can
exhibit self-recovering, self-healing or shear thinning behaviour. 4-6

Polypeptides represent excellent candidates for hydrogelating materials as they possess
a number of desirable properties. They bear a variety of different side chain
functionalities, can orientate into ordered conformations stabilising their structures and
can also hydrolyse in the presence of enzymes similar to protein degradation. 7,8 Hydrogel
networks prepared from biomimetic polypeptides also display similar physicochemical
properties to those compositions found in the extracellular matrix (ECM). 9 Ordered
conformation of parallel peptide strands results in self-assembly through secondary
ŝŶƚĞƌĂĐƚŝŽŶƐƐƵĐŚĂƐɲ-ŚĞůŝĐĂůŽƌɴ-sheet assemblies,10,11 akin to that of native proteins.12
As a result, much recent literature surrounds the use of synthetic polypeptides as
hydrogelators due to their likeness to biomolecules. 13-15

The facile nature of the N-carboxyanhydride (NCA) ring opening polymerisation (ROP) for
polypeptide production as well as the use of orthogonal chemistries has helped to
develop versatile fabrication system in order to design advanced structures. 16-19 The
versatility of the synthesis allows for development of hybrid polypeptide hydrogel
systems which can be tailor-made to realise biomedical applications. 20,21 The crosslinks
necessary for network formation are induced by independent hydrophobic physical or
chemical interactions linked to a water soluble domain. 22 Chain aggregation can occur
through micellar or fibril assembly due to adjacent crosslinks arising fƌŽŵɲ-helical and
ɴ-sheet conformations, resulting in alternative self-assembly patterns.23,24
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In hydrogel design, the incorporation of molecular crosslinks and/or polymer backbones
that are hydrolytically labile is beneficial for degradation. Polypeptides represent an ideal
platform for such owing to the cleavable functionalities in their structure. Enzymolysis is
an additional trigger for peptide bond decomposition that has been widely utilised.
Hydrogels based on polypeptides can also undergo morphological adjustments in the
form of sol-gel/gel-sol transitions or network shrinking. The materialisation of such is a
direct result of changes in pH, 25 temperature,26,27 chemical environment 28,29 or light.30,31
Among synthetic polypeptides with stimuli triggered assemblies, there is a great deal of
interest into responsiveness via redox mechanisms due to the nature of the cell. The
tripeptide, glutathione (GSH), is the most abundant non-protein based thiol present in
the intracellular environment. Its main role within the cell is to regulate the redox
process through the generation of a highly reducing medium for biomolecules,
preventing molecular oxidation. 32 Particularly interesting sites of action for GSH are
residues consisting of disulphide linkages, which readily undergo cleavage in its
presence.33 This has generated much interest due to the straightforward nature of
disulphide formation in thiol containing macromolecules.34 Thus, many research groups
have explored the use of these covalent bonds as active groups in their polymeric
architecture for responsiveness. 35,36 A number of researchers have described the
inclusion of oligo or poly-L-cysteine sequences in their synthetic polypeptides due to the
spontaneous thiol-disulphide conversion.37-39 The preparation of polypeptide based
hydrogels have also been explored through the integration of disulphide forming
residues.40,41

There are very few studies on the design and development of hydrogel systems based
on star shaped polypeptides. 42,43 We have recently reported the design of a series of
hydrogelating scaffolds from star block copolypeptides tethered to an 8-arm dendritic
core.44 The degree of polymerisation was identical for both the hydrophilic inner blocks
(poly-L-lysine) and the hydrophobic outer blocks (poly-L-tyrosine, poly-L-phenylalanine,
poly-L-valine). Contrasting chemical character of the side chain functionalities (phenol,
phenyl, isopropyl) allowed for modulation of the rheological and gelation properties,
which proved to be sensitive to the composition of the shell sequence. All hydrogels
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exhibited shear thinning properties and could be injected with acceptable force with
gelation concentrations ranging from 1.25 to 2.0 wt% and storage moduli from 180 to
2210 Pa. Superior mechanical properties are associated with hydrogels prepared from
these star shaped architectures in comparison to linear polypeptides. Using the same
principles, we have also used supramolecular star diblock copolypeptide hydrogels as
bio-inspired inks in the development of constructs via 3D extrusion printing. 45 Based on
short glutamic acid and valine chains tethered to a 32-arm dendrimer with a UV curable
functionalities, the 3D hydrogel scaffolds produced could load molecular cargo, were
hydrolytically degradable and showed non-cytotoxicity toward 3T3 fibroblasts.
Moreover, both non-gelating and gelating stars display a more efficient loading capacity
and improved delivery properties compared to conventional linear polypeptides. 46-48

Inspired by previous reports on the influence of block sequence in linear block
copolypeptides on their properties, 49,50 we present the synthesis of a series of star
shaped diblock copolypeptide hydrogels possessing differing properties based on
covalent interactions between disulphide bridges within the core and the shell of the star
architecture. Changing sequence order from core disulphide to shell disulphide results
in a transition from shear thickening to shear-thinning/self-recovering hydrogels. The
materials were readily prepared via the sequential ring opening polymerisation (ROP) of
N-carboxyanhydride (NCA) monomers benzyl-L-cysteine (BLC) and ɸ-carbobenzyloxy-Llysine (ZLL) with two highly branched poly propylene imine (PPI) dendritic initiators. The
characteristics, including the conformational and mechanical character, of each
polypeptide hydrogel were studied. Results and evaluation of the secondary structure,
rheological properties and reduction triggered drug release via dithiothreitol (DTT) are
all outlined in order to demonstrate their suitability as biomedical hydrogels.

3.2 Experimental
3.2.1 Materials
All chemicals were obtained from Sigma-ůĚƌŝĐŚ ƵŶůĞƐƐ ŽƚŚĞƌǁŝƐĞ ƐƚĂƚĞĚ͘ ɸCarbobenzyloxy-L-lysine and benzyl-L-cysteine were purchased from Novachem.
Genration 4 (G4) and generation 5 (G5) poly-propylene imine (PPI) dendrimers were
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obtained from SyMO-ŚĞŵs͘dŚĞEƐŽĨɸ-carbobenzyloxy-L-lysine (ZLL) and benzylL-cysteine (BLC) were synthesised following literature procedures.51

3.2.2 Methods
1

H-NMR spectra were recorded on a Bruker Advance 400 (400 MHz) spectrometer at

room temperature (21 °C) with trifluoroacetic acid-d (TFA-d) as a solvent. Attenuated
total reflection (ATR) FTIR was recorded using a Thermo Scientific iS10 spectrometer in
the region of 4000ʹ400 cm-1. A background measurement was initially performed before
analysing the sample. Sixteen scans were completed using a resolution of 2 cm -1. Circular
dichroism spectra were acquired using a Jasco J-810 spectropolarimeter in the UV region
(180 to 280 nm). The polypeptides were analysed at a concentration of 0.01 mg mL-1
(deionised water) in a quartz cell with a path length of 0.1 cm. Baseline correction was
achieved by using deionised water as a reference before sample measurement. The
scans were recorded at a speed of 20 nm min-1 with a data pitch of 0.1 nm. The sensitivity
was set to 10 mdeg with a response time of 3 sec and a bandwidth of 1 nm. The mean
residue ellipticity was calculated using the following equation:

[Θ]MRW / (10 × l × c)

(1)

with experimentally determined () in mdeg, mean residue weight (MRW) in g mol-1,
path length (l) in cm and sample concentration (c) in mg mL -1. The molecular weight and
molecular weight ĚŝƐƚƌŝďƵƚŝŽŶƐ ;ĚŝƐƉĞƌƐŝƚǇ͕  с DǁͬDŶͿ ǁĞƌĞ ĚĞƚĞƌŵŝŶĞĚ ďǇ ^ŝǌĞ
Exclusion Chromatography (SEC). Monodisperse polystyrene standards were used to
generate a standard calibration curve. SEC measurements were carried out on a Waters
515 equipped with a Wyatt DAWN HELEOS-II (laser 658.0 nm) laser light scattering
detector and a Wyatt Optilab rEX detector. The eluent was THF with a flow rate of 1 mL
min-1. The column temperature was set to 40 °C and the refractive index detector at 40
°C.
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Imaging and Mechanical Analysis
Scanning Electron Microscopy (SEM) was carried out on a JEOL JSM 6490LV SEM with an
excitation voltage of 15 kV. The sample was gelled at 3.0 wt% and then frozen in small
spherical moulds prior to imaging. Rheological measurements were performed on an
Anton Paar Physica MCR 301 digital rheometer. All experiments were conducted at room
temperature (21 °C) using a conical plate consisting of a 50 mm diameter geometry and
a 1° cone angle with a gap length of 0.097 mm. The use of a temperature-controlled
hood was employed to prevent evaporation of water from the hydrogels. The weight
swelling ratio (Q) of the hydrogel samples was determined using the following equation:

Q = (ms–mr )/mr

(2)

Where mr is the hydrogel mass in dry state and ms is the hydrogel mass in the
swollen state.

Drug Release
DOX.HCl was prepared as a 1 mg mL-1 solution in deionised water. The hydrogel/drug
depot was prepared resuspending the lyophilised polypeptides using the DOX.HCl
solution (1 mg mL-1) at a polypeptide concentration of 3.0 wt%. The samples were stirred
overnight and allowed to sit for two days before analysis. The drug loaded hydrogel
samples were dialysed (12-14kDa MWCO) against 50 mL of PBS (pH 7.5, room
temperature), with the addition of 10 mM DTT to the media for the reduction assay, to
determine drug release over time. Aliquots of the dialysate were assayed for DOX.HCl
content at specific time intervals using a UV/vis spectrometer at 490 nm. Quantification
was determined using a calibration curve and samples were then returned to the media.

3.2.3 Synthesis of 64-arm oligo(L-cysteine)-b-poly(L-lysine)
The NCA of benzyl-L-cysteine (176.36 mg, 7.43×10-1 mmol) was dissolved in anhydrous
CHCl3 (6 mL) under a N2 atmosphere. The flask was placed in a thermostatically
controlled water bath containing 5M NaCl at 0°C. The 64-arm G5 PPI dendrimer (16.65
mg, 2.32×10-3 mmol) was solubilised in 4 mL of dry CHCl3, and quickly added to the
Schlenk flask. The flask was evacuated under vacuum to remove the CO 2 generated and
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stirring was allowed for 20 hours at 0°C. FTIR was used to confirm total consumption of
ƚŚĞ>EŵŽŶŽŵĞƌ͘dŚĞEŽĨɸ-carbobenzyloxy-L-lysine (1.82 g, 5.95 mmol) was
dissolved in 15 mL anhydrous CHCl3 and charged to the Schlenk flask. The solution was
allowed to stir at 0°C until full conversion of the ZLL NCA monomer was confirmed by
FTIR. The polymer was precipitated into excess diethyl ether and dried under vacuum in
a desiccator to give the 64-PLC5-b-PLL40 star polymer (yield 82 %). Subsequently, the
dried polymer (1.1 g) was dissolved in 15 mL trifluoroacetic acid and allowed to stir until
fully dissolved. Then, 6 mL of HBr (33 wt% in acetic acid) was added drop wise to the
solution in a six-fold moůĂƌĞǆĐĞƐƐǁŝƚŚƌĞƐƉĞĐƚƚŽɸ-carbobenzyloxy-L-lysine and benzylL-cysteine protecting groups and stirring continued for 16 hours. The polymer was
precipitated twice into diethyl ether (40 mL) and centrifuged. The TFA/HBr/diethyl ether
waste was decanted and the precipitate was washed once more with diethyl ether. The
material was dried under vacuum and then subsequently dissolved in deionised water.
Dialysis was performed against deionised water for 4 days using a 12-14 kDa MWCO
membrane, with frequent water replacement. The polymer was then lyophilised (yield
60%). *The other diblock copolypeptides were prepared accordingly replacing the 64arm G5 PPI dendrimer initiator with the 32-arm G4 PPI dendrimer while propargylamine
was used for the linear copolymer. For the homopolypeptide ZLL NCA was used.

3.3 Results and Discussion
3.3.1 Preparation of disulphide star copolypeptides
The 32-arm star diblock copolypeptides with alternating sequences of oligo(benzyl-Lcysteine)-b-poly(Z-L-lysine) were synthesised via the ROP of corresponding NCA amino
acid monomers using a G4 poly(propylene imine) (PPI) dendrimer initiator. Alternating
between the amino acid monomer addition allowed for core tethered sequences using
BLC NCA followed by peripheral polymerisation of ZLL NCA or vice versa, maintaining a
ratio of 5 cysteine to 40 lysine per arm (Scheme 3.1). FTIR spectroscopy confirmed the
consumption of the first NCA monomer, after which the second monomer was added.
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Scheme 3.1: A) Synthetic route for 32-OLC5-b-PLL40 with an image of its subsequent
aqueous gelation and B) Synthetic route of 32-PLL40-b-OLC5 with an image of its
subsequent aqueous gelation. *two neighbouring arms denoted in each of the final
chemical structures

Subsequent macroinitiation of the second monomer was achieved through the terminal
amine in order to propagate the polypeptide shell sequence. 1H-NMR was used to
confirm the successful growth of the polypeptide chains from the terminal amine on the
dendrimer and from the terminal amine first block (Figure 3.1).

Figure 3.1: 1H-NMR spectra of A) 32-PZLL40 and B) 32-PZLL40-b-OBLC5.
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An additional 64-arm star copolypeptide with an inner oligo(benzyl-L-cysteine) and shell
poly(Z-L-lysine) sequence was synthesised in order to investigate the correlation
between degree of branching and material properties. The architecture was composed
of the same arm length but double the number of arms relative to each 32-arm dendritic
initiator.

The relative molecular

weights were analysed via size exclusion

chromatography (Figure 3.2, Table 3.1), showing a trace shift in agreement with target
degree of polymerisation (DP).

Figure 3.2: SEC traces of homopolypeptide and copolypeptides.

Table 3.1: Molecular weight and polydispersity of polypeptides.

a

polymer

Mn a

Mn b

Đa

32-PZLL40-b-OBLC5

321 kDa

366 kDa

1.17

32-OBLC5-b-PZLL40

346 kDa

366 kDa

1.11

64-OBLC5-b-PZLL40

714 kDa

733 kDa

1.13

64-PZLL40

640 kDa

671 kDa

1.13

1-PBLC50-b-PZLL400

103 kDa

114 kDa

1.32

As confirmed by SEC. b Theoretical full conversion.

In order to reveal the pendant functionalities of the polypeptides (amine and thiol),
cleavage of the protecting groups was achieved with TFA and HBr (33 %) in acetic acid.
The polymers are denoted as 32-OLC5-b-PLL40, and 32-PLL40-b-OLC5, respectively. After
purification, each of the star diblock copolypeptides formed hydrogels at low material
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concentration. No pretreatment was necessary as they spontaneously gelled in aqueous
media. The critical gelation concentration (CGC) was determined using the inversion vial
method (Table 3.2). It was considered a gel since no flow was evident within five minutes
of inversion. Interestingly, the network of hydrogel samples formed at very low
concentrations, in particular for the 32-arm shell crosslinked star copolypeptide, which
remained a stable gel at 0.05 wt%. The CGC increased significantly to 0.5 wt% for the 32arm core crosslinked hydrogel, with a slightly lower polymer concentration sufficient for
gelation of its 64-arm analogue (0.3 wt%). Switching the peptide sequence pattern has a
definitive effect on the gelation, with a magnitude of ten difference observed for
alternative 32-arm hydrogels. A linear copolymer with a DP ten times that of the
equivalent arms of the stars was synthesised (1-PBLC50-b-PZLL400) and did form a
hydrogel but at notably higher concentrations than the stars.

Table 3.2: Properties of hydrogels at room temperature. CGC ĂŶĚ'͛ĂƌĞƚŚĞĐƌŝƚŝĐĂůŐĞů
concentration (determined using inversion method) and storage modulus in the linear
visco-elastic region. Q is calculated using equation 2.
polymer

a

CGC
(wt%)

'͛;WĂͿ

Q

32-PLL40-b-OLC5

0.05

4530 a

87.4 a

32-OLC5-b-PLL40

0.5

820 a

63.1 a

64-OLC5-b-PLL40

0.3

1230 a

67.4 a

1-PBLC50-b- PZLL400

4.5

430 b

45.6 b

Analysed at 3.0 wt%. b Analysed at 6.5 wt%.

Visual inspection of core and shell disulphide hydrogel networks under SEM, which were
obtained from a hydrated gel sample that was frozen prior to imaging, show porous
interconnected networks (Fig. A5). Irregular assemblies can be observed denoting
parallel structures with many interwoven fibres observed. The alignment of such fibres
depicts accumulation of aggregates possibly representing micellar assemblies.52,53 It is
anticipated that the core crosslinked hydrogel network is governed by the conformation
stemming from disulphide linkages primarily formed through intramolecular crosslinking
junctions with thiol residues on the same star or intramolecular folding on the same arm.
100

Intermolecular crosslinking of adjacent thiol in the core stars would be difficult
considering their location within the star structure, although this would be more viable
for the shell crosslinked hydrogel network with pendant thiols on the periphery of the
architecture. In order to investigate the orientation of disulphide from the short chain
oligo(L-cysteine) sequences close to the core and on the periphery, FTIR and CD
spectroscopy was used.

3.3.2 Conformational analysis
FTIR analysis of the polypeptides in the solid and gelled state uncovered the
conformational changes resulting from the polypeptide chain folding in the amide I and
II regions from 1500-1700 cm-1 (Figure 3.3). Of the star polypeptides made with core and
shell disulfide linkages, there are significant deviations in the FTIR pattern when
compared to the star homopolypeptide 64-PLL40 (Figure A6). For each of the shell and
core disulfide crosslinked polypeptide materials, there is a nominal shift in the bands
from alternative conformations arising from both gelled and solid states. For lyophilised
32-OLC5-b-PLL40, the bands at 1670 and 1629 cm -1 become significantly more
pronounced after gelling in D2O (Figure 3.3A), with each of the bands representing
ĐŚĂƌĂĐƚĞƌŝƐƚŝĐɴ-ƚƵƌŶĂŶĚɴ-sheet conformations respectively. 54

Figure 3.3: FTIR spectra of solid (dotted lines) and gelled (dashed lines) state core A) and
shell B) disulphide crosslinked copolypeptides.
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The charĂĐƚĞƌŝƐƚŝĐ ɴ-sheet band at 1633 cm-1 becomes apparent after swelling
overlapping the random coil band at 1649 cm -1͘dŚĞŝŶĐƌĞĂƐĞŽĨ ƚŚĞɴ-turn band 1671
cm-1 could possibly signify the presence of multiple intramolecular disulphides arising
from linkages of neighbouring cysteine residues from the core oligo-L-cysteine
sequences.55 The intramolecular crosslinking of cysteines on the same polypeptide arm
sequence and on neighbouring arm sequences ĐŽƵůĚŝŶĨůƵĞŶĐĞƚŚĞƉƌĞƐĞŶĐĞŽĨɴ-motifs,
which are well established in short hydrophobic peptide sequences. 56,57 Comparatively
for the gelled 32-PLL40-b-OLC5 material (Figure 3.3B), the intensity of the characteristic
ɴ-turn band at 1670 cm-1 is modest conƐŝĚĞƌŝŶŐƚŚĞŝŶƚĞŶƐŝƚǇŽĨƚŚĞɴ-sheet band at 1630
cm-1, which could imply the presence of intermolecular disulphide formation between
adjacent star copolypeptides with shell oligo-L-cysteine.58,59 In addition to FTIR, CD
spectroscopy provides further insight into the conformation associated with polypeptide
macromolecular architecture in solution.

Figure 3.4: CD (circular dichroism) spectra of copolypeptide samples in aqueous solution.

CD analysis was used in conjunction with FTIR in order to correlate the spectroscopic
results. In the spectral traces depicted, all polypeptides display a broad centred minimum
at 197 nm, which is characteristic of predominate random coil conformation (Figure 3.4).
A star homopolypeptide in the form of 64-PLL40 was analysed as a reference in order to
compare the influence of the oligo(L-cysteine) block on the secondary structure. A large
minimum (random coil) was observed for star PLL, indicative of the conformation noted
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due to interchain repulsion of cationic chains. 60 For the 32-arm core and shell
copolypeptides, there is a moderate wavelength shift in the random coil minima,
ƐƵŐŐĞƐƚŝŶŐĚŝƐƉĂƌĂƚĞĚŝƐƵůƉŚŝĚĞ ĐƌŽƐƐůŝŶŬŝŶŐŽĨƚŚĞĂƌĐŚŝƚĞĐƚƵƌĞƐǀŝĂĂůƚĞƌŶĂƚŝǀĞɴŵŽƚŝĨƐ͘
Although the ƐůŝŐŚƚŝŶĐƌĞĂƐĞĨƌŽŵƚŚĞĚŝƐƵůƉŚŝĚĞɴĐŽŶĨŽƌŵĞƌƐŝƐĂƉƉĂƌĞŶƚ͕ƚŚĞŝŶĚŝǀŝĚƵĂů
ĐŚĂƌĂĐƚĞƌŝƐĂƚŝŽŶ ŽĨɴƚƵƌŶƐĂŶĚ ƐŚĞĞƚƐĂƌĞŬŶŽǁŶ ƚŽďĞ ĚŝĨĨŝĐƵůƚƚŽĚĞƚĞƌŵŝŶĞĨƌŽŵ
alone.61 The position of the spontaneously formed cystine crosslinks on the periphery
would contribute to a highly dense concentration of disulphides on the exterior of the
hydrophilic poly-L-lysine segments, restricting the mobility of these inherently random
coiling chains (Figure 3.5).

Figure 3.5: Schematic representation of possible arrangements of core and shell
disulphide crosslinked star copolypeptide hydrogels. A) Star copolypeptide with OLC in
the core and B) star copolypeptide with OLC on the shell.

While the core disulphide crosslinking would contribute to an inferior restriction of the
shell PLL domains, allowing for an apparent increase in random coiling. Similarly, the CD
spectral trace of 64-OLC5-b-PLL40 did not deviate much from its 32-arm analogue,
showing an almost identical intensity at the 197 nm minima. The inclusion of these
alternate OLC blocks appears to reduce the degree of random coiling of PLL, which is
known to undergo conformational shift in the presence of integrated assemblies. 62 The
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CD spectra of the linear block copolymer 1-PLC50-b-PLL400, with analogous composition,
is in agreement with the prevailing disordered content. Although since the linear
copolypeptide permits a mix of parallel and antiparallel assemblies, this could contribute
to the evident broadening in the spectral region from 197-216 nm. Another interesting
characteristic of the spectra, in addition to the minima mentioned, is the wide centered
maxima at ~216 nm. Reports suggest such moderately intense maxima are indicative of
the influence of ɴ-motifs in a peptide-based architecture, signifying the impact of
disulphide residues. These data suggest that indeed the majority of disulphide linkages
occur through intermolecular interactions with the shell crosslinked hydrogel since the
adjacent cysteine residues on the star architecture are ideally orientated for this. While
the core oligo-L-cysteine containing hydrogel system appears to be mediated through
primarily intramolecular interactions due to length and orientation of those sequences
in the core. The highly ordered arrangement of ɴ-turns or sheets from the alternative
cysteine mediated assemblies provides core and shell diblock copolypeptide materials
with different architecture and thus different spectral conformations.

3.3.3 Mechanical properties
The core and shell crosslinked star copolypeptides (32-OLC5-b-PLL40 and 32-PLL40-b-OLC5)
exhibited a distinctive linear visco-ĞůĂƐƚŝĐ ;>sͿ ƌĞŐŝŽŶ ŝŶ ǁŚŝĐŚ ƐƚŽƌĂŐĞ ŵŽĚƵůƵƐ ;'͛Ϳ
ĞǆĐĞĞĚƐƚŚĞůŽƐƐŵŽĚƵůƵƐ;'͛͛Ϳ, (Figure 3.6A and B). This is characteristic of materials that
ĞǆŚŝďŝƚ ͚ƚƌƵĞŐĞů͛ behaviour. The position of the oligo(L-cysteine) sequence appears to
afford different hydrogel mechanical properties as the ƌĞĐŽƌĚĞĚ'͛;ŝŶƚŚĞ>sƌĞŐŝŽŶͿŽĨ
the shell disulphide hydrogel was 4530  8 Pa, which is far superior in strength to the
core disulphide hydrogel, ǁŚŝĐŚŚĂƐĂ'͛ŽĨϴϮϬ 10 Pa. The length of the LVE region was
different for the core and crosslinked copolypeptides hydrogels. For example, the G’
value of 32-PLL40-b-OLC5 decreased upon reaching 2% (indicating the end of the LVE
region) and had a crossover point with G’’ at 48%. This is representative of a gel-sol
transition related flow behaviour. In comparison, the crossover point was at 5% strain
for the shell crosslinked 32-OLC5-b-PLL40 hydrogel.
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Figure 3.6: Rheological A) amplitude sweep of core and shell star copolypeptide
hydrogels with storage and loss modulus as a function of increasing strain and constant
frequency (sheared at ࠹ = 0.1ʹ100, ʘ= 1 rad s-1). Rheological B) short stepping strain
sweep of core and shell disulphide crosslinked star copolypeptides (at constant
frequency ʘ= 1 rad s-1). C) Image of both hydrogels after shearing through 21G gauge
needle.

dŚĞ ŚǇĚƌŽŐĞůƐ͛ ƐĞůĨ-recovery behaviour was investigated through a short step strain
sweep experiment (Figure 3.6B). The use of 40% strain was insufficient to induce a gelsol transition of 32-PLL40-b-OLC5 ĂƐ'͛͛ĚŝĚŶŽƚĞǆĐĞĞĚ'͛͘ůƚŚŽƵŐŚ͕ ƚŚĞůĂƌŐĞĂŵƉůŝƚƵĚĞ
strain did have an effect on the self-recovery behaviour of the hydrogel network. The
ŝŶŝƚŝĂů '͛ŽĨ 32-OLC5-b-PLL40 was 811  15 Pa, which reverted to 782  12 Pa after the
strain cycling, corresponding to full self-recovery (within error margins). In contrast, the
hydrogel formed for 32-PLL40-b-OLC5 exhibited a self-recovery of about 75%, i.e. initial
'͛ǀĂůƵĞŽĨϰϱϮϭ 9 Pa, which recovered to 3515  11 Pa after returning to original strain.
The results demonstrate that the position of the disulphide crosslinks within these star
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copolypeptide hydrogels can impart two distinctively different mechanical behaviours
otherwise unattainable in linear polypeptide analogues.

The practical aspect of this was demonstrated by assessing the ability to inject these
hydrogels through a standard 21G syringe needle (Figure 3.6C). The core crosslinked
hydrogel underwent shear deformation reforming almost instantaneously after passing
through the needle while the shell crosslinked hydrogel expelled water when subject to
the same shear (video, ESI), further substantiating the rheological analysis. For the 32arm and 64-arm core crosslinked hydrogels, there is a direct correlation between relative
strength of the gel anĚŝŶĐƌĞĂƐŝŶŐĚĞŐƌĞĞŽĨďƌĂŶĐŚŝŶŐ;'͛ǀĂůƵĞƐŽĨ820  10 Pa and 1230
 13 Pa, respectively).

In comparison to its 32-arm counterpart, the 64-arm hydrogel sample showed network
breakdown (end of LVE region) at >5% strain (Figure 3.7A) while both hydrogels were
insensitive to frequency fluctuation (Figure 3.7B). A step strain sweep experiment (Figure
3.7C) demonstrated the self-recovery behaviour of the core crosslinked hydrogels.
Above the significant amplitude oscillatory strain (40%), expected deformation was
ĞǀŝĚĞŶƚ ĂƐ '͛ ƐŚĂƌƉůǇ ƌĞĚƵĐĞĚ͘ ZĞǀĞƌƚŝŶŐ ďĂĐŬ ƚŽ Ϭ͘ϭй ƐƚƌĂŝŶ ǁŚŝĐŚ ǁĂƐ ǁŝƚŚŝŶ ƚŚĞ
ǀŝƐĐŽĞůĂƐƚŝĐƚŚƌĞƐŚŽůĚĂůůŽǁĞĚ ĨŽƌƌĞĐŽǀĞƌǇŽĨ'͛ƚŽŝƚƐŽƌŝŐŝŶĂůǀĂůƵĞ͘ǀĞŶĂĨƚĞƌƐƚĞƉƉŝŶŐ
ƚŚĞ ƐƚƌĂŝŶ ƚŽ Ă ŚŝŐŚĞƌ ĂŵƉůŝƚƵĚĞ ;ϲϬйͿ͕ ƚŚĞ '͛ŽĨ ďŽƚh star copolypeptides promptly
returned to their original state upon a return to 0.1% strain (indicating self-recovery
behaviour).
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Figure 3.7: Rheological properties of 64 and 32 arm core crosslinked copolypeptides
hydrogels. Amplitude sweep (A) of core disulphide crosslinked star copolypeptides
hydrogels with storage and loss modulus as a function of increasing strain and constant
frequency (sheared at ࠹ = 0.1ʹϭϬϬ͕ʘ= 1 rad s-1). Frequency sweep (B) of core disulphide
crosslinked star copolypeptides hydrogels with storage and loss modulus as a function of
increasing angular frequency and constant strain (sheared at ࠹ сϬ͘ϭ͕ʘсϭʹ100 rad s-1).
Stepping strain sweep (C) of core disulphide crosslinked star copolypeptides (at constant
ĨƌĞƋƵĞŶĐǇʘ= 1 rad s-1).
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3.3.4 Drug release
Since the core crosslinked hydrogels exhibit favourable rheological behaviour in terms of
shear-thinning, they were further examined for their drug release properties (Figure 3.8),
based on their potential as injectable or 3D printable matrices for therapeutic delivery.
DOX.HCl was loaded into each of the star block copolypeptide hydrogels (32- and 64arm) by vigorously mixing the lyophilised samples with the DOC.HCl solution (1 mg mL-1)
at room temperature at a polypeptide concentration of 3.0 wt%.

Figure 3.8: A) 64-OLC5-b-PLL40 hydrogel and reduction of 64-OLC5-b-PLL40 hydrogel using
10mM DTT and B) drug release profiles of DOX-loaded star copolypeptide hydrogels over
12-day period.

In order to illustrate the redox response of the disulphide linkages, two different
concentrations of DTT were added to the hydrogels (5 mM and 10 mM). Almost instantly,
the homogeneity of the hydrogels became unstable resulting in material flow (Figure
3.8A). The release profile of DOX from the star shaped hydrogels was examined in the
absence and presence of DTT, in order to simulate both a redox free and redox
environment (Figure 3.8B). The release of DOX for all samples eventually plateaued after
the 300 hours (~12 day) of the study. Cumulative release of DOX reached 32% and 49%
for the 64-arm and 32-arm block copolypeptide hydrogels respectively over 12 days.
Interesting to note is the correlation between the release profile and the degree of
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branching. The 64-arm hydrogel depot had a more delayed release of DOX which is most
likely due to the increasing degree of branching of the star architecture in addition to the
attached polypeptide arms, meaning simultaneous degradation and diffusion would be
slower. Therefore, the closely aligned core would more readily envelop the loaded drug
thus prolonging the release. DTT accelerated the release of DOX from both platforms via
cleavage of the core disulphide bonds prompting destruction of the hydrogel network
and thus diffusion through the corona of the star polypeptide.

After a period of 100 hours (~4 days), and in the absence of DTT, the sample 64-OLC5-bPLL40 released 29% of its cargo while in comparison 61% of DOX was released when the
hydrogels were exposed to DTT. The hydrogels incubated with PBS without DTT present
still triggered release without any prior stimulation from a reductant, implying that the
dendrimer core of the molecule did not encapsulate a significant amount of the payload.
This could be a result of the covalent crosslinks within the star copolypeptide. The density
of disulphide residues on the edge in the inner core would promote slow diffusion of
DOX into the PPI dendritic core, meaning the drug payload would localise at the
periphery of the core.

3.4 Conclusions
A series of star shaped diblock copolypeptides containing core and shell disulphide
crosslinks were synthesised by alternating oligo-L-cysteine and poly-L-lysine sequences.
In aqueous solution, the star copolypeptides swelled and formed stable hydrogels with
material content as low as polymer 0.05 wt%. The hydrogel behavior was monitored by
switching the sequence composition and by increasing the degree of branching of the
star copolypeptides. Changing the sequence on the 32-arm PPI dendrimer from core
crosslinking to shell crosslinking had a significant effect on hydrogel storage modulus as
it changed from 820 Pa to 4530 Pa. Moreover, the core crosslinked hydrogel underwent
self-recovery almost instantaneously after passing through a standard syringe needle
while the shell crosslinked hydrogel expelled water when subject to the same shear.
Hydrogels readily underwent network disruption after the addition of the molecular
reductant DTT, cleaving disulphide bonds resulting in a gel-sol transition, which was
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utilised to accelerate the release of the model drug doxorubicin from the hydrogel
depots. The diverse material properties associated with the star copolypeptide system
employed here allows for fabrication of stable hydrogels bearing high mechanical
strength or shear thinning properties by simply adjusting the sequence order, while
simultaneously possessing redox responsiveness. The rheological behaviour of these
core crosslinked copolypeptides coupled with their innate redox responsiveness makes
them ideal for applications that require shear-thinning redox sensitive materials such as
cardiac tissue engineering.
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CHAPTER 4
3D PRINTABLE STAR COPOLYPEPTIDE HYDROGELS

This chapter was published in; Biomacromolecules, 2018, 19, 2691.

114

Abstract
We present a star copolypeptide based hydrogel ink capable of structural
microfabrication using 3D extrusion printing. The material comprises an amphiphilic
block copolymer structure of poly(benzyl-L-glutamate)-b-oligo(L-valine), which
spontaneously form hydrogels through conformationally induced hydrophobic
interactions. The chemical design allows the bulk phase of the hydrogel to remain
intact after application of shear due to its self-recovery behavior. It is demonstrated
that the composition of the materials is ideally suited for 3D printing; with scaffolds
capable of maintaining structural cohesion after extrusion. Post extrusion UVtriggered fixation of the printed structures is carried out resulting in stable hydrogel
constructs. The constructs were found to be degradable, exhibited favorable release
of encapsulated molecular cargo and did not affect the metabolic health of the
commonly used fibroblastic cell line, Balb/3T3 cells in the absence of the reactive
diluent N,N’-methylenebisacrylamide. The star copolypeptide inks allow for rapid
prototyping enabling the fabrication of defined intricate microstructures, providing a
platform for complex scaffold development that would be otherwise unattainable
with other processing techniques such as molding or casting.

David P. Walsh conducted the cell viability assays at RCSI.
Charles A. Hamilton designed the Gcode files and assisted with 3D printing and rheology
at UOW.
Sepehr Talebian assisted with the SEM imaging at UOW.
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4.1 Introduction
The field of tissue engineering and regenerative medicine aims to regenerate
damaged tissues rather than their replacement via the creation of well defined,
surgically implantable biomaterial constructs. 1,2 The development of defined threedimensional (3D) architecture fabrication for tissue engineering has been a recent
emergence within the field.3 In particular, 3D printing represents a promising rapid
prototyping

technology

for

the

production

of

intricate

bio-inspired

scaffolds/constructs.4 Highly defined complex structures can be readily developed
with computer-aided design (CAD) and deposited with stereolithography, 5,6
extrusion7,8 or ink-jet9 based printing. For the development of tissue engineering
scaffolds, extrusion or ink-jet based approaches are mainly employed. The primary
feedstock materials

used are polymeric

hydrogels,

which possess ideal

physicochemical properties for these rapid 3D patterning techniques. Hydrogels
encompass the capability to augment native tissue due to their comparative 3D nanoarchitecture while holding the potential to act as a mimetic of the extracellular
environment.10-12 Recent work on 3D rapid prototyping with hydrogels has mainly
focused on the use of natural polymers. Polysaccharides such as chitosan 13 and
alginate14 have been chemically functionalised and used as carriers within hydrogel
inks. Recent reports also detail the fabrication of modified bio-native gelatin15 and
hyaluronic acid16 hydrogels which were 3D printed into cell laden constructs and selfhealing

structures respectively. More synthetic approaches

have

utilised

poly(ethylene glycol)17 or acrylic monomer loaded inks. 18 Despite these efforts, the
limited number of suitable bio-inks has been identified as the major barrier to
progress and the development of new advanced hydrogel applications.3 It is
envisaged that a possible solution lies in the synthesis of hydrogel polymers but
application demands are high. For example, control over the mechanical properties
for the ‘printability’ is a vitally important factor for the choice of new bioinks in the
fabrication of constructs with desired spatial resolution. In some cases, defined layerby-layer production requires the use of a high polymer fraction in hydrogel inks (>10
wt%) in order to obtain desired rheological behavior for printing. 19 Other processing
involved in the fabrication of self-supporting structures is stimuli triggered gelation
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generally using post-printing crosslinking methodologies such as UV curing. 20,21 The
process is rather straightforward, whereby a highly viscous hydrogel ink is extruded
and simultaneously cured into the desired shape with the assistance of UV irradiation.
However, this method requires rapid gelation upon extrusion onto the substrate in
order to maintain the predetermined print resolution. Thus, the essential
prerequisites for advancing the process would be to develop polymeric hydrogels that
can encapsulate high fractions of water (>97%), display shear thinning behavior and
instantaneously reassemble upon extrusion, yielding a stabilised construct.

Of those existing materials available, hydrogels based on synthetic polypeptides
derived from the polymerisation of amino acid N-carboxyanhydride (NCA) would
possess ideal properties when considering these criteria.22,23 Their secondary
structure arrangements play a vital role in the self-assembly of the adjacent peptide
domains into hydrogelating matrices. 24-27 Additionally, the amino acid building blocks
contain side groups with tunable functional groups, holding potential for customizing
the physicochemical, mechanical and biological features of hydrogels. 28-30 Although
relatively unexplored, these materials could pave the way for the development of
tailor made cell-compatible hydrogel inks which can create bio-functional structures.
The versatility of the polypeptide system allows for seamless modulation of
mechanical properties, thus expanding the range of materials and facilitating the use
of more advanced hydrogel inks in the field of 3D printing. A recent example used
dual extrusion of a polypeptide-DNA conjugate and a DNA linker to create a bio-ink
capable of yielding uniform structures based on DNA hybridisation crosslinking. 31
Here, we report for the first time the rational design of star shaped block
copolypeptides suitable as 3D printing inks. The materials combine appropriate shearthinning behavior with fast recovery to form stable, degradable, hydrogel constructs
which are non-toxic towards commonly used Balb/3T3 cells. The exceptional 3D
printing processability was demonstrated in the fabrication of various complex selfsupporting hydrogel constructs. The polypeptide inks disclosed here overcome
limitations usually encountered with 3D printing inks and could open new avenues for
rapid prototyping in areas such as tissue engineering scaffolds not achievable
otherwise.
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4.2 Experimental
4.2.1 Materials
All chemicals were obtained from Sigma-Aldrich unless otherwise stated. Benzyl-Lglutamate,

L-valine,

N’,N’-dicyclohexylcarbodiimide

(DCC)

and

4-

dimethylaminopyridine (DMAP) were purchased from Novachem (Australia). The
generation 4 (G4) 32-arm polypropylene imine (PPI) dendrimer (DAB-Am-32) was
obtained from SyMO-Chem BV (Netherlands). The NCAs of benzyl-L-glutamate and Lvaline were synthesised following literature procedures. 32

4.2.2 Methods
Nuclear Magnetic Resonance (1H NMR) analysis was completed using a Bruker Avance
400 (400 MHz) spectrometer at room temperature with CDCl3 and trifluoroacetic
acid-d (TFA-d). Attenuated total reflection (ATR) FTIR was recorded using a
spectrometer (IR Prestige-21 Shimadzu, Japan) in the region of 4000–700cm-1. A
background measurement was initially performed before analysing the sample. Thirty
scans were completed using a resolution of 2 cm -1. The molecular weight and
molecular weight distributions (dispersity, Đ = M w/Mn) were determined by size
exclusion chromatography (SEC). Measurements were carried out on a Waters 515
equipped with a Wyatt DAWN HELEOS-II (laser 658.0 nm) laser light scattering
detector and a Wyatt Optilab rEX detector. The eluent was THF with a flow rate of 1
mL min-1. The column temperature was set to 40 °C and the refractive index detector
at 40 °C. Rheological measurements were conducted on a MCR 301 digital rheometer
(Anton Paar, Physica, Australia). Frequency sweeps (ω = 1-100 rad s-1 and γ = 0.1%),
strain sweeps (γ = 0.1%-100% and ω = 1 rad s-1) and time sweeps with oscillation in
strain (stepping between γ = 0.1% and 40%, then 0.1% and 100%, and returning to γ
= 0.1%, constantly at ω = 1 rad s-1) were conducted at room temperature (21 C)
using a conical plate (CP50-1, Anton Paar, Australia) consisting of a 50 mm diameter
geometry and a 1° cone angle with a gap length of 0.097 mm. The use of a protective
hood was employed to prevent evaporation. UV stimulated measurements (γ = 0.1%,
ω = 1 rad s-1 ) were conducted using a pyrex base rheometer attachment and a Dymax
BlueWave 75 Rev 2.0 UV system with a 19+ W cm -2 light source. Printed hydrogel
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constructs were video recorded and photographed with a 16MP Nikon camera and a
16MP smart phone camera (Motorola Moto G4 Plus). Morphological imaging of the
constructs was performed with a JEOL JSM-6460A scanning electron microscope
(SEM). The samples were 3D printed, UV cured and then a cross-section of the
construct was imaged.

Ink preparation
Three hydrogel-forming inks were prepared to find the optimum formulation for
yielding well resolved stabilised constructs after 3D extrusion printing. Inks consisted
of a constant concentration of polymer (2.0 wt%), with a small variation in photo
initiator concentration and in one ink, the difunctional monomer N,N’methylenebisacrylamide.

3D printing
3D printing was done on a custom built extrusion printer, i.e. a computerised
numerical control (CNC) milling machine (Sherline Products, 5400) was used as a
positioning stage, upon which independent linear actuators (Zaber Technologies, TLA60A) were mounted onto the z-axis of the stage as syringe pumps. The hydrogel ink
was prepared and then loaded into a 5mL syringe barrel and centrifuged to remove
air bubbles. The material was then extruded by the linear actuators moving at 25 data
points/s (where each data point represents 0.047625 m). The Gcode to dictate the
movement of the printhead (at 300 mm/min) was written in the Linux Gedit program.
All prints were done using 32 or 25 gauge extrusion tips purchased from Nordson EFD
unless otherwise stated. Completed prints were subject to UV curing (Dymax
BlueWave 75 Rev 2.0 UV system/19+ W cm-2 light source) as a post-processing
method to produce stabilised constructs.

Drug Loading
Doxorubicin.HCl (DOX) was used as the drug to be loaded into the hydrogel ink. DOX
was prepared as a 1 mg mL-1 solution in deionised water. The hydrogel/drug depot
was then formed using the lyophilised polypeptides at a concentration of 2.0 wt%. 3D
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extrusion printing was carried out as described above with a longer UV exposure time.
The constructs were then incubated in PBS (pH 7.5) and aliquots were examined at
specific time intervals. The samples were analysed using a UV/vis spectrometer at a
wavelength of 490nm and quantification was completed using a calibration curve,
samples were then returned to the media. Experiments were carried out in triplicate.

Degradation Studies
UV crosslinked constructs were subject to immersion in acidic (pH 2.0), neutral (pH
7.4) and basic (pH 12.0) commercial PBS media. Samples were then incubated in a cell
culture incubator at 37 °C for a period of 4 weeks, with regular sampling intervals.
Degradation was determined by loss of hydrogel mass over time and was indicated
by dissolution of printed structures. Experiments were carried out in triplicate.

Balb/3T3 Cell Culture
Balb/3T3 clone A31 mouse fibroblasts were cultured in T175 adherent cell flasks
(Sarstedt, Germany) at a seeding density of 1x10 6 cells per flask. Complete culture
media consisted of Dulbecco's Modified Eagles Medium (DMEM) – high glucose which
was supplemented with 10% v/v Foetal Bovine Serum, 2% v/v Glutamine and 1% v/v
Penicillin/Streptomycin. Flasks were maintained in an incubator at 37 °C with 5% CO 2
and 90% humidity. Cells were passaged with 0.25% v/v trypsin/EDTA every 3-4 days
once 70-80% confluency had been reached. All experiments were carried out using
passage 6-8 cells.

In vitro biocompatibility of star shaped diblock copolypeptides
The metabolic activity of Balb/3T3 fibroblasts in the presence of extracted leachates
from sliced segments of P1, P2 & P3 copolymers was assessed using a protocol
described by Kiser et al. Briefly, 100mg segments of ring from P1, P2 or P3 were cut
under sterile conditions and incubated in 10mls of Phosphate Buffered Saline (PBS) in
a shaking water bath at 37 C for 7 days. The supernatant was filtered through a sterile
0.2µm filter (Merck Millipore, Ireland) before being diluted 1:4 with complete culture
media to form the respective treatment solution. Cytotoxicity assessment was
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performed using a colorimetric MTT Cell Growth Assay (Merck Millipore, Ireland) and
Live/Dead staining (Molecular Probes, Invitrogen, Ireland). With regard to the MTT
assay, cells were cultured as previously described and seeded at a density of 1.5x10 4
cells per well of a 96 well plate. Following 24 hours’ incubation the cells were washed
and incubated in 100µl of extracted leachates from P1, P2 or P3 prepared as
previously described. At each timepoint of 24 hours, 72 hours or 168 hours
approximately 10ul of MTT substrate was added to each well. Viable cells cleave
yellow MTT substrate to form formazan crystals in a process which requires activate
mitochondria. Cells were incubated in the presence of MTT substrate for four hours
at 37 C. The supernatant was then removed and 100ul of DMSO added to each well
to dissolve the formazan crystal protocol. Absorbance was determined at 570nm with
a reference wavelength of 630nm. A 1:4 mixture of PBS: Complete Culture Media
served as a 100% viable control. Images were obtained using a Leica DMIL microscope
(Leica Microsystems, Switzerland). For Live/Dead imaging cells were seeded into 12
well plates at a density of 2x104 cells per well. Following 24 hours incubation at 37 C,
cells were washed and media replaced with 1ml of extracted leachates from each of
P1, P2 or P3. A 1:4 mixture of PBS: Complete Culture Media served as a 100%
untreated control. At each time point of 24 hours, 72 hours or 168 hours each well
was washed with 1ml PBS and approximately 300µl LIVE/DEAD stain added. Following
a 15 minute incubation cells were imaged by fluorescence microscopy using a Leica
DMIL microscope (Leica Microsystems, Switzerland). Live cells will fluoresce green
due to the accumulation of calcein-AM while dead cells will fluoresce red due to the
accumulation of ethidium homodimer-1.

4.2.3 Synthesis of 32-arm star shaped poly(L-glutamate)-b-oligo(L-valine)
Benzyl-L-glutamate NCA (2.10 g, 7.98 mmol) was dissolved in a 5:1 mixture of dry
CHCl3/DMF (25 mL) under a N2 atmosphere in a schlenk flask at 0°C. G4 32-arm PPI
dendrimer (25.02 mg, 7.12×10-6 mmol) in 5 mL of dry CHCl3 was quickly charged to
the Schlenk flask. The flask was evacuated under vacuum to remove CO 2 and was
allowed to stir for 16 hours at 0°C. FTIR was used to confirm total monomer
consumption. An aliquot was taken directly via syringe to monitor the molecular mass
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using SEC. L-valine NCA (203.92 mg, 1.42 mmol) was dissolved in a 7 mL mixture of
anhydrous CHCl3/DMF (5:1) and charged to the flask. The solution was allowed to stir
at 0°C until full conversion was confirmed by FTIR. The polymer was precipitated into
excess diethyl ether and dried under vacuum in a dessicator to give the 32-PBLG35-bOLV5 star polymer (yield 76%). The diblock copolymer (1.6 g) was dissolved in 20 mL
trifluroacetic acid and allowed to solubilise. Then, 6 mL of HBr (33 wt% in acetic acid)
was added drop wise to the solution in a six-fold excess with respect to benzyl-Lglutamate repeat units and stirred for 16 hours. The polymer was precipitated thrice
into diethyl ether (50 mL) and centrifuged at 6000 rpm. The supernatant was
decanted and the precipitate was washed once more with diethyl ether (40 mL). It
was then dried under vacuum and then subsequently dissolved in deionised water
with NaOH. Dialysis was performed against deionised water for 5 days using a 12 kDa
MWCO membrane, with frequent water replacement. The polymer was then
lyophilised (yield 80%).

4.2.4 Preparation of allyl functionalised copolypeptide
The star copolypeptide (1.8 g, 0.02 mmol), DCC (1.04 g, 5.00 mmol) and DMAP (0.25
g, 2.07 mmol) were dissolved in 130 mL anhydrous DMSO and stirred for 30 mins. Allyl
alcohol (0.12 g, 2.07 mmol) was dissolved in 1 mL anhydrous DMSO and then charged
to the flask, and the solution was stirred for 3 days. The dicyclohexylurea (DCU)
precipitate was filtered off and the reaction solution was diluted in water, which was
then dialysed against deionised water for 4 days using a 12 kDa MWCO membrane,
with frequent water replacement. The polymer was then lyophilised (yield 91%).

4.3 Results and Discussion
4.3.1 Preparation of star copolypeptide
Star (block) copolypeptides can be readily obtained by NCA polymerisation from
multi-amine initiators.33-37 In this work, the physically crosslinked hydrogels are
composed of a 35mer of glutamic acid, chain extended with a 5mer of valine, which
are tethered from the terminal amine ends of a 32-arm polypropylene imine (PPI)
dendrimer core (Scheme 4.1).
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Scheme 4.1: Structure of star shaped diblock copolypeptides and hydrogel formation
through valine block self-assembly during extrusion (1) and post-extrusion UV
crosslinking of star copolypeptide hydrogels (2). (a) Benzyl-L-glutamate (BLG) NCA,
DMF/CHCl3, 0°C; (b) Valine NCA, DMF/CHCl3, 0°C. (c) Trifluoroacetic acid/33% HBr in
acetic acid, rt. (d) Allyl alcohol, DCC/DMAP, DMSO, rt. Note: Star block copolypeptides
comprise 32-arms; for simplicity only 6-arm star block copolypeptides are depicted.

SEC traces and 1H-NMR spectra confirmed the successful development of the diblock
copolypeptide architecture (Figure 4.1, 4.2). After deprotection, these amphiphilic
star block copolypeptides spontaneously form hydrogels, presumably through
hydrophobic interactions stemming from the self-assembly of the valine domains,
which are known to cluster in beta motif arrangements. 38 The importance of the star
shaped structure and sequence length is underpinned by the fact that the linear
equivalents of the block copolypeptide does not form hydrogels. It would appear that
the covalent point-like junctions of the star polypeptide core crucially contribute to
the stable network formation. It was envisaged that the inclusion of physical
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crosslinking domains in the form of valine isopropyl groups would facilitate the selfrecovery and dissipation of shear stress when subject to needle-based extrusion. The
reversibility of the bonding arises from the mobility of these noncovalent moieties
which allow the initial mechanical properties of the hydrogel to remain
uncompromised after shear processing. 39

Figure 4.1: SEC trace showing peptide chain extension; 32-PBLG35 (Mw 203,000, Ð
1.14) and 32-PBLG35-b-OLV5 (Mw 211,000, Ð 1.22).
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Figure 4.2: 1H-NMR spectra of star shaped poly(benzyl-L-glutamate)-b-oligo(L-valine)
in CDCl3 (15% TFA-d).
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As a robust construct was sought, a secondary crosslinking mechanism was included
for mechanical stabilisation.40 Prompting this, the copolypeptide was designed to
include photo-crosslinkable allyl groups (Scheme 4.1). Post and pre-polymerisation
modifications were carried out to identify the most suitable copolymer arrangement
for UV crosslinking. Initially triblock star copolypeptides were prepared with set block
sequence ratios in which an allyl-glutamate 5mer central block was incorporated
(Scheme 4.2). However, this arrangement proved unsuitable for 3D printing purposes
as after photo-crosslinking, shrinkage of the constructs was evident, structural
resolution was lost and the materials became brittle.

Scheme 4.2: Synthesis of star triblock copolypeptide denoting one single arm of the
32-arm PPI dendrimer.
As an alternative strategy, the diblock star copolypeptide was used with a post
polymerisation esterification protocol. The poly(L-glutamic acid) (PGA) carboxyl
groups were randomly condensed with allyl alcohol using DCC/DMAP to generate the
crosslinkable allyl moieties with a targeted degree of substitution (~15% of PGA
repeat units). Quantification of the allyl functionalities could not be determined due
to the materials’ high tendency to gel. The ratio of signal to noise in the 1H-NMR
spectra was almost identical due to the material swelling so representative allyl ester
peaks were not observable but an ester band shift was noted in the FTIR spectra of
the native and functionalised polymers (Figure A7).

4.3.2 Hydrogel properties
The hydrogel ink was trialed using handheld syringe-needle extrusion of structures
with undefined patterns. These structures were found to maintain their shape and
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conformity post UV curing so were deemed suitable for 3D printing. The hydrogel inks,
were formulated as described in Table 4.1. The star polypeptide concentration in all
aqueous formulations was 2.0 wt%. All formulations further contained photo initiator
IRGACURE 2959 at different concentrations and, in the case of P3, N,N’methylenebisacrylamide as a hydrophilic monomeric acrylate. The latter was
envisaged to act as a reactive diluent to facilitate the crosslinking process.

Table 4.1: Summary of composition and water uptake ratios of the printable ink
formulations developed from star copolypeptide hydrogels (PI: IRGACURE 2959; S1:
star copolypeptide hydrogel; NMBAA: N, N’-methylenebisacrylamide).
Ink composition

Water uptake ratio(a)

Water uptake ratio(b)

(per 1 mL ink)

(hydrogel ink)

(printed, UV crosslinked)

P1

20 mg S1, 1 mg PI

64.1 ± 1.5

11.2 ± 0.3

P2

20 mg S1, 5 mg PI

75.4 ± 1.7

12.4 ± 0.4

P3

20 mg S1, 5 mg PI, 8 74.3 ± 1.5

15.7 ± 0.2

Entry

mg NMBAA
(a) The water uptake ratio was determined from the equation (W S – WD) / WD, where
WD is the mass of the polymer and starting materials in dry state and W S is the
hydrogel mass in the swollen state. (b) For the UV crosslinked construct, the water
uptake ratio was determined from the same equation (W S – WD) / WD, where WD is
the mass of the dried UV crosslinked construct and W S is the mass of the construct in
the swollen state.
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Figure 4.3: Rheological A) amplitude sweep (γ = 1-100%, ω = 1 rad s-1) and B) frequency
sweep (γ = 0.1%, ω = 1-100 rad s-1 ) of the P1 hydrogel at 1.0 wt%. Closed and open
spheres indicate storage (G’) and loss (G”) modulus values respectively.

To elucidate the ink formulations’ suitability for 3D extrusion printing, the rheological
properties of P1, P2 and P3 were evaluated. An amplitude sweep was carried out to
identify the viscoelastic linear region of the star copolypetide hydrogel and determine
its yield stress point (Figure 4.3A). The hydrogel maintained its rheological behavior
until 4% strain was reached, the point in time when gel network collapse was
observed. The hydrogel also exhibited oscillatory stability when subject to analysis
over a wide range of frequencies (Figure 4.3B).

In order to mechanically simulate the shear induced self-recovery after the extrusion
process, the dynamic modulus of the star copolypeptide inks were measured through
a time sweep with steps in strain (Figure 4.4A). Alternating the strain from low to high
had no significant impact on the storage modulus and loss modulus. The initial storage
modulus value of 1513 ± 5 Pa (at 0.1% strain) recovered almost instantaneously to
1495 ± 6 Pa after stepping in strain (between 0.1% and 40%). Similarly, after
subjecting the hydrogel to steps in strain (between 0.1% and 100%), the modulus
recovered rapidly to 1522 ± 10 Pa. Once strain is reduced, rapid self-recovery of the
hydrogel network occurs (30 seconds) as the bulk flow of the material is unhindered
by the strain process. A UV mediated time sweep (Figure 4.4B) conveys enhanced
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modulation of storage modulus values confirming the expected formation of covalent
crosslinks. Once the hydrogel ink was UV irradiated, the allyl-glutamate residues
polymerise with neighboring moieties forming a secondary hydrophobic chain within
the hydrogel, resulting in the formation of a stronger gel network and thus an increase
in storage modulus.

Figure 4.4: A) Rheological stepping strain based time sweep of hydrogel at 1.0 wt% (γ
= 0.1% for 240 s, then γ = 40% for 240 s, then γ = 0.1% for 240 s, then γ = 100% for
240 s, then γ = 0.1% for 240 s; ω = 1 rad s-1). B) UV mediated time sweep of the P1
hydrogel at 1.0 wt% (γ = 0.1%; ω = 1 rad s-1).

4.3.3 3D extrusion of hydrogels
3D printing of hydrogels was carried out using a 3D printer comprised of a precision
positioning system and an ink extrusion system. The hydrogel ink was loaded into a 5
mL syringe and centrifuged to remove any air bubbles present. The material was then
extruded using 32 or 25-gauge extrusion tips at a constant speed and a programmed
printhead movement (300 mm/min) onto a planar platform yielding well resolved
constructs. As predicted by rheological analysis, all tested star block copolypeptide
hydrogel formulations could form self-supporting micron sized structures at heights
of up to 12 layers before UV curing (Figure 4.5A), demonstrating their remarkable
mechanical robustness.
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Figure 4.5: A) Image of 12 layered construct after 3D extrusion but before UV curing.
B) Image of ring construct after 3D extrusion and UV curing. Scale bar = 10 mm.

Furthermore, intricate printing patterns were easily attained with resulting structures
devoid of any shear related flow behavior. The constructs were then immobilised
through UV initiation of surface allyl-glutamate residues with the radical species of
IRGACURE 2959, yielding stabilised hydrogel prints. Both arbitrary grid and ringshaped structures (Figure 4.5B, 4.6A, 4.6B) were 3D patterned with the printed track
resolution ranging from the mm to µm scale as a result of alternating the extrusion
parameters. Markedly improved deposition and structural definition was observed
after switching the nozzle size (32 to 25 gauge) and changing the extrusion deposition
speed (30 mm/s to 25 mm/s). The resulting structures maintained micrometer
spacing between adjacent tracks even after UV curing. A cross section of the printed
ring was analysed using a scanning electron microscope revealing a micro-porous
network of intertwined fibers. The position of elongated fibers in the core with more
densely packed antiparallel/parallel fibers present near the edges suggest bulk
chemical crosslinking towards the surface of the construct (Figure 4.6D).
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Figure 4.6: A) Image of hydrogel grid structure during 3D extrusion printing and before
UV crosslinking at a polymer fraction of 2.0 wt%. B) Image of hydrogel ring structure
(8 cm diameter) during 3D extrusion and before UV crosslinking at a polymer fraction
of 2.0 wt%. C) Hydrogel ink before (top) and after (bottom) 3D fabrication and UV
curing. D) Scanning electron microscopy image of cross section of hydrogel construct
after UV curing. Scale bar = 100µm.

4.3.4 Degradation, drug release and cell studies
Without any intermediate work up, a portion of the printed structures were then
subject to pH responsive degradation, highlighting a desirable feature of the star block
copolypeptide material. No initial swelling was observed in the degradation analysis
which could be a result of a maximum capacity of water already in the constructs. The
expulsion of water during crosslinking in addition to the evaporation effects of the
heat generated from UV irradiation would cause the structures to become less
hydrated. This is demonstrated in the reduced water uptake of constructs after UV
crosslinking (Table 4.1). In terms of bulk mass loss, the profile of P1 was quicker than
that of the P2 construct when subject to incubation in neutral isotonic media over a
30-day period (Figure 4.7A). Moreover, the decomposition of P3 was found to be even
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more prolonged in comparison to P1 and P2 as deduced from the linear curve fit. This
could be due to the higher degree of crosslinking caused by the presence of the
reactive diluent in addition to the inferior degradation profile of poly(acrylamide)s in
comparison to poly(allylester)s.

A stark profile change was observed in both basic and acidic pH, which accelerate
peptide degradation through hydrolysis (Figure 4.7B, 4.7C). After a 21-day period at
neutral pH, 55 ± 3 % of scaffold P1 remained compared to 36 ± 2 % when subject to
incubation at pH 2.0. Hydrolytic cleavage of the ester bonds and the peptide
backbone would result in deconstruction of chemical and physical crosslinks and
subsequent chain scission.41 Significant disassembly of the hydrogel construct started
to become evident after 22 days when small portions became deconstructed from
the bulk structure, suggesting unravelling of the secondary structure and the
supramolecular crosslinks within the network in each pH medium. We can deduce
that the hydrogel constructs possess labile bonding for degradation in a variety of pH
environments and thus potentially in biological-fluids, meaning the polymer fraction
can diminish and ultimately degrade fully in a biological environment.
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Figure 4.7: Hydrolytic degradation of small portions (150 – 200 mg) of UV-cured P1,
P2 and P3 ring constructs in A) neutral PBS buffer media, B) basic PBS buffer media
and C) acidic PBS buffer media (Straight lines denote linear fit).

The degradation profile coupled with the presence of both hydrophobic physical and
chemical domains, indicated the capability to encapsulate and release molecular
cargo. Initially, the hydrogel inks were loaded with the small molecule drug
doxorubicin hydrochloride (DOX.HCl). 3D extrusion was carried out in a similar
manner as described albeit with the addition of 2% DOX.HCl (w/w). Ring shaped
structures were readily attained although a longer exposure to UV was necessary in
order to form a mechanically supported drug loaded gel construct, which is
potentially due to inferior penetration of UV light through the slightly red colored
hydrogel construct and thus slower activation of the photo initiator. All hydrogel
constructs were subject to release at neutral pH and the released drug was quantified
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by UV spectroscopy (Figure 4.8A). DOX.HCl loaded P1 exhibited an initial burst release
(28 ± 3 %) within the first 50 hours followed by a steady release of another 10 % up
to 350 hours. In comparison, a less pronounced burst release was observed for P2
resulting in lower release after 50 hours (13 ± 2 %), potentially due to the higher
degree of inter network crosslinking in the P2 structure. This is presumably due to the
use of 5-fold excess of photo initiator in P2 which would contribute to a higher
concentration of radicals upon UV stimulation resulting in higher density of radically
mediated crosslinks.[19] A lower burst release was also observed for P3, possibly for
the same reason of higher crosslink density. Following the initial burst release all
samples display a continuous steady drug release, which correlates with the material
degradation and simultaneous diffusion. The P1 loaded construct was also subject to
acid stimulated release as a comparison (Figure 4.8B). After 168 hours (7 days) in
neutral media 33% ± 2 % was released at neutral pH while 45 ± 4 % was released in
the acidic media. This could be prompted by the deionisation of sodium glutamate
residues to the corresponding free acid resulting in condensation of the hydrogel
construct triggering an increased amount of DOX.HCl to be released.

Figure 4.8: A) DOX.HCl release of P1-P3 in neutral PBS buffer media. B) DOX.HCl
release of P1 in neutral and acidic pH.

The cytotoxicity of polymer constructs was investigated by incubating Balb/3T3 cells
in the presence of 1 ml of extracted leachates from each of P1, P2 and P3. Balb/3T3
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cells are an adherent, fibroblastic cell line which are a commonly utilised cell type
within the literature for assessing the potential in vitro cytotoxicity of novel polymeric
materials.42

Figure 4.9: A) Effect of extracted ring construct leachates on Balb/3T3 metabolic
health. Balb/3T3 cells were incubated in the presence of 1 ml of extracted leachates
from each of P1, P2 and P3. A significant reduction in the metabolic health of Balb/3T3
cells was evident following incubation with extracted leachates from P3. B) Live/Dead
fluorescence microscopy images of Balb/3T3 Cells Following Incubation with
extracted leachate. Balb/3T3 cells which been incubated in the presence of extracted
leachates from each of P1 (a), P2 (b) and P3 (c) at 24 hours (i), 72 hours (ii) and 168
hours (iii). Viable cells will fluoresce green while dead cells fluoresce red. Scale bar =
100µm.
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It was found that the cells do not suffer from a reduced metabolic state due to being
exposed to the extracted leachates from P1 and P2 for up to 7 days (Figure 4.9). This
implies that these two polymers are not leaching out any materials/by-products which
could result in either acute or delayed toxicity effects on these cells. Indeed, cells
treated with P1 extracted leachates have a metabolic health of 105.5 ± 9.3% at 24
hours which is maintained at 103.5 ± 8.9 % by 168 hours. Similarly, P2 has an initial
metabolic health of 107.5 ± 6.7 % at 24 hours which falls to 90 ± 14 % by 168 hours.
In contrast, P3 resulted in a significant reduction in cell metabolic health over the time
course of the study. Initial, acute toxicity of exposure to extracted leachates from P3
was not evident as observed by an initial metabolic activity of 95.9 ± 12% at 24 hours.
However, delayed toxicity of exposure to these leachates is clearly present as evident
by a reduction in the metabolic health to 6.2 ± 3% by 168 hours. In corroboration of
these results, Live/Dead imaging demonstrated a healthy monolayer of live (green)
cells for both P1 and P2 leachate treated Balb/3T3 cells (Figure 4.9). In this instance,
the cell density appeared to increase over time, indicating a proliferating monolayer,
a result also observable using phase contrast imaging (Figure A8). In contrast, cells
treated with P3 leachates displayed a decrease in cell density over time, with both
reduced live (green) and dead (red) cells suggesting the leachates were causing cells
to detach from the adherent plastic. These findings are hypothesised to be due to the
delayed intracellular processing of excess unreacted N,N’-methylenebisacrylamide
monomer present in P3. Overall, the extracted leachates from P1 and P2 do not
appear to be toxic to the commonly used Balb/3T3 fibroblast cell line similar to that
of the untreated control (Figure A9) while those extracted from P3 are associated with
a delayed toxicity effect.

4.4 Conclusions
Novel hydrogels based on amphiphilic star block copolypeptide capable of structural
microfabrication using 3D extrusion printing were developed. It was demonstrated
that the composition of the materials is ideally suited for 3D printing; with scaffolds
capable of maintaining structural cohesion after extrusion. In particular, extrusion
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printing allows for rapid prototyping enabling the fabrication of defined intricate
microstructures, providing a platform for complex scaffold development that would
be otherwise unattainable with other processing techniques such as molding or
casting. Alternatively, multiscale structures could also be readily attained through
varying the printing parameters. The constructs were found to be degradable,
exhibited favorable release of encapsulated molecular cargo and did not affect the
metabolic health of the commonly used fibroblastic cell line, Balb/3T3 cells. The
versatility of the material can allow for modulation of hydrogel ink properties, thus
providing a plethora of possibilities for optimised tissue construction using 3D
printing.
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CHAPTER 5
POLYPEPTIDE ORGANO/HYDROGELS FROM
DIFUNCTIONAL NCA
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Abstract
The design of both solvent and water gelators from the same structural scaffold is
challenging, so a chemical transformation is usually necessary in order to realise both
material properties. In this work we report the synthesis of a new difunctional Ncarboxyanhydride (NCA) monomer, namely diaminopimelic acid (DAPA), and its use in
the one-pot preparation of an organogelating copolypeptide. The organogel is formed in
situ through ring opening polymerisation (ROP) of DAPA NCA with helical poly(xcarbobenzyloxy-L-lysine) (PZLL) sequences in a mixture of DMF/chloroform. After
removing the solvent, the copolypeptide was tested for its uptake of a range of different
organic solvents. Interestingly, after removal of the carbobenzyloxy (cbz or Z) protecting
groups, the network remained intact in exceedingly high aqueous concentrations
(99.5%). FTIR was used to characterise the secondary structure, revealing the
crosslinking arrangements that contributed to gelation with the mechanical properties
of the gel analysed via rheological assays.
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5.1 Introduction
Gelators are an important class of three-dimensional networks composed of different
physico-chemical domains. Composed of polymeric sequences that bear permeable
molecular crosslinking junctions, these materials function as a swellable matrix
permitting the uptake and encapsulation of water or organic solvents. Polymeric
hydrogels are a particularly interesting class of mimetic matrices due to their biological
relevance. They are composed of hydrophilic regions which are capable of entrapping
high concentrations of water with an interconnected polymeric network analogous to
that of the extracellular matrix, rendering them suitable as augmented biomaterials. 1, 2
Macromolecular modelling of native protein interactions has led to synthetic
polypeptide based hydrogels that can be modulated by optimising the chemistry of
amino acid side groups. The inherent self-assembly of polypeptide amphiphiles has been
explored by many groups as a basis for gelation. Native amino acids have been utilised
as polymeric blocks in these supramolecular gelators, contributing to material with
tailored mechanical properties due to control of conformational assemblies.3,4 The
physical bonding contributing to gelation usually emanates from the polypeptide chain
composition via electrostatic interactions, 5 hydrophobic interactions,6 hydrogen
bonding,7 t

stacking8, and van der Waals forces.9 The resulting hydrogels possess

relatively moderate mechanical strength in addition to unique properties as a
consequence of their reversible non-covalent bonding character. In chemically
crosslinked hydrogels, the framework consists of covalent networks formed through
stepwise orthogonal chemical reactions. A number of reactions have been used in the
generation of polypeptide organogels/hydrogels such as thiol-ene click,10 schiff-base11
enzyme induced crosslinking,12

radical polymerisation13 and the recently utilised

triazolinedione (TAD) click reaction.14

Covalent crosslinks evident in nature are limited to the spontaneously occurring
disulphide bond of native cysteine residues. 15 Cystine, the endogenous dimerised version
of oxidised cysteine, is the only naturally occurring difunctional amino acid. To the best
of our knowledge, there has only been one difunctional amino acid monomer
synthesised and used in NCA ROP, namely cystine NCA.16, 17 For the development of core
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crosslinked star (CCS) polypeptides cystine NCA has been successfully used as a
crosslinker using arm first approaches. Chen and coworkers have reported the use of a
PEG-NH2 initiated copolymerisation of benzyl-L-glutamate (BLG) NCA or carbobenzyloxyL-lysine (ZLL) NCA with L-cystine NCA, which formed nanogels post-deprotection.18 The
nanogels demonstrated a promising release profile of doxorubicin (DOX) molecular cargo
in both reductive and acidic conditiovX u}
A v˘uo}(Ru}v}u[ ]v
material design was reported by Jing et al. 19 A novel near infrared (NIR) cyanine dye was
loaded into a cystine containing copolypeptide nanogel, with a reduction stimulus
inducing the disassembly of the nanogel and promoting the release of the hydrophobic
cyanine dye inside HepG2 carcinoma cells.

Herein, we propose a one-pot approach to synthesise organogels based on a core
crosslinked copolypeptide and its conversion to mechanically robust hydrogels. Using a
novel difunctional NCA (N-carboxyanhydride), stiff organogels were synthesised through
ROP~]vP}v]vP }o˙u]]}v }( Ru}v}u ]vRv}(}or

-helical

PZLL (poly-Z-L-lysine) chains. Acid hydrolysis of Z protecting groups was conducted to
assess the uptake in aqueous conditions, which afforded strong hydrogels. To the best
of our knowledge, this is the first reported case of the synthesis and use of the
difunctional DAPA (diaminopimelic acid) NCA monomer in the development of polymeric
materials.

5.2 Experimental
5.2.1 Materials
All chemicals were obtained from Sigma-Aldrich unless otherwise stated. Diaminopimelic
] ` R (}u Fo}}RuX TR NCA }( x

-carbobenzyloxy-L-lysine and

sarcosine were synthesised following a standard NCA literature procedure. 20

5.2.2 Methods
1

H-NMR spectra were recorded on a Bruker Avance 400 (400 MHz) spectrometer at room

temperature with TFA-d as a solvent. Attenuated total reflection (ATR) FTIR was recorded
using a Thermo Scientific iS10 spectrometer in the region of 4000t 400 cm-1. A
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background measurement was initially performed before analysing the sample. Sixteen
scans were completed using a resolution of 2 cm -1. Size exclusion chromatography (SEC)
` } u]v R ]]] ~M v u}oo `]PR }( }o˙uX SEC
was conducted in hexafluoroisopropanol (HFIP) using an PSS SECurity GPC system
equipped with a PFG 7 µm 8 × 50 mm pre-column, a PSS 100 Å, 7µm 8 × 300 mm and a
PSS 1000 Å, 7µm 8 × 300 mm column in series and a differential refractive index (RI)
detector at a flow rate of 1.0 mL min-1. The systems were calibrated against Agilent EasiVial linear poly(methyl methacrylate) (PMMA) standards and analysed by the software
package PSS winGPC UniChrom. Rheological measurements were completed on a MCR
301 digital rheometer (Anton Paar). All experiments were conducted at room
temperature using a conical plate (CP50-1, Anton Paar) consisting of a 50 mm diameter
geometry and a gap length of 0.1 mm. The use of a protective hood was employed to
prevent evaporation.

5.2.3 Preparation of diaminopimelic acid NCA
]u]v}]uo]
D
] ~ PU X uu}o v r

-pinene (5.73 g, 42.06 mmol) were

suspended in 130 mL of anhydrous THF in a three neck flask and heated to reflux. Then
triphosgene (4.99 g, 16.82 mmol) dissolved in 50 mL anhydrous THF was added dropwise.
The mixture was allowed to stir for 24 hours at which point a clear solution was observed.
The solution was bubbled with nitrogen for one hour then filtered and reduced under
vacuum to yield an oil. After multiple precipitations in hexane an off yellow oil was
obtained (yield: 45%).

5.2.4 Synthesis of poly-Z-L-lysine-b-poly-diaminopimelic acid
The NCA of x-carbobenzyloxy-L-lysine (430 mg, 1.40 mmol) was dissolved in a 25 mL
mixture of anhydrous CHCl3 and DMF (5:1) in a Schlenk flask under a N2 atmosphere. The
flask was then placed in a thermostatically controlled water bath containing 5M NaCl at
0°C. Allylamine (1.34 mg, 2.34×10-2 mmol) was solubilised in 2.5 mL of anhydrous CHCl3
and added via syringe to the Schlenk flask. The flask was evacuated under vacuum to
liberate the CO2 generated, with stirring allowed for 18 hours at 0°C. FTIR was used to
confirm total consumption of the ZLL NCA monomer. The NCA of diaminopimelic acid
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(85.01 mg, 3.51×10-1 mmol) was dissolved in 2.5 mL of DMF and quickly added via syringe
to the Schlenk flask. The solution was allowed to stir at 0°C until full conversion of the
DAPA NCA monomer was confirmed by FTIR. The gelled polymer was then precipitated
into excess diethyl ether thrice and dried in a vacuum oven to afford the polymer (yield
82 %). *poly-sarcosine-b-poly-diaminopimelic was prepared by substituting ZLL NCA for
sarcosine NCA while in the copolymer both NCAs were mixed before adding in the
allylamine initiator.

5.2.5 Deprotection of poly-Z-L-lysine-b-poly-diaminopimelic acid
The dried polymer (350 mg) was then dissolved in 10 mL trifluoroacetic acid and allowed
to stir until fully dissolved. Then, 2 mL of HBr (33% wt. in acetic acid) was added drop
wise to the solution in a six-fold molar excess (with respect to x-carbobenzyloxy-L-lysine
protecting groups) and the solution was allowed to stir for 18 hours. The polymer was
precipitated thrice into diethyl ether (40 mL) and centrifuged. After a final wash with
diethyl ether, the material was dried under vacuum in a desiccator. The dried polymer
was then immersed in deionised water at which point swelling was observed. The pH
was brought to 7.0 and dialysis was performed against deionised water for 3 days using
a 10kDa MWCO membrane. The polymer was then lyophilised (yield 70%).

5.3 Results and Discussion
5.3.1 Preparation and characterisation
In this work, v r -helical forming polypeptide block, poly(Z-L-lysine) (PZLL) was core
crosslinked through the ROP of a new difunctional NCA monomer. The material provided
swells in both organic and aqueous conditions, owing to it versatility as a stabilise r helix (in organic solvents) and a chain stabilised random coil (in aqueous media). The
non-ionic polymer poly(sarcosine) (PSar) was used as a reference to investigate the
differing macroscopic properties respectively. As shown is Scheme 5.1, allylamine
initiated ROP of NCA ZLL at 0 °C (same for NCA Sar) was carried out to generate the
corresponding homopolypeptides in a mixture of chloroform and DMF (5:1).
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Scheme 5.1: Illustration of sequential ROP of ZLL NCA and DAPA NCA forming
intercrosslinked network.

For the preparation of DAPA NCA, a modified method was used.17 The monomer was
then purified by multiple precipitations yielding an off white oily residue. The molecular
structure was characterised and its purity confirmed with multiple methods, including
FTIR, 1H and 13C NMR spectroscopies. Characteristic anhydride stretching bands from the
NCA ring were present at 1841 and 1775 cm -1 in the FTIR spectra (Figure 5.1). The amide
protons from the NCA rings can be seen in the 1H NMR spectra with a signal at 9.25 ppm
(Figure 5.2A). The 13C NMR spectra confirms the presence of equivalent NCA anhydride
carbonyls, which could be assigned to the peaks at 152 and 172 ppm respectively (Figure
5.2B).
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1841 cm -1
1808 cm -1
1775 cm-1
1751 cm -1

Figure 5.1: FTIR spectrum of diaminopimelic acid NCA highlighting anhydride band.

The initial PZLL and PSar structures were confirmed by the complete consumption of
each respective NCA as deduced by FTIR. Acquisition of the homopolymer samples for
SEC (Figure 5.3) were possible, however SEC traces for the diblock copolymers were not
attainable as the diblocks swelled in HFIP. The addition of the DAPA NCA to the PZLL
homopolypeptide in solution had no immediate effect on polymer solvation. However,
after 2 days the entire solution was immobilised and would no longer stir (Figure 5.4).
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Figure 5.2: A) 1H-NMR and B) 13C-NMR spectrum of DAPA NCA (in DMSO-d6).

Figure 5.3: SEC traces with molecular weight and dispersities for initial blocks consisting
of A) PZLL80 (P1)and B) PSar80 (P2).
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Figure 5.4: Organogel (1.9 wt%) in CHCl3/DMF (5:1) mixture formed in schlenk flask.

It was difficult to obtain a well resolved 1H NMR spectra for the copolypeptide as it gelled
in all commonly used NMR solvent. Initial attempts resulted in spectra with suppressed
proton signals from the characteristic PZLL highly crosslinked DAPA core (Figure 5.5). This
is caused by the restricted movement of protons in the highly crosslinked polypeptide
core, which leads to reduced mobility when subject to the NMR field and thus yielding a
poor signal intensity.21
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Figure 5.5: 1H-NMR spectrum of PZLL-b-PDPA organogel (measured in DMSO-d6).

Iv]vPo˙U v`R]o u]v]v]vP RPA
AD NC[A

stoichiometric control, switching

the initial PZLL sequence for a PSar sequence failed to induce any in situorganogelation,
rather the solution turned opaque and slight precipitation was observed. Since PSar is a
predominately random coil forming sequence, it is devoid of the structural organisation
of r -helical forming PZLL, which is a conformation known to facilitate solvent gelation at
sufficiently high concentrations.22 Thus, for in situ gelation, maintaining the PZLL as the
initial sequence was necessary in order to promote organogelation through subsequent
macroinitiation of the difunctional NCA monomer. After precipitation of PSar-PDAPA
polypeptide, it was found at higher polymer concentrations in both DMF and water.
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5.3.2 Gel properties
After removing the entrapped solvent from each of the copolypeptides, they were trialed
for uptake of a range of different organic solvents showing a particularly high efficacy for
each of the polar aprotic solvents. They formed stable organogels in toluene, chloroform,
dichloromethane, tetrahydrofuran (THF), ethyl acetate, dimethyl sulphoxide (DMSO),
dimethylformaide (DMF), hexafluoroisopropanol (HFIP) and acetonitrile; while ethanol,
methanol, isopropanol, hexane, petroleum ether and diethyl ether has no solubilising or
swelling effect on the materials. Improvement in the gelation efficacy in DMF could be
promoted by its hydrogen bonding breaking effect, resulting in a reduction of the helical
self-assembly of the PZLL sequences and swelling due to the highly hydrophobic
crosslinked core, similar to random coiling of the P2 PSar copolymer. To corroborate this,
P1 was found to have a three-fold swelling ratio in comparison to P2 (Table 5.1). A similar
uptake was also observed in P3 poly(L-lysine-co-diaminopimelic acid) copolymer.

Table 5.1:

Swelling ratio of polymers in organic solvents and water

entry

polymer

swelling ratioa

swelling ratiob

P1

PZLL-b-PDAPA

12.8

32.8

P2

PSar-b-PDAPA

3.6

5.6

P3

PZLL-co-PDAPA

9.5

-

(a) The swelling ratio for DMF was determined from the equation (W S t WD) / WD, where
WD is the mass of the polymer in dry state and W S is the organogel mass in the swollen
state. (b) The swelling ratio for water was determined from the equation (W S t WD) / WD,
where WD is the mass of the polymer in dry state and W S is the hydrogel mass in the
swollen state.
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acid

Scheme 5.2: Illustration denoting the organogel to hydrogel transition.

For P1 and P3, the Z protection group was removed by acidic treatment (TFA/HBr 33%)
revealing the pendant ionised ammonium groups, promoting water solubility within the
polymer architecture (Scheme 5.2). After removal of the excess acid with dialysis
followed by lyophilisation of the materials, the hydrogelation ability of the now
amphiphilic copolypeptides was examined using the Svial ]v]}v_uR}~
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Figure 5.6).

Figure 5.6: The core crosslinked copolypeptide hydrogel (P1) at 3.0 wt% in deionised
water.

There was uptake of water for P1, forming a transparent hydrogel while interestingly P3
did not appear to uptake any water. For the sarcosine containing copolymer, P2, swelling
in water was evident although at higher polymer concentration. The gels formed from
P2 had a swelling ratio of 5.62 after an incubation period of 2 hours in water. Prompting
this, only P1 was screened for its spectroscopic and rheological properties.

5.3.3 Structural conformation
FTIR spectroscopy was used to deduce backbone arrangements of the dried and swollen
P1 organogel and hydrogel samples. Based on the orientation of the DAPA monomer
after ROP, a multitude of turning and twisting conformation of this crosslinked peptide
core could possibly be observable using FTIRU l]v } R} v (}v (}u t

-

conformers in small peptides. 23 The homopolypeptide composed purely of PZLL is known
to conveys characteristic bands in the amide I region (1650 cm-1) correlating to the
] l}v

C=O, with the x-amide Z protecting group CAAO stretch appearing

above 1700 cm-1. Interestingly, the dried P1 sample shows the split of this band into a
multitude of peaks (Figure 5.7A).
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Figure 5.7: FTIR spectra of A) P1 dried organogel, B) P1 swollen organogel (in DMSO), C)
lyophilised hydrogel and D) swollen hydrogel (in D 2O).

The bands at 1649/1652 cm-1 denote the helix, with random coiling observed at 1642
cm-1 and u]˘ t

-motifs at 1632 and above 1660 cm-1, probable cause of PDAPA core

crosslinking. After P1 was swollen in a small volume of DMF, FTIR spectra of the resulting
organogels displayed a broadened signal in the amide I region (Figure 5.7B). A strong
band at 1658 cm-1 appearedU ]v]] }( u]˘ r

-helix/random coil conformation,

denoting the disruption of the hydrogen bonding associated with helix stabilisation. The
t -motif bands had receded, although peak shouldering was evident. For the deprotected
P1 copolypeptide, the spectra displays two absorptions at 1647 and 1672 cm-1, signifying
˘v}u }]o]vP }(PLLvR]]t

-turn amide stretch. This correlates

since the nature of the DAPA crosslink could cause the peptide backbone to orientate
into multiple patterns (Figure 5.7C), with turning and twisting being a likely outcome.
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Importantly, after swelling P1 in D2O, the gel exhibited a significant shift in intensity of
the t -sheet and the t -turn bands, with reduction of the random coil peak (Figure 5.7D).
This potentially confirms the conformational state of DAPA crosslinking in the core since
no intermolecular H-bonding contributes to the gelation.

5.3.4 Rheological properties

Figure 5.8: A) Compilation of rheological properties of P1 hydrogel at different
concentrations. B) Frequency sweeps of at different concentrations (denoted by colour
in A).

The influence of difunctional peptide crosslink on the stability of the hydrogel network
was ascertained by evaluating the mechanical properties. Rheological amplitude,
frequency and time sweeps were conducted to directly elucidate the G[ ~}P
m}ovG[[~o}u}o

under different shear/strain parameters. At 2.0 wt%, P1

appears to take on a stiff gel state with an unusually high G[ of 2680 Pa, comparative to
80 Pa for commonly used gelatin hydrogels used in tissue engineering. 24
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Figure 5.9: Rheological amplitude sweep of P1 hydrogel A) at 0.5 wt% and B) at 2.0 wt%.

Incrementally decreasing polymer concentrations were trialed to evaluate the impact on
rheological properties. The crosslinked copolypeptide could maintain a gel network at
very low material concentrations in a range below 2.0 wt% (Figure 4.8A and B).
S]]vPo˙U vXæ `A9] u]v]v Po]}v `]RG[ æ Pv G[[ PX
An interesting concentration dependent property was observed in the amplitude sweep
at 0.5 wt% (Figure 5.9). The reduction in material concentration appeared to constitute
a more robust gel network as it appears to have a higher strain induced breaking point
(29.3 %) than for the 2.0 wt% gel (5.2 %) under the same conditions (Figure 5.9B).

5.4 Conclusion
In conclusion, organogels were formed from in situring opening }o˙u]]}v }(v r

-

helical polypeptide with a novel difunctional NCA monomer, immobilising the solvent
through core crosslinking. The monomer could also core crosslink random coiling
forming poly-sarcosine, forming hydrogels and organogels after an intermittent workup.
The materials were able to gelate a multitude of common organic solvents showing high
uptake affinity for polar aprotic solvents in particular. Ensuing cleavage of Z protecting
groups of PZLL segments afforded hydrogels with high mechanical stability. The
hydrogels remained intact at aqueous concentrations as high as 98.5 % and were
mechanical strong as determined by rheological measurements.
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CHAPTER 6
CONCLUSION AND FUTURE OUTLOOK
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The improvement of synthetic polypeptides[]Pvvo}uv }v]v}Z
their applicability in the field of biomedical science. They exhibit biological degradability
and compatibility which holds potential in many different areas of biomedicine.
]]}voo˙
A
U Z]o]˙ }Z]o ]v[
vt

well-defined }v˙ Z r

-helical

-motif based assemblies which provides them responsivity to stimuli based triggers

is another advantageous aspect of their character. Of those materials, star shaped
polypeptides represent attractive candidates for the field due to their sophisticated
architecture and likeness to biomolecules.

This PhD thesis aimed to shed light on new synthetic processes that could produce
hydrogelating materials from star polypeptide architectures and potentially apply them
using current cargo delivery and fabrication strategies in biomedical science.

Chapter 2 investigated a series of star-shaped amphiphilic diblock copolypeptides with
alternating hydrophobic residues and analysed their effect on hydrogelation. Aqueous
self-assembly was noted for star diblock of L-tyrosine, L-phenylalanine and L-valine shell
block but not for those with L-alanine or linear copolymers with an equivalent
polypeptide arm length. Particularly lower polymer content was required for gelation
(1.25 wt%) of phenylalanine containing star copolymers. All hydrogels exhibited selfrecovery behavior and were shown to be injectable.

In chapter 3 core and shell disulphide crosslinking of star polypeptide were achieved by
alternating oligo(L-cysteine) and poly(L-lysine) sequences to afford hydrogels that were
stable at low material content (<0.5 wt%). Changing the sequence order on a 32-arm PPI
dendrimer from core crosslinking to shell crosslinking had a significant effect on each
respective hydrogel[ mechanical properties. Switching from core to shell crosslinking
changed the modulus from 820 to 4530 Pa. Moreover, after increasing the degree of
branching from 32-arm to 64-arm architecture, there was a proportional increase in the
mechanical properties. Spectroscopic analysis revealed that both core and shell
crosslinked copolypeptides exhibited t -motif assemblies. Using DTT mediated disulphide
cleavage, acceleration of the release of doxorubicin was observed from hydrogel depots.
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In chapter 4, shear thinning hydrogels based on amphiphilic star block copolypeptide s
were developed using poly(L-glutamate) and oligo(L-valine). To achieve a material
capable of fabricating microstructures, the star physical star copolypeptides were
synthetically modified with UV reactive groups. The composition of hydrogel ink was
found to be suitable for 3D extrusion printing as scaffolds were afforded which
maintained structural cohesion, which was in agreement with rheological analysis. The
constructs were also found to be degradable and exhibited favorable release of
encapsulated molecular cargo. Additionally, leachates of the constructs did not affect
the metabolic health of the Balb/3T3 fibroblast cells.

Chapter 5 explored the newly synthesised difunctional NCA monomer which was
subsequently used for crosslinking both ionic polypeptide and non-ionic polypeptoide
sequences. Organogels were formed after addition of the diaminopimelic acid (DAPA)
NCA monomer to a helical poly(Z-L-lysine), which in turn could form hydrogels after
removal of the protecting groups. The hydrogels were also found to be rheologically
stable at high aqueous concentrations (98.75 %). Poly(sarcosine) was also found to swell,
although at higher polymer content, in both organic solvents and water after an
intermittent workup.

The future potential of the star shaped polypeptide materials in the field is very exciting.
They offer structurally more than their linear counterparts in terms of controlled selfassembly and cargo loading capability, and also can be more finely tuned with shorter
sequences required which are sometimes unattainable with linear analogues.
Functionality can be easily built in with the range of synthetic tools available, which could
allow for the modulation of their properties to be tailored toward specific biomedical
applications. They possess interesting potential for the development of sustainable
biological or chemical delivery matrices which have applicability in the field of
regenerative medicine, in particular gene delivery. They also have significant potential in
the field of additive manufacturing as they can be chemically derivatised to meet the
curing needs of ink or resin based 3D deposition processes and also represent a viable
polymeric material feedstock which is degradable and inherently biocompatible. Overall,
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polypeptides represent materials which have potential to be used at the forefront of
biomedicine in the near future.
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Appendix A
Supporting Information

Figure A1: SEC trace of; 8-PZLL40-b-PLA5 (A) and 8-PZLL40 (B).

Figure A2: SEC trace of; 8-PZLL40-b-PLT5 (A) and 8-PZLL40 (B).
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Figure A3: SEC trace of; 1-PZLL148-b-PBLT30 (A) and 1-PZLL148 (B).

Figure A4: Circular dichroism (CD) spectrum of 8-PLL40 in water.
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Figure A5: Scanning electron microscope (SEM) micrograph from cross section of (A) 32OLC5-b-PLL40 hydrogel and (B) 32-PLL40-b-OLC5.

Figure A6: FTIR spectra of lyophilised 64-PLL40 star polypeptide.
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Figure A7: FTIR spectra of star diblock copolypeptide with amide band before and after
allyl functionalisation.

Figure A8: Visual assessment of the viability of Balb/3T3 cells following incubation with
extracted ring construct leachates. Illustrated above are representative phase contrast
images of formazan crystals produced by untreated control cells (A) and cells incubated
in the presence of extracted leachates from each of P1 (B), P2 (C) and P3 (D) at 24 hours
(i), 72 hours (ii) and 168 hours (iii). Viable cells cleave MTT substrate to form formazan
crystals which are visually evident as black crystal deposits. A lack of crystal production
indicates a reduction in cell viability. Scale bar = 100μm.
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Figure A9: Live/Dead fluorescence microscopy images of Balb/3T3 cells which been
incubated in control media at 24 hours (i), 72 hours (ii) and 168 hours (iii). Scale bar =
100μm.
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