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Abstract 
 

The work presented herein focuses on the use of polymers based on poly(2-

hydroxyethyl methacrylate) (PHEMA) to construct hydrogel scaffolds for tissue 

engineering purposes. The peptide-based crosslinking agents I and II were synthesized, 

and were both found to be degradable by collagenase. The crosslinking agents were co-

polymerised with HEMA, or HEMA and poly(ethylene glycol) methacrylate methyl 

ether (PEGMA), to form either PHEMA sponges, P[HEMA-co-MeO-PEGMA] gels, or 

P[HEMA-co-MeO-PEGMA] sponges. Crosslinker I was used to prepare hydrogel 

polymer networks. PHEMA and P[HEMA-co-MeO-PEGMA] sponges exhibited 

morphologies with dimensions larger than PHEMA sponges crosslinked with 

TEDGMA, but when I was used to prepare P[HEMA-co-MeO-PEGMA] gels, the 

polymers had homogeneous morphologies. The use of II as a crosslinking agent did not 

result in polymer networks, presumably due to differences in reactivity ratios of the 

methacryloyl groups from II, HEMA and PEGMA.  
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When PHEMA sponges crosslinked with I were incubated in collagenase solution for 

three months, the samples showed no apparent degradation. This result was attributed to 
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the degradation products being insoluble. The P[HEMA-co-MeO-PEGMA] gels and 

sponges both degraded when incubated in collagenase solutions. The P[HEMA-co-

MeO-PEGMA] gels fully degraded over 28 days incubation, while only 8% dry mass of 

the P[HEMA-co-MeO-PEGMA] remained after 101 days incubation. The differences in 

the time needed for total degradation was attributed to differences in hydrogel 

morphologies.  

 

The morphologies for a series of heterogeneous PHEMA and P[HEMA-co-MeO-

PEGMA] hydrogels were also characterised by scanning electron microscopy (SEM) in 

conjunction with a sample drying procedure, and by laser scanning confocal microscopy 

(LSCM) without prior drying, to determine which technique(s) best preserved the native 

morphology. Compared to SEM, LSCM was a far simpler and more rapid technique for 

imaging hydrogels. LSCM allowed the native morphology of the hydrated hydrogels to 

be characterised, whereas SEM could only be used to characterize the morphology of 

samples in their dehydrated state. No dehydration method used in this study preserved 

the true native morphology, but sample drying by plunge freezing/freeze drying was the 

most suitable method that best preserved the native morphology for all hydrogel 

compositions. Refrigerated freezing/freeze-drying and critical point drying introduced 

significant morphological artefacts the severity of the artefacts being dependant on the 

sample's composition and Tg. 

 

The use of ARGET (activators regenerated by electron transfer) ATRP (atom transfer 

radical polymerization) was investigated as a potentially benign controlled radical 

polymerisation method to produce PHEMA. The various parameters that determine 

control of the living polymerization were explored. Using the Cu(II)/TPMA catalyst 

system (TPMA = tris(2-pyridylmethyl)amine), controlled polymerization was achieved 

with Cu concentrations as low as 50 ppm relative to HEMA, with a [TPMA]/[Cu(II)] 

ratio of 5. Use of hydrazine as the reducing agent generally gave better control of 

polymerization than use of ascorbic acid. The polymerization conditions were tolerant 

of small amounts of air, and colourless polymers were easily isolated by simple 

precipitation and washing steps. The optimised ARGET ATRP conditions were used to 

synthesize water-soluble PHEMA and PHEMA sponges. Initially, ARGET ATRP was 

performed in aqueous conditions to assess the degree of control, and it was found that 
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control in aqueous solutions for linear PHEMA was poor compared to that seen for 

linear PHEMA synthesized by ARGET ATRP in methanol. ARGET ATRP was then 

used to form PHEMA sponges, with the dimensions of the morphological features of 

the sponges being depending on the initial [hydrazine]:[CuBr2] ratio.  

 

A monomer containing the RGD cell adhesion sequence III was synthesized, and was 

co-polymerised with HEMA to form RGD-functionalised PHEMA sponges to examine 

how the presence of RGD affects cellular infiltration into PHEMA sponges. The 

sponges displayed morphologies akin to traditional PHEMA sponges, and the 

distribution of iii in the polymer droplets was examined using energy filtered 

transmission electron microscopy (EFTEM) and electron energy loss spectroscopy 

(EELS). EFTEM and EELS demonstrated the RGD monomer III was distributed evenly 

within the polymer droplets. Unfortunately, for reasons beyond the candidate's control, 

the cellular infiltration study could not be completed within the time frame of this 

thesis. 
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Chapter 1. 

General Introduction 

1.1 Tissue engineering 
Tissue engineering is a multidisciplinary field which aims to restore and promote 

healing of damaged and/or diseased tissue and organs that would not normally undergo 

self-repair.1 In order to achieve this goal of restoring tissue and/or organs, the field of 

tissue engineering comprises experts in molecular biology, clinical medicine, 

biochemistry and materials scientists.2 Although there are many avenues towards 

restoring damaged and/or diseased tissue/organs, one of the main philosophies in tissue 

engineering is that the restoration process should, in part, comprise biological elements. 

The four main avenues towards tissue engineering are organ transplantation, cell 

transplantation, in vitro transplantation and in vivo transplantation, and they are 

highlighted in Figure 1.11-5 and explained in detail below.  

 

 
Figure 1.1. Strategies for tissue and organ repair.1-5 
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One of the most successful strategies for the treatment of damaged organs to date has 

been organ transplantation. There are, however, severe limitations with this method, 

mostly attributed to the lack of suitable donor organs available for transplantation and 

an ever-increasing recipient waiting list.1-3,6 Additionally, the invasive and complex 

surgery required for transplantation is often followed by intensive post-operative 

procedures such as immunosuppressant therapy.7 These complications have forced a 

reevaluation of the current strategies used in clinical tissue engineering procedures.  

 

A less invasive strategy compared to organ transplantation is cell transplantation. This 

process involves transplantation of diffuse cells which may,4 or may not,7,8 be 

encapsulated. Ideally the cell transplantation process would involve harvesting the 

patient’s own cells (autogeneic cells), followed by maturation in vitro and then 

implantation into the site of damaged and/or diseased tissue/organs. For example, in the 

repair of knee cartilage, a small section of healthy cartilage is removed from the patient. 

The cartilage is then disassociated into essentially chondrocyte cells, the cells are 

matured and cultivated, then injected into the site of damage with the expectation that 

the cells will proliferate to restore functionality.9,10 Unfortunately, there are clinical 

issues with cell transplantation that limit its use. If there are no suitable harvest sites 

from a patient, an external cell source is needed. In this situation allogeneic cells (cells 

from other humans sources, e.g. cells donated from a sibling/relative) or xenogeneic 

cells (cells from a different species, e.g. bovine cells) can be used, but allogeneic and 

xenogeneic cells can elicit immune responses and lead to possible rejection from the 

patient.4  

 

Although cell transplantation is successful in some cases, there is evidence to suggest 

that unsupported cell growth can lead to poor tissue regeneration.1,3 Because of the 

problems associated with unsupported cell growth, researchers have focused on the use 

of scaffolds – either in vitro or in vivo (Figure 1.1) – to guide maturing cells to form 

fully functioning tissue.1,3,11 In vitro tissue regeneration requires the use of a scaffold to 

grow tissue/organs in a laboratory using bioreactors with autogeneic or allogeneic 

and/or xenogeneic cells, with the grown tissue/organ then being implanted into the 

required site(s). In contrast, in vivo tissue regeneration requires the use of a scaffold to 

grow tissue/organs directly at the site of damaged and/or diseased tissue; the scaffold 

also may, or may not, be seeded with autogeneic or allogeneic and/or xenogeneic cells, 
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growth factors and other elements to help promote cell growth and tissue repair.5,12 

Unfortunately, at this stage in vitro strategies are only limited to relatively simple 

organs such as synthetic articular cartilage,13 artificial bladders14 and artificial skin.15 In 

vivo transplantation, however, has shown great promise with examples including the use 

of calcium-rich grafts to promote regeneration of bone.16 Regardless of whether in vitro 

or in vivo methods are used, both methods have three prerequisites for regeneration of 

new tissue: one, a suitable scaffold that can support cell growth and development of 

tissue, and can degrade away once new tissue has formed; two, a viable source of cells 

from either autogeneic, allogeneic or xenogeneic sources, and the best methods to 

isolate and harvest these cells for the growth of new tissue; and three, correct signalling 

elements, that may include growth factors, cell adhesion ligands and anti-immunogenic 

molecules to ensure correct cell growth and proper tissue formation. Although there are 

only three main prerequisites for tissue engineering (there are also many other smaller, 

equally important factors for tissue engineering which are not discussed here), each 

factor involves considerable insight, not only into what has been discovered previously, 

but also into what research needs to be carried out in the future and the possible 

problems associated with that research. In addition, as each prerequisite is so broad in 

nature, it is difficult to highlight all of the problems of each. For this reason, a very 

general background to scaffolding in tissue engineering and how researchers are 

overcoming problems associated with this research will be provided in the General 

Introduction (Chapter 1). Each chapter thereafter will provide a more in-depth 

introduction of how the specifics of the research carried out in each chapter affect the 

field of tissue engineering. 

 

1.2 Scaffolds in tissue engineering 
As mentioned previously, scaffolds are needed in tissue engineering for correct cellular 

growth to allow formation of fully functioning tissue. Of the many materials available 

for use as scaffolds, polymeric biomaterials – made from either natural or synthetic 

polymers – have been shown to be suitable materials to construct scaffolds for tissue 

engineering purposes.3,11 Since the scaffold is vital in the formation of new tissue, the 

properties of the scaffold play an important role in the success of tissue development. 

Additionally, as no one scaffold is able to provide the correct properties for all tissue 

engineering applications, the properties of a scaffold need to be tuneable so they can be 

adapted for specific use. For example, the properties of a scaffold for bone regeneration 
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are quite different to the properties of a scaffold for neural regeneration. Therefore, it is 

the implantation site and tissue being regenerated that dictate the specific properties 

required for a tissue-engineering scaffold. 

 

1.2.1 Properties of a biomaterial scaffold for tissue engineering 

applications 
For a scaffold to become successful in tissue engineering applications, it needs to 

possess certain key characteristics.3 To begin with, the scaffold material must be 

biocompatible to avoid any unfavourable immune responses. If a scaffold is not 

biocompatible, immunosuppressant therapies may be required to prevent scaffold 

rejection; worse still, the host may reject the implant all together.17,18 The scaffold must 

be porous and possess an interconnected pore morphology to allow cells to infiltrate 

and proliferate.3,11,19 The dimensions of the pores also influence cell growth; and pore 

dimensions in the order of 10 to 60 μm best suit cell growth and blood vessel 

development.20-22 Additionally, if the scaffold is not suitably biocompatible and/or 

porous, cell growth may be inhibited, which may lead to incorrect cellular infiltration, 

or worse still, lead to incorrect tissue formation. The scaffold also needs to be 

biodegradable. Biodegradability is desirable for two reasons: one, it eliminates the need 

for post-operative surgery to remove the used scaffold and reduces the possibility of 

infection;18,23 and two, the ultimate goal is to grow new organs, and this becomes 

increasingly difficult if the scaffold cannot degrade away during the growth of new 

tissue. Biodegradation of polymeric materials can occur by a plethora of ways, but it is 

typically a multi-step process that involves the breakdown of the original material into 

smaller, less complex fragments. The three main processes for degradation are 

solubilisation, non-enzymatic hydrolysis, or through the action of enzymes.24-27 If the 

degradation products are small enough (i.e. low molecular weight polymers) they can 

then be excreted from the body through metabolic and/or renal mechanisms;28 or, if the 

degradation products are too large (i.e. high molecular weight polymers), they can be 

absorbed in various organs.24 There are also many additional characteristics – such as 

the mechanical properties of the scaffold and the presence of specific growth factors – 

that are required for correct cell growth and tissue formation. 
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An idealised regeneration of tissue using a scaffold is illustrated in Figure 1.2. Initially, 

a scaffold that has been seeded with cells is implanted into the site of interest (Figure 

1.2A). Once implanted, surrounding tissue and blood vessels can vascularise the 

scaffold to provide nutrients to the growing cell, and to provide a pathway for removal 

of metabolic waste (Figure 1.2B). Once implanted, the scaffold would start to degrade 

until it is replaced by functioning tissue (Figure 1.2C).  

 

 
Figure 1.2. Schematic illustration of the use of scaffolds for tissue regeneration. (A) 

scaffold seeded with cells, (B) vascularisation of scaffold once implanted, (C) degraded 

scaffold being replaced by new tissue. Figure adapted from Casadio.29 

 

1.2.2 Biodegradable biomaterials 
At present, there are numerous degradable polymers – natural- or synthetic-based – that 

are used as scaffolds in clinical applications.30,31 Examples of polymers and their 

applications in tissue engineering are highlighted in Table 1.1. 

 

Natural polymers, such as collagen, have the advantage that they promote favourable 

cell responses to allow correct cell growth, and, being naturally derived, they are readily 

degradable and their degradation products are biologically benign. Unfortunately, 

obtaining large quantities of naturally derived polymers can be difficult, and in some 

cases the polymers need to be purified thoroughly before use in tissue engineering 

applications. Of the natural polymers available for tissue engineering purposes, 

scaffolds based on collagen, chitosan and poly( -hydroxyalkanoic acids) have received 

most attention (Table 1.1). 
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Synthetic polymers, on the other hand, can be produced in large quantities with specific 

properties (i.e. polymers possessing certain mechanical, molecular weight, 

hydrophilicity, degradability and dimensional properties). Unfortunately, not all 

synthetic polymers are biocompatible, which, to some extent, limits the number of 

polymers that can be used in tissue engineering applications. Despite this limitation, 

there are still many synthetic polymers that can be used to construct biodegradable 

scaffolds. To date, the synthetic polymers based on poly(lactic acid) (PLA), 

poly(glycolic acid) (PGA), and their copolymers (P(LA-co-GA)) have received most 

attention.32,33 

 

Table 1.1. Natural and synthetic biodegradable polymers used in tissue engineering 

applications. Table adapted from Casadio.29 

Polymer Application Reference 

Skin reconstruction 
Collagen 

Vascularised scaffold 

34 

 

35 

Chitosan and chitin Cell encapsulation 36,37 

N
at

ur
al

 p
ol

ym
er

s 

poly( -hydroxyalkanoates) Artificial skin 38 

Poly(lactic acid) (PLA) Cartilage tissue repair 39 

Poly(lactic-co-glycolic acid) 

(P(LA-co-GA)) 
Scaffolds for retinal cells 40 

Poly(ethylene glycol)-peptide 

constructs 
Biomimetic extracellular matrix 41,42 

PEG-sebacic acid-peptide 

constructs 
Tissue engineering scaffold 43,44 

Polyurethanes Tissue engineering scaffold 45 

Sy
nt

he
tic

 p
ol

ym
er

s 

Poly(phosphazenes) Biomimetic extracellular matrix 46 
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The common element linking all of the polymers listed in Table 1.1 is they all have 

biodegradable backbones. Despite this, biodegradability and biocompatibility are only 

two of the three key requirements for a polymer scaffold – the scaffold also needs to be 

porous. Porosity can be introduced by a plethora of methods including, electrospinning, 

high-internal-phase emulsion, mould melting, membrane lamination, gas foaming, and 

solvent casting and particular leaching.47 Although successful, these methods often 

require the use of chlorinated solvents and/or multi step processes to impart porosity.47 

There are, however, benign methods such as freeze-drying47-49 that can be used to 

render polymer scaffolds porous.  

 

1.2.3 Avenues towards imparting biodegradability 
The polymers detailed in Table 1.1 are only a few of the many polymeric materials 

available for tissue engineering applications. As there is no “wonder scaffold” that can 

be used for all tissue engineering applications, researchers have broadened the pool of 

currently available materials by exploring the use of new polymers. This research has 

not only concentrated on discovering new materials with exciting properties, it has also 

concentrated on using more benign and cost effective methods to form suitable 

scaffolds. Some polymers that have received considerable attention are those based on 

poly(1-vinyl-2-pyrrolidinone) (PVP),28 poly(ethylene glycol) (PEG)50 and poly(2-

hydroxyethyl methacrylate) (PHEMA).51 These polymers have received considerable 

attention because they have suitable properties for tissue engineering applications (i.e. 

biocompatible, non-toxic etc.). Unfortunately, PVP, PEG and PHEMA are not 

biodegradable,52 but there are avenues to render these materials degradable. Most of the 

knowledge gained in the field of degradable materials has stemmed from research into 

controlled delivery systems.24,52-56 This research has shown that polymeric materials can 

be biodegradable if they contain moieties that contain labile and/or degradable bonds. 

Therefore, polymer networks can be rendered biodegradable using two methods: by 

incorporating labile bonds into the polymer backbone or by incorporating labile 

crosslinking agents into the polymer network. 
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1.2.3.1 Incorporation of labile bonds into the polymer backbone  
Rendering non-degradable polymers biodegradable can be achieved by including labile 

bonds into the polymer backbone. The incorporation of labile bonds typically gives a 

polymer network that has an AB-type block copolymer composition (Figure 1.3), with 

either A or B blocks containing labile bonds. This type of polymer architecture has also 

been used to render PEG-based materials enzymatically degradable,42,56 and more 

recently, to render four-arm star PEG-peptide conjugate polymers enzymatically 

degradable.57  

 

 

 

 
Figure 1.3. Rendering polymers degradable by incorporation of labile bonds (located in 

either block A or block B, or both) into the polymer backbone. 

 

 

1.2.3.2 Incorporation of labile crosslinking agents into the polymer 

network
The two main avenues used to form polymer networks are through chemical methods 

(e.g. radical polymerisation, condensation polymer and enzymatic crosslinking) or 

physical methods (e.g. hydrogen bonding, ionic interaction).52 Of these methods, radical 

polymerisation has undoubtedly been used most due to its simplicity and scalability. To 

form a polymer network using free radical polymerisation methods, a monomer and a 

crosslinking agent are mixed together and a radical-producing initiator is added to the 

mixture to initiate polymerisation (Figure 1.4). Generally speaking, not all crosslinking 

agents are incorporated into polymer networks such as those depicted in Figure 1.4. 

There are three other ways crosslinking agents can be incorporated into polymer 

networks: they can be mono-incorporated (Figure 1.5A); cyclise on themselves (Figure 

1.5B); or in rare cases, form linear chains (Figure 1.5C). The percentage of crosslinking 

agents that form the desired network (i.e. Figure 1.4) is known as the crosslinking 

efficiency, and is determined by many factors.58-62 Unfortunately, crosslinking 
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efficiency typically is a characteristic of the specific polymerisation system (i.e. 

monomers, crosslinking agents, solvents etc. used for polymerisation), and although 

these conditions can be altered, they do not always lead to high crosslinking efficiency.  

 

 

 
Figure 1.4. Formation of a crosslinked network using free radical polymerisation. 

 

 

 

 
Figure 1.5. Crosslinking agents that have been either: (A) mono-incorporated; (B) 

cyclised; or (C) incorporated into linear polymers. 

 

 

Despite the problems associated with lack of crosslinking control, if the crosslinking 

agents used to form the polymer network contain labile bonds, cleavage of the 

crosslinks contained in the polymer networks – such as networks depicted in Figure 1.4 

– would result in linear polymer fragments. To this end, there have been many reports 

on using labile crosslinking agents to render polymer networks biodegradable. Some 

biodegradable polymer networks include crosslinks that are carbonate-based (Figure 

1.6A),55,63 disulfide-based (Figure 1.6B),49,64 peptide-based (Figure 1.6C),26,53,57,65-71 and 

protein-based (Figure 1.6D).54,72,73 More recently, polymer networks have been 

rendered biodegradable by incorporating crosslinking agents that can cleave 

themselves.41 An added advantage of using peptide-based crosslinking agents is that the 

crosslinks become charged at their corresponding terminus (C- or N-terminus) after 

proteolytic cleavage, and this charge helps to ensure that the degradation products 

become/remain soluble. 
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Figure 1.6. Rendering polymer networks biodegradable by incorporation of various 

crosslinking agents that contain labile bonds. 

 

Although there are many crosslinking agents that contain labile bonds that can be used 

to prepare biodegradable polymer networks, some crosslinkers are better than others. 

For example, carbonate-containing crosslinking agents can give rise to toxic 

degradation products that limits their wide-spread use in biomedical applications.55,63 

Protein-based crosslinking agents also have problems because they can only be 

functionalised with specific concentrations of polymerisable groups, otherwise they are 

not degradable.54,72,73  

 

The use of peptide-based crosslinking agents to render polymer networks biodegradable 

opens up a special situation. Typically when a biomaterial/prosthesis is implanted, the 

site surrounding the implant experiences local trauma and inflammation, which is often 

followed by secretion of enzymes capable of remodelling the extracellular matrix 
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(ECM), such as collagenase. Therefore, if the peptide-based crosslinking agent is 

designed for cleavage by enzymes that remodel the ECM, the implant could degrade 

through specific enzymatic mechanisms whilst the ECM surrounding the implant is 

remodelled. Additionally, the degradation products (short chain peptides) would be non-

toxic and this helps to minimise any unwanted cytotoxicity issues. Because of these 

attractive features, peptide-based crosslinking agents have been used to prepare 

enzymatically degradable networks based on (PVP),26 poly(N-(2-

hydroxypropyl)methacrylamide),53,65,66 PHEMA,70,71 PEG,57,74 poly(N-

isopropylacrylamide),67 and poly(acrylamide).68,69  

 

1.3 Hydrogels as scaffold for tissue engineering 
Biomaterials include a very broad range of materials. One group of materials that can be 

considered a sub-class of biomaterials are hydrogels. Hydrogels, as their name suggests, 

are water-swollen networks that are very hydrophilic, flexible, soft, and are able to 

mimic soft tissue.24,75 Because of these properties, hydrogels are very biocompatible and 

have shown great potential as materials for scaffolding applications.51,76-79 

 

Today there are many different hydrogels, but some of the most studied are those based 

of (PHEMA).51,78-80 PHEMA-based materials have found clinical use as soft contacts79 

and as artificial corneas,81 and have been shown to be potential materials for artificial 

skin,82 rhinoplasty surgery,83 breast augmentation,84 drug delivery systems,85,86 neural 

regeneration7,87-90 and tissue engineering scaffolds.71,91 PHEMA can be readily formed 

from the monomer 2-hydroxyethyl methacrylate (HEMA) (Scheme 1.1). PHEMA 

networks are also easily synthesized by including crosslinking agents in the 

polymerisation solution prior to polymerisation. Additionally, PHEMA can be rendered 

macroporous – with pores greater than 10 μm – by a process known as polymerisation-

induced phase separation.20 This process relies on the growing polymer becoming 

insoluble in the polymerisation solution to form precipitated polymer droplets. The 

polymer droplets then agglomerate around channels of water to give a network with 

interconnected pore morphologies. Because PHEMA materials produced using this 

method are so porous, they are known as PHEMA sponges.20,92 The advantages of 

polymerisation-induced phase separation over other pore-forming methods are that the 

process occurs in water (avoiding toxic solvents), it is synthetically simply, and the pore 

morphology can be manipulated to give PHEMA-based materials with a range of pore 
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sizes.20,93 Despite the fact that PHEMA is biocompatible and can be rendered porous, to 

date there are only few reports29,70,71 of biodegradable PHEMA-based scaffolds. Two of 

the main problems with using PHEMA are that it is not water-soluble at high molecular 

weights, and it is not naturally biodegradable. 

 

 

 

O
O

polymerisation

O
O

O
O

O
O

O
O

O
O

n

2-Hydroxyethyl methacrylate
(HEMA)

Poly(2-hydroxyethyl methacrylate)
(PHEMA)

OH OHOHOHOHOH

 
Scheme 1.1. Polymerisation of HEMA to give PHEMA. 

 

 

 

Despite what appears to be a severe limitation of PHEMA-based scaffolds, previous 

work by Ylenia S. Casadio29 demonstrated that PHEMA can be rendered water-soluble 

and biodegradable. Firstly, Casadio demonstrated that PHEMA can be rendered water-

soluble by copolymerisation of HEMA with water-soluble poly(ethylene glycol) methyl 

ether methacrylate (MeO-PEGMA) monomers to give water-soluble P[HEMA-co-

MeO-PEGMA] polymers.93 Not only were these polymers water-soluble, they could 

also be synthesized using phase separation methods to give P[HEMA-co-MeO-

PEGMA] sponges with morphologies akin to PHEMA sponges. Secondly, Casadio also 

demonstrated that these P[HEMA-co-MeO-PEGMA] networks (sponges and gels) 

could be rendered biodegradable by incorporation of peptide-based crosslinking agents 

into the polymer network. The work by Casadio pioneered the use of PHEMA-based 

materials for tissue engineering scaffolds as it circumvented two of the biggest 

challenges faced when using PHEMA: water-solubility and biodegradability. 
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1.4 Project aims 
Casadio’s work was ultimately a proof-of-concept study for a number of reasons. 

Firstly, non-human proteases were targeted to degrade the PHEMA-based materials; the 

potential for the PHEMA-based materials to degrade using human-based proteases at 

physiological conditions was not explored. Without knowing how PHEMA-based 

materials would degrade under physiological conditions, it was not possible to predict 

the in vivo potential of these materials. Secondly, no studies were carried out to assess 

the growth and interactions of cells with the PHEMA-based materials. Understanding 

how cells interact with biomaterials is vital to ensuring the success of a tissue 

engineering scaffold as unfavourable interactions between cells and materials can 

prevent and/or cause incorrect cell growth, which can lead to incorrect tissue formation. 

Thirdly, Casadio’s use of scanning electron microscopy for characterisation of the 

morphologies of the PHEMA-based materials gave ambiguous results. Artefacts 

associated with sample preparation prevented determination of the “true” morphology 

of the specimens. It is imperative that the native morphology of PHEMA-based sponges 

can be accurately determined to ensure that the scaffolds possess suitable morphologies 

for cellular infiltration and/or to promote correct cell growth. 

 

Another area of research investigated by Casadio was the use of chain transfer agents as 

a controlled radical polymerisation (CRP) technique to control the molecular weight of 

the PHEMA chains in PHEMA sponges. The primary purpose of this research was to 

explore new benign CRP methods to synthesize low molecular weight water-soluble 

PHEMA – low molecular weight PHEMA would maximise the likelihood that 

degradation products would be cleared via renal processes.28 Unfortunately, this area of 

research was met with limited success. Although there are other CRP methods that can 

be used to synthesize low molecular weight PHEMA,94,95 problems associated with 

CRP techniques – such as the toxicity of control-inducing additives96 – limits their use 

for the synthesis of PHEMA materials for biomedical applications. Although great 

progress has been made at addressing some of the problems associated with CRP 

methods, further research is still required to make the process more benign and 

applicable for the synthesis of biomedical materials. 

 

PHEMA-based materials have advanced over the years, but there are still many 

problems that prevent their widespread use as tissue engineering scaffolds. To develop 
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Casadio’s research further and to help development of the next generation of PHEMA-

based scaffolds and materials, the research in this thesis aims to: 

(i)  design and synthesize peptide-based crosslinking agents that can be 

degraded by human proteases;  

(ii)  explore the use of alternative microscopy techniques and preparation 

methods to more accurately image the native morphology of PHEMA 

materials; 

(iii)  synthesize PHEMA-based materials crosslinked with peptide-based 

crosslinking agents and examine their degradability in vitro to gain an 

insight into their in vivo potential; 

(iv)  incorporate cell adhesions into PHEMA sponges to help improve the 

biocompatibility of PHEMA sponges; and 

(v) develop more benign CRP methods to synthesize water-soluble PHEMA, 

and to explore using these more benign CRP methods to synthesize 

PHEMA materials for biomedical applications. 
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Chapter 2.  

Synthesis of Peptide-Based Crosslinking Agents 

 
2.1 Introduction 
2.1.1 Peptide conjugates as crosslinking agents 
As introduced in Chapter 1, it was envisaged that the PHEMA-based hydrogels could be 

rendered biodegradable by the inclusion of peptide based crosslinking agents. A 

cleavable peptide-based crosslinking agent must possess the following characteristics: 

(i)  a peptide sequence that is a substrate for biologically relevant enzymes 

(ii)  have polymerisable moieties to allow incorporation into the polymer 

backbone 

(iii)  the polymerisable moieties shall be placed at either end of the peptide 

sequence leaving the internal peptide sequence un-congested. 

 

Point (i) can be simply addressed by synthesizing a peptide sequence that is a known 

substrate for a particular enzyme. Ideally the enzyme chosen would be implicated in 

wound healing to increase the chance of enzymatic degradation during the repair to the 

injured tissue. Points (ii) and (iii) can be solved by incorporation of (meth)acryloyl 

groups at the termini of the peptide backbone.26,71,97,98 Attachment of methacryloyl 

groups can be achieved by a variety of methods and will be explained in more detail 

later in this chapter.  

 

Functionalisation of a oligopeptide with (meth)acryloyl groups is not straightforward. 

Typical oligopeptides have two termini: a carboxyl (C-) terminus and an amino (N-) 

terminus. These two termini have very different chemistries so different synthetic 

methods would be needed to functionalise them both. There are, however, two options 

which can be used to simplify this problem: one option is to have an amino acid with a 

carboxyl group in its side chain on the N-terminus; the other option is to have an amino 

acid with an amino group in its side chain on the C-terminus. Previous work has shown 

the latter of the two options can be used to functionalise an oligopeptide by having 

lysine at the C-terminus of the peptide sequence.71 The criteria mentioned above direct 
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the design of the peptide-based crosslinking agent to resemble the oligopeptide in 

Figure 2.1. 

 

OMe

H
N

O

HN

O
N
H

R

n

X

X

 
Figure 2.1. Design of the oligopeptide-based crosslinking agent. X denotes 

polymerisable moieties.  

 

2.1.2 Collagenase as a target enzyme 
Before the synthesis of an oligopeptide could commence, the target enzyme(s) to be 

used during degradation needed to be chosen, because the peptide sequence must be 

tailored to suit the selectivity of the target enzyme. One group of enzymes of particular 

interest are the matrix metalloproteases (MMPs). MMPs are zinc dependant 

endopeptidases and are involved in degrading the extra cellular matrix.99-102 Collagenase 

is one such MMP and is involved in degrading and remodelling collagen during wound 

healing.101-103 

  

Collagen comprises approximately 30% of the body protein in mammals, resulting in its 

use in many different applications in the body.104 The word collagen is a collective term 

as there are many different types of collagen. For example: collagen type I is present in 

a large variety of tissue; type II is found in cartilage and neural retinal tissue; type III is 

found in blood vessels, embryonic skin, lung muscle and the liver; and type IV is 

predominantly found in the basement membranes of various organs and tissue.104 

Although there are many varieties of collagens, there are two common features they all 

share: one, they are all rod-like, having a triple helix structure similar to a poly-L-proline 

helix; and two, glycine occurs at every third amino acid residue, with the remaining 

residue being predominately proline and hydroxyproline, giving the generic sequence 

glycine-(hydroxy)proline-X, where X is any other amino acid.104  

 

Because there are many types of collagen, there are also many types of collagenase that 

degrade the specific types of collagen, and, like collagen, collagenases also have some 

conserved features, with the main one being that all collagenases cleave collagen at the 
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leucine-glycine or isoleucine-glycine amide bond.104 An added advantage of 

collagenase is that it is an endopeptidase, meaning, it cleaves internal amide bonds. This 

helps to ensure once a collagenase-sensitive peptide-based crosslinking agent is 

incorporated into a polymer network, the peptide crosslinker can still be cleaved by 

collagenase. Since discovering the sites collagenase can cleave collagen the number of 

known substrates for collagenase has increased. One synthetic derivative, 2-

furanacryloyl-leucyl-glycyl-prolyl-alanine (Figure 2.2A), was first synthesized as an 

improved substrate for collagenase assays, with the cleavage site between leucine and 

glycine.105 Due to the success of this substrate, various enzymatically degradable 

hydrogels have been synthesized with the leucyl-glycyl-prolyl-alanine sequence.57,74 

With this in mind, the collagenase-cleavable peptide-based crosslinking agent targeted 

for this thesis has the sequence depicted in Figure 2.2B. 
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Figure 2.2. The 2-furanacryloyl-leucyl-glycyl-prolyl-alanine substrate (A) and the 

targeted peptide sequence (B) used to form peptide-based crosslinking agents in this 

thesis. The cleavage site shown is between leucine and glycine, and ‘X’ depicts 

polymerisable groups in (B). 

 

2.1.3 Nomenclature  
The naming and numbering system for this research is based on the guidelines 

suggested by the IUPAC-IUB Joint Commission on Biochemical Nomenclature.106 

Amino acids are commonly called by their trivial names (e.g. lysine instead of 2,6-

diaminohexanoic acid) and their three-letter abbreviation, both of which are used in this 
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thesis. The structures, names and number system of the amino acids used in this work 

are presented in Figure 2.3. The atom labels for amino acids that are acyclic use letters 

from the Greek alphabet i.e., , ,  etc., whereas atom labels for cyclic amino acids are 

labeled with numbers according to their base ring structure. For example, the atoms in 

proline are labeled according to a pyrrolidine ring. All of the amino acids used in this 

investigation have the L-configuration except for glycine (which does not contain a 

stereogenic centre).  
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Figure 2.3. Nomenclature, numbering and abbreviations used for the amino acids in this 

thesis. Note: Arginine and Aspartic Acid are used in Chapter 5. 
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2.2 Peptide synthesis 
2.2.1 Introduction into peptide synthesis 
The formation of a peptide (amide) bond is facilitated by two key steps: activation and 

amination. Activation involves the generation of an activated acylating species by 

replacing the hydroxyl group with a suitable electron-withdrawing group (Scheme 2.1). 

The process of activation renders the carbonyl carbon more electrophilic, activating it 

towards nucleophilic attack by an amine, to form a peptide bond. 
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Scheme 2.1. Formation of a peptide bond. X denotes an electron-withdrawing group. 

 

 

An important consideration during peptide synthesis is retention of the configuration of 

each stereogenic centre ( -carbon). As almost all naturally occurring amino acids have 

the L-configuration at the  carbon, racemisation needs to be avoided at all costs. 

Racemisation is most likely to occur during the activation stage due to the presence of 

an activated carbonyl group.107 One major mechanism for racemisation of the -carbon 

is through base-catalysed formation of azalactone cyclic derivatives (Scheme 2.2). 

Cyclic azalactone derivatives are formed by an intramolecular nucleophilic attack from 

a carbonyl oxygen to the activated carbonyl carbon (A, Scheme 2.2).107,108 Although the 

formation of an azalactone derivative does not directly change the configuration of the 

-carbon, enolisation of the azalactone (B, Scheme 2.2) and subsequent amination can 

give rise to a mixture of both the D- and L-configuration.108  

 



Chapter 2 – Synthesis of peptide-based crosslinking agents 

 20 

N
O

O

R'

H
R

+   HX

N
O

OH

R'

R

N
O

O

R'

H
R

N
O

O

R'

H
R

R' N
H

H
N R''

O H R

O

H2N R''

Achiral

B: Enolization

Amination

HN O

X

O

H
R

R'

N OH

X

O

H
R

R'

Azalactone

R' N
H

H
N R''

O H R

O

H2N R''

Amination

A

D-configuration L-configuration

D-configuration L-configuration

 

Scheme 2.2. Base-catalysed formation of azalactone derivatives followed by 

racemisation at the -carbon via an enolisation mechanism to give both the D- and L- 

configuration at the -carbon.107,108 

 

Another mechanism for racemisation at the  carbon is -hydrogen abstraction. Once 

activated, the -hydrogen becomes more acidic, which can lead to racemisation under 

basic conditions via deprotonation and reprotonation at the -carbon (Scheme 2.3). 

While -hydrogen abstraction can cause racemisation during peptide synthesis, this 

mechanism of racemisation is slow and poses only minor concerns.107 
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Scheme 2.3. Racemisation at the -carbon via -hydrogen abstraction. X denotes an 

electron-withdrawing group. 
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The racemisation of the -carbon is largely a consequence of the high reactivity of the 

acylating species, but other factors, such as the type of activating groups, substituents at 

the -carbon and coupling procedure all effect racemisation.107,108 For this reason, 

considerable attention has been directed towards developing methods for peptide bond 

formation and careful planning is required when choosing synthetic strategies.107-109 

 

2.2.2 Peptide bond formation 
There are three main avenues towards synthesizing a peptide bond (Scheme 2.4). Each 

avenue involves the formation of an active acetylating agent followed by amination.  
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Scheme 2.4. Formation of peptide bonds via the three common methodologies.  

 

 

The first method (A, Scheme 2.4) involves activating the carboxyl group by forming an 

acid halide (i.e. X = Cl or F)110 or acid azide (i.e. X = N3)111,112 followed by the addition 

of an amine. Generally the addition of the amine is done immediately, but the acid 

halide/azide species can be isolated, purified and then reacted with an amine at a later 

stage. Despite the simplicity of this method, there are several drawbacks limiting its 

widespread use in peptide synthesis. Firstly, the synthesis of acid halides often involves 

the use of reagents (e.g. SOCl2, P2O5) whose by-products are not compatible with 

current protecting group methodologies. Secondly, acid halides/azides often produce an 

acylating agent that is “over-activated” and may increase the possibility of racemisation 

at the -carbon. Acid azides on the other hand are a popular choice for segmentation 

condensations113 as they do not have racemisation problems that exist with acid 

chlorides,112 although their use is now limited due to the use of coupling agents (see 

Section 2.2.3). 
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A similar method to A (Scheme 2.4) involves the formation of active esters through the 

use of mixed or symmetrical anhydrides, or through the synthesis and isolation of an 

ester bearing an electron-withdrawing group (EWG) (B, Scheme 2.4).108,114 

Symmetrical anhydrides are generally crystalline solids that are easy to store and use, 

and they are a convenient way of introducing a single protected amino acid. Their 

widespread use, however, is limited, especially on large scales, as only one half of the 

anhydride is used. Mixed anhydrides suffer from there being two possible products 

formed, as nucleophilic attack can occur at either carbonyl group (Scheme 2.5). When 

the carbonyl carbon is activated using an electron-withdrawing group, instead of being 

immediately coupled with an amine, the activated carbonyl species is isolated and 

purified. A range of electron-withdrawing groups can be used (e.g. Figure 2.4). These 

types of active esters are generally crystalline, and, due to their stability, many different 

active esters are commercially available. 
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Scheme 2.5. Formation of peptide bonds using mixed-anhydrides. 
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Figure 2.4. Active esters used in peptide bond formation.98 
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The most common methodology used to form peptide bonds involves coupling agents 

(C, Scheme 2.4). Coupling agents form an acylating agent in situ and generally the 

reaction proceeds in the presence of both the amine and the carboxylic acid. Due to the 

widespread use of coupling agent and the vast number of coupling agents used for 

peptide bond formation, they are explained in more detailed in Section 2.2.3. 

 

2.2.3. The synthesis of peptide bonds using coupling agents 
The first coupling agent used in peptide synthesis was dicyclochexylcarbodiimide 

(DCC, Figure 2.5) by Sheehan and Hess.115 They found the use of DCC as a coupling 

agent was simple at providing oligopeptides in high yields with little racemisation. 

Since the introduction of DCC, the use of coupling agents in peptide bond formation is 

now considered the norm for peptide chemists. The mechanism for peptide bond 

formation using carbodiimide-based coupling agents is given in Scheme 2.6. Addition 

of a carbodiimide (1) to a solution containing a carboxylic acid (2) gives an O-acyl 

isourea species (3) (A, Scheme 2.6). Due to the induced polarity across the carbonyl 

group from the electron-withdrawing C=N group, the highly active O-acyl isourea 

species 3 is susceptible to intra- and intermolecular attack by nucleophilies. 

Intermolecular attack can occur in two ways: by an amine, giving the desired amide (4) 

(B, Scheme 2.6), or by a carboxylic acid 2, to give the corresponding symmetrical 

anhydride 5 (C, Scheme 2.6), with both reactions forming a urea-based by-product (6). 

Although anhydride formation is undesirable, the anhydride 6 can be attacked by an 

amine to give the desired amide 4 (D, Scheme 2.6). Intramolecular nucleophilic attack, 

on the other hand, occurs when the tertiary amine from the O-acyl isourea 3 attacks the 

carbonyl carbon to form the stable N-acyl urea species (7) (E, Scheme 2.6). As the N-

acyl urea species is stable, it does not participate in any further amide bond forming 

reactions as its carbonyl carbon is not activated towards nucleophilic attack from an 

amine; therefore, formation of the N-acyl urea species tends to reduce the yield of 

carbodiimide-based coupling procedures. In addition, the use of carbodiimide-based 

coupling agents also opens the possibility of racemisation at the -carbon as the C=N 

moiety from the O-acyl isourea can participate in an intramolecular proton transfer from 

the -carbon (Scheme 2.7).  

 

N C N
 

Figure 2.5. The coupling agent dicyclochexylcarbodiimide (DCC). 
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Scheme 2.6. Synthesis of an amide bond using DCC as a coupling agent. 
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Scheme 2.7. Racemisation of the O-acyl isourea species. 

 

 

The two biggest shortcomings of using carbodiimide-based coupling agents for peptide 

synthesis, racemisation at the -carbon and acyl transfer, is a consequence of the highly 

active nature of the O-acyl isourea species. These shortcomings, however, can be 

virtually eliminated by the addition of an auxiliary electron-withdrawing group to the 

O-acyl isourea species to form an active ester (e.g. one of the esters depicted in Figure 

2.4) that is not susceptible to the problems of O-acyl isoureas. The synthesis of active 

esters with electron-withdrawing groups is relatively straight forward: as soon as the O-

acyl isourea species (4) is formed (A, Scheme 2.8), the hydroxyl group from the 

electron withdrawing auxiliary attacks the activated carbon at carbonyl group to form 

the active ester 8 in situ (B, Scheme 2.8). Once the active ester species has formed, the 

amine component is added to the reaction mixture to form an amide bond (4) (C, 

Scheme 2.8). The first electron-withdrawing auxiliary used was N-hydroxysuccinimide 

(NHS),57,114 and its inclusion in carbodiimide coupling procedures helped to increase 
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the yield of the reaction (> 75%), eliminate acyl transfer and significantly reduce 

racemisation (< 1%).114  
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Scheme 2.8. Formation of a peptide bond with the inclusion of electron-withdrawing 

auxiliaries 

 

 

The addition of auxiliary electron-withdrawing groups to carbodiimide coupling 

procedures may seem simple, but in some cases it adds synthetic complexities to 

peptide bond formation. For this reason there has been a continual development of 

coupling agents, and this has led to uronium coupling agents, such as O-(benzotriazol-1-

yl)-N,N,NȀ,NȀ-tetramethyluronium hexafluorophosphate (HBTU), and phosphonium 

coupling agents, such as (benzotriazol-1-yloxy)tripyrrolidinophosphonium 

hexafluorophosphate (PyBOP) (Figure 2.6).108,116 Both the uronium- and phosphonium-

coupling agents are considered “one-pot” coupling agents as the activating species and 

electron-withdrawing auxiliary is contained within the coupling agent. So, instead of 

having to form the correct acylating species prior to coupling with amines, uronium and 

phosphonium coupling agents can be added to a solution of the amine and carboxylic 

acid to form a peptide bond. The length of time needed for the reaction is short, with 

reaction times varying from minutes to a few hours. Although uronium and 

phosphonium coupling agents differ in their activating species, they work via similar 

mechanisms to carbodiimide coupling agents. There is, however, one main difference in 

the mechanism for uronium- and phosphonium-coupling agents and carbodiimide 

coupling agents: uronium- and phosphonium-coupling agents do not react with the 

carboxylic acids, they only react with carboxylate ions. 
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Figure 2.6. O-(Benzotriazol-1-yl)-N,N,NȀ,NȀ-tetramethyluronium hexafluorophosphate 

(HBTU) and (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate 

(PyBOP) coupling agents. 

 

 

As an example of how these coupling agents work, the mechanism for HBTU is shown 

in Scheme 2.9. To initiate coupling, the carboxylic acid (2) is deprotonated using a 

tertiary amine base to give a carboxylate ion. The carboxylate ion can then attack the 

uronium moiety of HBTU to give the acyloxycarbenium intermediate (9) and 1-

hydroxybenzotriazole (10) (A, Scheme 2.9). The hydroxyl group from 10 can then 

attack the activated carbonyl carbon in species 9 to give the 1-hydroxybenzotriazolyl 

species 11 and tetramethylurea 12 (B, Scheme 2.9). The 1-hydroxybenzotriazolyl active 

ester is then attacked by an amine to form 4, which contains a new peptide bond, and 10 

(C, Scheme 2.9). Another possibility is peptide-bond formation by nucleophilic attack 

of the amine onto the activated carbonyl carbon on 9 (D, Scheme 2.9). Although peptide 

bond formation can occur by either avenues (steps B and C vs step D), the true 

mechanism for the formation of peptide bonds using uronium and phosphonium 

coupling reagents is believed to involve both avenues.108 
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Scheme 2.9. The synthesis of peptide bonds using HBTU as the coupling agent 
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2.2.4 Protecting groups 
Perhaps just as important as choosing the correct coupling method(s) is the choice of 

protecting groups used in the formation of peptide bonds.117 For example, to synthesize 

a peptide bond between two amino acids A and B to give the peptide AB, a variety of 

protecting groups are required: firstly, the amino group(s) of the carboxylic acid 

component (A) must be protected; and secondly, the carboxylic acid of the amine 

component (B) must be protected. If these groups are not protected, unwanted side 

reaction may occur and could lead to multiple products such as AA, BB or BA, or 

oligomers containing all three. Once coupling is complete and the desired peptide is 

isolated, the N-amino protecting group can be removed and the liberated amine can be 

coupled to the carboxylic acid of a new amino acid. This procedure of deprotection and 

coupling is repeated until the desired protected oligopeptide is synthesized. The choice 

of protecting group is imperative, because if the wrong group is chosen, subsequent 

couplings and/or reactions may present conditions that remove the protecting group(s). 

To combat this problem there are a plethora of protecting groups used in peptide 

synthesis. The type of protecting group is directed by the reaction conditions, amino 

acids involved in coupling and the oligopeptide being synthesized. Two common 

protecting groups for amino groups are the tert-butoxycarbonyl group (Boc) and the 

benzyloxycarbonyl group (Z) (Figure 2.7).117 Carboxylic acids are typically protected 

using methyl and benzyl esters (Figure 2.7). The Boc protecting group is removed 

readily by strong acids, such as trifluoroacetic acid (TFA) solutions, and the Z 

protecting group is easily removed by catalytic hydrogenation.117 Another advantage of 

using Boc protecting groups is that many Boc-protected amino acids are commercially 

available. 
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Figure 2.7. Protecting groups used for the synthesis of peptide-based crosslinking 

agents during the work described in this thesis  
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2.3 Results and discussion 
2.3.1. Synthesis of starting materials 

2.3.1.1 Synthesis N-benzyloxycarbonyl-L-lysine methyl ester  
As previously mentioned (Section 2.1.1), lysine would occupy the C-terminus of the 

target decapeptide as it has an amino group on its side chain with a similar reactivity to 

that of the amino group from the N-terminus of the target decapeptide. A suitable 

protected-lysine for the synthesis of the target decapeptide is N-benzyloxycarbonyl-L-

lysine methyl ester hydrochloride (13.HCl). The pathway to 13.HCl is shown in Scheme 

2.10 and is a previously reported route.71 
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Scheme 2.10. Synthesis of N-benzyloxycarbonyl-L-lysine methyl ester hydrochloride 

(16.HCl).71 

 

2.3.1.2 Synthesis of Boc-glycine derivatives 
Despite the commercial availability of Boc-protected amino acids, not all are available 

in large quantities at affordable prices. Such derivatives include Boc-glycylglycine (14) 
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and Boc-glycylglycylglycine (15) (Scheme 2.11). Fortunately 14 and 17 can be easily 

synthesized by treating glycylglycine or glycylglycylglycine with di-tert-butylcarbonate 

in a 1:1 MeOH/H2O solvent system (Scheme 2.11). Generally NaOH is used as the base 

in the synthesis of Boc-amino acids,109,118 but the use of NaOH opened the possibility of 

nucleophilic attack from the hydroxide ion to the carbonyl carbon groups from di-tert-

butylcarbonante. For this reason triethylamine – a non-nucleophilic base – was used and 

gave 14 in high yields (86%) and 15 in moderate yields (58%). Despite the reduced 

yields for 15, both 14 and 15 could easily be synthesized on multigram scales.  
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Scheme 2.11. Synthesis of Boc-glycylglycine (14) and Boc-glycylglycylglycine (15). 

 

 

2.3.1.3 Synthesis of a collagenase-cleavable oligopeptide  
The synthesis of the protected decapeptide (16) was achieved using HBTU coupling 

procedures. The tripeptide 17 was prepared by adding HBTU to a solution of 13 and 14 

in Et3N and CH3CN and stirring for 3 hours at room temperature (Scheme 2.12). 

Isolation of the tripeptide 17 was carried out by extraction with EtOAc, followed by 

several aqueous washes and then silica column chromatography. To continue the 

stepwise growth of the peptide, the Boc group from 17 was removed to expose the 

amino group at the N-terminus of the peptide, thereby allowing further couplings with 

N-protected protected amino acids. Removal of the Boc group was achieved by stirring 

27 in a 1:1 solution of TFA:CH2Cl2. Isolation of the crude TFA tripeptide salt 18 from 

the deprotecting solution was carried out by removing the solvent under reduced 

pressure giving a yellow oil. The oil was then dissolved in Et3N and CH3CN, then Boc-

Ala and HBTU was added to the solution giving the tetrapeptide 19 after work-up and 

purification. An excess of Et3N was added to the reaction mixture to ensure no TFA 

remained, as any excess TFA could have removed the Boc group form Boc-Ala prior to 

coupling. The process of deprotection, coupling and purification was repeated until the 

desired decapeptide 16 was synthesized. The yields for each coupling step ranging from 

78 to 97%, with the protected decapeptide 16 having an overall yield of 30%.  
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Scheme 2.12. The synthesis of the protected decapeptide 16. 

 

2.3.1.4 Purification of the protected decapeptide 
As the length of the peptide increased, so did the polarity of peptide, meaning, the 

polarity of the solvent system used to elute the peptide from silica column 

chromatography had to adjusted accordingly. The solvent system used for column 

chromatography started 10% MeOH/EtOAc for the relatively non-polar tripeptide 17, 

but increased to 30% MeOH/EtOAc for the polar protected decapeptide 16. 

Unfortunately, at 30% MeOH/EtOAc, the silica began to dissolve after extended 

exposure to the eluting solvent system, and this lead to 16 co-eluting with impurities. 

Although co-elution was unavoidable, the product obtained from silica chromatography 
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was of moderate purity, although the purity was never determined. As silica 

chromatography could only be used as a crude form of purification, other methods of 

chromatography were explored to further purify 16. Size exclusion chromatography 

(SEC) is another form of chromatography, but instead of separating compounds based 

on differences in polarity, SEC separates compounds based on differences in molecular 

weight. Compounds with higher molecular weights interact with SEC resin less 

compared to compounds with lower molecular weight. This interaction difference 

means high molecular compounds have lower affinities for SEC resin compared to 

compounds with lower molecular weights; therefore, high molecular weight compounds 

are eluted off the resin faster than lower molecular weight compounds. As there was a 

large difference in the molecular weight of 16 and the by-products from coupling 

procedure, 16 could easily be isolated from the by-products using SEC. 

  

2.3.1.5 NMR characterisation of the protected decapeptides  

The 1H NMR spectrum of a solution of 16 was consistent with its proposed structure. In 

the 1H NMR spectrum (500.1 MHz, d6-DMSO), the amide protons ranged from  8.20 

to  6.98 with 10 signals being observed (Figure 2.8). The multiplicity of the amine 

signals was dependant on the substituents from the adjacent -carbon. For example, the 

amide signals from glycine were apparent triplets due to the CH2 groups at the -

carbon, whereas the amide signals from leucine, lysine and alanine were all doublets as 

each of these amino acids contains a single proton at the -carbon. The aromatic and 

methylene protons from the Z-protecting group were observed as a multiplet and a 

singlet at  7.35 and  4.99 respectively. The CH proton signals from proline, leucine, 

lysine and alanine all came as multiplets between  4.36 -  3.99. The CH2 proton 

signals from glycine came between  3.99 -  3.58 as a multiplet, and the methyl ester 

peak from the lysine at the C-terminus was a characteristic singlet at 3.61. The proton 

signal from H5 on proline came as a multiplet at  3.45 with the CH2 signals form 

lysine coming at  2.96 as an apparent triplet. The region  2.02 -  1.27 corresponded 

to the CH and CH2 groups from the side chains of leucine, proline and lysine and the 

Boc t-butyl group. The methyl groups from alanine and leucine were all doublets at  

1.22,  0.86 and  0.82 respectively. The 1H NMR spectrum also indicated the optical 

purity of the decapeptide had been maintained. Racemisation to any one of the 

sterogenic centres would have lead to a mixture of diasterisomers, which would have 
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given additional resonances in the 1H NMR spectrum. The 13C NMR (125.5 MHz, d6-

DMSO) spectrum also displayed the correct number or carbons. Further confirmation of 

the proposed structure was obtained from the HR-FAB mass spectrum with the 

expected molecular ion ([M+H]+) peak being observed at m/z 1018.5250 [M+H]+ 

(C46H71N11O15 requires 1018.5209) 

 

 
Figure 2.8. 1H NMR (d6-DMSO) of the protected decapeptide 16. The diamond 

represents solvent impurities and the star represents H2O.
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2.3.1.6 Boc and Z group deprotection 
Removal of both the Boc and Z protecting groups from 16 was achieved in two steps 

(Scheme 2.13). The Z group was removed by catalytic hydrogenation using H2 and 10% 

Pd on C and the N-terminus Boc group was removed using the conditions (1:1 

TFA:CH2Cl2) previously mentioned (Section 2.3.1.2) to give the di-amino peptide 20.2 

TFA (Scheme 2.13) in quantitative yields. Deprotection was easily monitored by 1H 

NMR (Figure 2.9): firstly, NH triplet at  7.23 due to the -NH of lysine, and the benzyl 

protons at  7.35 and  4.99 disappeared after catalytic hydrogenation; and secondly, 

the apparent triplet at  6.98 due to the N-terminus glycine NH, and the singlet at  1.38 

from the Boc group disappeared after treatment with TFA. Although signals due to 

some impurities are present in the 1H NMR spectrum, these impurities are generally 

solvent-based, do not cause problems in subsequent reactions, and are removed during 

later purification steps (see, Section 2.3.2.3). 
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Scheme 2.13. Deprotection of the protected decapeptide 16. 
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Figure 2.9. Monitoring the removal of Boc and Z protecting groups by 1H NMR (d6-

DMSO). TFA = trifluoroacetic acid. The diamonds represent impurities and the stars 

represent H2O. 



Chapter 2 – Synthesis of peptide-based crosslinking agents 

 35 

2.3.2 Synthesis of peptide-based crosslinking agents 

2.3.2.1 General considerations 
Deprotection of 16 gave 20 and exposed the amino groups at the N-terminus glycine 

and the side chain of lysine at the C-terminus. These amino groups can be further 

functionalised with methacryloyl moieties. Functionalisation can occur using two 

different avenues: attachment of methacryloyl moieties directly to the peptide backbone 

(21) (Scheme 2.14), or with incorporation of PEG “spacer” groups between the peptide 

backbone and the methacryloyl moieties (22) (Scheme 2.14). The purpose of including 

PEG spacer groups is to make the cleavage site between leucine and glycine more 

accessible to collagenase, which may alter the degradation characteristics of the 

hydrogel peptide-conjugates. 
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Scheme 2.14. Two different avenues for the addition of methacryloyl moieties to the 

decapeptide backbone. 

 

2.3.2.2 Synthesis of the methacryloyl-decapeptide crosslinking agent 
Due to the hydrophilic nature of 20, dissolution was not achieved using typical aprotic 

peptide coupling solvents. Because of the potential for premature polymerisation of the 

methacryloyl decapeptide, the use of aprotic polar solvents such as DMSO and DMF 

was avoided as their high boiling points make their removal post-coupling difficult 

without heating. While low boiling polar solvents, such as MeOH, H2O, or mixtures of 

H2O/MeOH or H2O/THF, could be used to dissolve 20, a drawback with using these 

systems is that traditional peptide coupling procedures using carbodiimide (or HBTU) 

chemistry cannot be used because the active O-acyl isourea species is highly susceptible 

to hydrolysis (Scheme 2.15, A). There are, however, coupling agents that form “less 

active” active esters that are suitable for coupling in protic and/or aqueous media. One 

group of active esters that can withstand protic and aqueous media are N-
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hydroxysuccinimideo-based (NHS) esters (Scheme 2.15, B).119,120 NHS esters are also 

stable enough to be synthesized many months prior to their use. As such, NHS-esters 

are widely used in the biological sciences to functionalise proteins and peptides for a 

variety of uses, with coupling generally occurring in buffered aqueous solutions.119,121 

In order to use NHS-esters to introduce methacryloyl moieties onto the peptide 

backbone, the methacryloyl-NHS ester 23 was synthesized in a yield of 61% by 

coupling methacrylic acid with NHS using (1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC.HCl) as a coupling agent122 (Scheme 2.16). 
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Scheme 2.15. (A) The hydrolysis of active esters based on carbodiimide coupling 

agents. (B) Coupling using NHS esters 
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Scheme 2.16. Synthesis of methacryloyl-NHS ester 23. 

 

With both the methacryloyl source and peptide backbone synthesized, coupling was 

attempted by adding 23 as a 1:1 THF/H2O solution to a buffered aqueous solution of 20 

(1:1 THF/50 mMaq NaHCO3) to give the crude methacryloyl decapeptide 24 (Scheme 

2.17). An aqueous NaHCO3 solution was used as it acted as a base to help deprotonate 

the ammonium groups, while THF helped to solubilise 23. The formation of 24 was 

monitored using 1H NMR spectroscopy by observing the formation of methylene 

signals from 24 at  6.0 - 5.0 (Figure 2.10B). The methylene signals from 24 were 

distinguishable from the methylene signals from methacryloyl-NHS that resonated 

downfield between  6.5 and  6.0. 
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Scheme 2.17. Synthesis of the methacryloyl decapeptide crosslinking agent 27. 

 

2.3.2.3 Purification of the decapeptide crosslinking agent 
Isolation of 24 from the reaction mixture required removal of excess 23, NHS, 

NaHCO3, unreacted 23, and mono-functionalised decapeptide. Due to the polar nature 

of 27, traditional organic work up procedures could not be used. Fortunately, passing 

the reaction mixture down a column of activated acid resin (Amberlite™) neutralised 

any excess NaHCO3 salts. The ammonium salts of 20 and mono-functionalised 

decapeptides also formed when passed down activated acid resin, and, due to the nature 

of acid resins, these ammonium salts were retained on the column allowing 24 to be 

eluted off with methanol. SEC was used to remove any excess NHS and 23. To 

minimize the chance of premature polymerisation, SEC of 24 was carried out at 4 °C in 

a cold room. The fractions containing 24 were collected and diluted in H2O, then the 

solution was frozen and finally lyophilised giving 24 as a white fluffy powder in 

moderate yield (49%). Removal of the by-products was easily monitored by 1H NMR 

spectroscopy (Figure 2.10C), and reverse phase high performance liquid 

chromatography (RP-HPLC) of the lyophilised product showed only one peak in the 

chromatogram (Figure 2.11) indicating the product was of high purity. 
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Figure 2.10. Monitoring the synthesis and purification of 24 by 1H NMR spectroscopy 

(600 MHz, d6-DMSO):  

A: Deprotected decapeptide 20.  

B: Crude reaction mixture after methacryloyl-NHS ester coupling.  

C: Di-methacryloyl decapeptide (24) after purification.  

The diamonds in the spectra represent impurities and the stars represent H2O. 
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Figure 2.11. RP-HPLC chromatogram of 24 after purification by acid resin and SEC. 

 

 

 

2.3.2.4 NMR characterisation of the decapeptide crosslinking agent 

The 1H NMR spectrum of a solution of 24 was consistent with its proposed structure. In 

the 1H NMR spectrum (600.1 MHz, d6-DMSO), the 10 amide NH protons ranged 

between  8.15 to  7.88 and were heavily overlapped (Figure 2.12). The methacryloyl 

groups had vinylic signals at  5.74,  5.61,  5.37 and  5.29, with the methacryloyl 

methyl groups coming at  1.87 and  1.85. All other signals for 24 came at similar 

chemical shifts to the parent protected-decapeptide 16 (see Section 2.3.1.5). The 13C 

NMR (150.7 MHz, d6-DMSO) spectrum also displayed the expected number of carbon 

signals. Further confirmation of the proposed structure was obtained from the mass 

spectrum with the corresponding molecular ion ([M+H]+) peak being observed at m/z 

920.4775 [M+H]+ (C41H65N11O13 requires 920.4842) 
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Figure 2.12. 1H NMR (600 MHz, d6-DMSO) of the di-methacryloyl decapeptide 24. 

The star represents H2O.  
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2.3.2.5 Synthesis of protected-di-PEG decapeptide 
For the purpose of coupling PEG to the decapeptide, a specific PEG conjugate was 

needed with a carboxylic acid at one terminus and with the other terminus being a 

protected amino or hydroxyl group. Fortunately there are now many commercially 

available homo- and hetero-bi-functional PEG products. One product in particular from 

Laysan Bio Inc is the PEG compound 25. Here the PEG derivative possess a NHS-

activated carbonate group and a Boc-protected amino group, which can be further 

functionalised with methacryloyl groups. As the carbonate group is activated with NHS, 

similar coupling conditions used to synthesize the decapeptide crosslinking agent 24 

could be used to couple PEG to the decapeptide backbone 20. As discussed in Section 

2.3.2.1, the polar nature of the deprotected decapeptide 20 meant aqueous solutions had 

to be used. As such, 20 was dissolved a in 1:1 THF/50 mMaq NaHCO3 solution and 25 

was slowly added as a THF solution over a 36 hour period (Scheme 2.18). Although 25 

is soluble in H2O alone, THF was used as a co-solvent solvent as PEG compounds tend 

to be more stable in organic solvents.50 Using THF to dissolve 25 also helped to 

minimize hydrolysis of the NHS ester before coupling took place. Due to the large 

difference in molecular weight of the starting materials (ca 1,700 Da for 25 and ca 780 

Da for 20) and the product (26, ca 4,200 Da), gel permeation chromatography (GPC) 

was used to monitor the reaction (Figure 2.13). As the conjugation between the 

decapeptide 20 and 25 proceeded, the peak area corresponding to 20 reduced, whilst at 

the same time a new peak corresponding to 26 formed. The reaction was deemed 

complete when the peak for 20 was no longer observed, and as 25 was added in excess, 

its corresponding peak still remained in GPC traces once the conjugation had finished.  
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Scheme 2.18. Synthesis of the Boc-PEG decapeptide 26. 

 

 
Figure 2.13. Monitoring the coupling between the activated PEG (25) and the 

deprotected decapeptide (20) via GPC to give the protected-PEG decapeptide (26), and 

subsequent purification of 26 via dialysis.  
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2.3.2.6 Purification of the protected-di-PEG decapeptide 
The protected-PEG decapeptide 26 was purified via dialysis in deionised water using a 

regulated cellulose dialysis bag with a molecular weight cut-off of 3500 Da. This cut-

off weight ensured any unreacted peptide (20), mono-functionalised decapeptide and 

excess PEG (25) was removed by dialysis. Dialysis was carried out for four weeks at 4 

°C with the water being changed daily. After dialysis was complete, the decapeptide 

PEG conjugate was obtained in a yield of 33% with a purity of 97% purity (as 

determined by integrating the area under the peaks corresponding to 25 and 26 in GPC 

traces, Figure 2.13). The 1H NMR spectrum of a solution of 26 (Figure 2.14) was 

consistent with its proposed structure with the signals due to the amide NH, CH and 

side chain methylene and methyl groups being consistent with those of the parent 

protected decapeptide 16. The only noticeable difference between 26 and the 

methacryloyl peptide 24 was the large apparent singlet at  3.50 due to the presence of 

the oxoethylene protons from the PEG groups. 
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Figure 2.14. 1H NMR of a solution (600 MHz, d6-DMSO) of the protected PEG 

decapeptide 26. The star in the spectra represents H2O. 
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2.3.2.7 Synthesis of the methacryloyl-PEG decapeptide 
The Boc groups on the PEG side-chains of the PEG-peptide conjugate 26 were removed 

to allow functionalisation of the amino groups with methacryloyl moieties. To minimize 

the potential cleavage of the carbamate groups joining the PEG chains to the peptide, 

the Boc groups were removed in a 1:1 TFA:CH2Cl2 solution at 0 °C (Scheme 2.19). 

Deprotection was monitored by 1H NMR spectroscopy and was judged complete when 

signals from the Boc t-butyl groups at  1.38 had disappeared. The oily solid produced 

from Boc-deprotection was then dissolved in a 1:1 THF/50mMaq NaHCO3 solution and 

a 1:1 THF/H2O solution of 23 was added to afford the methacryloyl-PEG decapeptide 

crosslinking agent 27 (Scheme 2.19). Isolation of 27 was achieved by dialysing the 

reaction mixture against water using a regulated cellulose dialysis bag with a molecular 

weight cut-off of 1000 Da. Dialysis removed any unreacted 23 and excess salts, after 

which the solution was lyophilised to give the methacryloyl-PEG-peptide conjugate 27 

as a white solid in a yield of 62%. 
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Scheme 2.19. Synthesis of the methacryloyl-PEG decapeptide 30. 
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2.3.2.8 Characterisation of the methacryloyl-PEG decapeptide crosslinking 

agent 
As mentioned in Section 2.3.2.5, the synthesis of the protected-PEG decapeptide 26 was 

monitored by GPC. Unfortunately, as the addition of the methacryloyl moieties did not 

sufficiently change the molecular weight of 27 compared to 26, GPC could not be used 

to monitor the addition of the methacrylate group. 1H NMR spectroscopy, however, 

could be used to monitor the addition of the methacryloyl groups by observing and 

comparing the formation of vinylic protons signals at  5.71 and  5.46 with the methyl 

groups from leucine at  0.95 and  0.90. Once the integral ratio of vinylic protons to 

methyl groups was 2:3, the reaction was deemed complete as this ratio indicated the 

PEG amino groups were fully functionalised with methacryloyl moieties. The 1H NMR 

spectrum of a solution (D2O) of 27 can be seen in Figure 2.15. 
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Figure 2.15. 1H NMR spectrum (600 MHz, D2O) of the di-methacryloyl-PEG 

decapeptide crosslinking agent 27. The star in the spectra represents H2O. 
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2.3.2.9 Synthesis of a protected-bis-triglycol decapeptide 
To examine how the length of the PEG spacer group of the PEG-peptide conjugate 

crosslinker affects degradation, a third crosslinking agent that had shorter PEG spacer 

groups (triglycol) was envisaged. Despite the synthetic success of using the PEG spacer 

group 25, the relative cost and limited accessibility to different molecular weight PEG 

chains limits the use of this chemistry on larger scales. Another way to functionalise the 

deprotected decapeptide 20 with short PEG groups is through the use of isocyanate 

chemistry. Isocyanates are very good electrophiles and they react readily with primary 

amino groups to form ureas. They can also be made from primary amines with relative 

ease by a variety of methods. To attach short PEG chains to 20 using isocyanate 

chemistry, a short PEG chain with a primary amino group at one terminus and a 

protected amino or hydroxyl group at the other terminus is needed. One such compound 

is 28 (Scheme 2.20). Although azides are not a traditional peptide-protecting group, 

they are excellent for protecting primary amino groups, and they can be easily reduced 

to amines by a variety of methods once protection is no longer needed. The amino 

group of 28 was converted into an isocyanate (29) by treatment with triphosgene 

(Scheme 2.20). The isocyanate was not isolated from the reaction mixture, instead it 

was immediately added to a DMF solution of 20 in an ice bath. Diisopropylethylamine 

(Hunig’s base) was then added drop wise to the reaction flask and the solution was left 

to stir for three hours at room temperature to give 30 as a crude product (Scheme 2.20).  
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Scheme 2.20. Synthesis of the protected bis-triglycol decapeptide 30. 
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1H and 13C NMR spectroscopy was used to monitor the reaction between 29 and 30 

using two methods: one, observing the formation of carbamate carbonyl resonances in 

the 13NMR spectrum after work up; and two, in the 1H NMR spectrum, the signal 

attributed to the CH2 of lysine shifted from ca. 2.8 ppm to ca. 3.2 ppm, indicating the 

NH from Lys had formed a carbamate group (such as in Section 2.3.1.5). Although the 

addition of the triglycol units was successful, isolation of the product from the reaction 

mixture was difficult. Initially, isolation of the product was attempted by precipitating 

the reaction mixture in ice-cold diethyl ether. Unfortunately the product oiled out with 

by-products of the reaction. Further purification was attempted using acid resin 

chromatography to remove any un- and mono-functionalised peptide, followed by SEC 

to remove other low molecular weight impurities. This purification procedure, however, 

resulted in a mixture of three compounds (as determined by RP-HPLC). Despite 

repeated SEC, the product remained a mixture of three different compounds. 

Additionally, the three compounds were inseparable by HPLC. The difficulty in 

purifying 30 lies in the fact that after the initial acid resin purification step, 30 cannot be 

immobilised onto a solid support (such as silica and resins) then slowly eluted allowing 

the impurities to be separated. If the azido group in 30 were reduced to primary amino 

groups (in 31), then acid resins could be used to immobilize 31; 31 could then be 

isolated by slowly eluting it by increasing the pH of the eluent solvent. To test this 

theory, the azido groups from 30 were reduced to amino groups (monitoring via FT-IR) 

using H2 and 10% Pd/C (Scheme 2.21). The reduced triglycol-peptide conjugate (31) 

was then adsorbed onto activated acid resin and slowly eluted off with methanolic NH3 

solution. Unfortunately 31 eluted with the other two impurities. As 31 could not be 

isolated, further investigation using 30/31 to form a dimethacryloyl-bis-triglycol-

peptide conjugate was abandoned.  
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Scheme 2.21. Reduction of the azides from 30 to amino groups. 

 

2.4 Experimental 
2.4.1 General procedures 
Nuclear magnetic resonance spectra were recorded using a Varian 400 (399.9 MHz for 
1H, 75.5 MHz for 13C), a Bruker Avance 500 (500.1 MHz for 1H and 125.0 MHz for 
13C) and Bruker Avance 600 (600.13 MHz for 1H and 150.9 MHz for 13C) at ambient 

temperatures. 1H and 13C NMR spectra assignment were made with the aid of DEPT, 

COSY, NOESY, HSQC and HMBC experiments. 1H and 13C chemical shifts were 

referenced to the relevant solvent (d6-DMSO  2.50, d4-MeOH  3.30, CDCl3  7.25), 

with acetone being as an internal standard as an internal standard (  2.05) used in the 

case of D2O. High resolution fast atom bombardment (FAB) mass spectra were 

obtained by Dr. Tony Reader using a VG Autospec Mass Spectrometer. RP-HPLC was 

conducted using an Agilent 1100 series HPLC instrument equipped with a multiple 

wavelength detector set at 210, 254 and 280 nm using a Vydac C18 218TP protein and 

peptide reverse phase column (4.6 x 25 mm, 5 Ām,). A gradient of 1% to 40% 

acetonitrile in 0.1 v/v% TFA:H2O over 30 minutes was used as the eluent. All solvents 

were re-distilled prior to use. Anhydrous solvents were obtained by distillation from a 

suitable drying agent under an inert atmosphere.123 Flash chromatography and rapid 

silica filtration were performed on Merck silica gel 60 (40-63 Ām). Acid resin 

chromatography was carried out using Amberlite™IR-120 [H+] resin (Fluka) with 
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Sephadex LH-20 resin (Simga-Aldrich) being used for SEC. Dialysis was conducted 

using Regulated Cellulose dialysis tubes (Spectrum Labs) with the molecular weight cut 

off (MWCO) specified in the experiment details. All reactions were conducted under an 

inert atmosphere unless stated otherwise.  

 

2.4.2 Materials 
Boc-L-Leucine, Boc-Glycine, Boc-L-Alanine, Boc-L-Proline, di-tert-butyl dicarbonate, 

and O-benzotriazol-1-yl-N,N,N ,N -tetramethyluronium hexafluorophosphate (HBTU) 

were obtained from Auspep and used as received.  

(1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC.HCl) was 

obtained from Alfa-Aesar and used as received. L-Lysine monohydrochloride (98%), 

trifluoroacetic acid (99%), benzyl chloroformate (tech. 95%), thionyl chloride (  

99.0%), methacrylic acid (purum), and palladium on carbon (puriss, 10% Pd) and were 

obtained from Sigma Aldrich and used as received. Ninhydrin (puriss) and copper 

sulfate pentahydrate (purum) were obtained from Fluka and used as received. Citric acid 

(AR), sodium hydroxide and ethylenediaminetetraacetic acid (AR) were obtained from 

Ajax. Boc-NH-PEG-SC 25 (MW 1750 Da) was purchased from Laysan Bio Inc and 

was used as received.  Triethylamine (purum, Fluka) was purified by storage over 4 Å 

molecular sieves followed by distillation from sodium benzyl ketyl. N-

benzyloxycarbonyl-L-lysine methyl ester hydrochloride (16.HCl) was made according 

to a literature procedure.71  

 

2.4.3 Synthesis of the protected decapeptide 

N -Boc-Glycylglycine (Boc-Gly2-OH) 14 

O
H
N

N
H

OH

O

O

O

14  

Glycylglycine (2.67 g, 20.2 mmol) was dissolved in a solution of 1:1 H2O/MeOH (80 

mL) and Et3N (2 mL). The reaction flask was cooled to 0 °C and di-tert-butyl 

dicarbonate (5.38 g, 24.6 mmol) was added portion wise. The solution was stirred for  

3 h at room temperature after which the pH was adjusted to ca. 2 (universal paper) with 

0.5M KHSO4. MeOH was removed under reduced pressure and the solution was 

extracted with EtOAc (3  75 mL). The organic fractions were collected and dried over 

MgSO4. The solvent was reduced to ca. 30 mL and hexanes (150 mL) were added. The 
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resulting white precipitate which was collected and dried, giving a white fluffy solid 

(3.37g, 86%).  
1H NMR (399.9 MHz, d6-DMSO) Ā 8.02 (1H, apparent t, splitting 5.6 Hz, NH Gly), 

6.97 (1H, apparent t, splitting 5.6 Hz, NH Gly), 3.75 (2H, apparent d, splitting 6 Hz, 

CH2 Gly), 3.56 (2H, apparent d, splitting 6 Hz, CH2 Gly), 1.38 (9H, s, C(CH3)3 Boc).   

13C NMR (75.5 MHz, d6-DMSO) Ā 171.2 (C=O Gly), 169.7 (CO2H), 155.8 (C=O Boc 

group), 78.0 (C(CH3)3), 43.0 (2 x Gly CH2), 28.2 (C(CH3)3)  

HRMS (FAB) m/z 255.0979 [M+Na]+ (C9H16N2O5Na requires 255.0957) 

 

N -Boc-Glycylglycylglycine (Boc-Gly3-OH) 15 

O
H
N

N
H

H
N

O

O

O

OH

O

15  

The title compound 15 was made using the same procedure for Boc-glycylglycine 14 

(1.55 g, 58%). 
1H NMR (600.13 MHz, d6-DMSO) Ā 12.55 (1H, s, OH), 8.13 (1H, apparent t, splitting 

5.5 Hz, NH), 8.04 (1H, apparent t, splitting 5.6 Hz, NH), 6.98 (1H, apparent t, splitting 

5.75 Hz, NH), 3.75 (2H, apparent d, splitting 5.9 Hz, CH2 Gly), 3.73 (2H, apparent d, 

splitting 5.8 Hz, CH2 Gly), 3.57 (2H, apparent d, splitting 5.8 Hz, CH2 Gly), 1.38 (9H, 

s, C(CH3)3 Boc). 

13C NMR (75.5 MHz, d6-DMSO) Ā 171.0 (C=O Gly), 169.6 (CO2H), 169.1 (C=O Gly), 

155.8 (C=O Boc group), 78.1 (C(CH3)3), 43.3 (CH2), 41.7 (CH2), 40.5 (CH2), 28.1 

(C(CH3)3). 

HRMS (FAB) m/z 312.1154 [M+Na]+ (C11H19N3O6Na requires 312.1172) 
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N --Boc-Glycylglycyl-NȀ-benzyloxycarbonyl-L-lysine methyl ester (Boc-Gly2-Lys(Z)-

OMe) 17 

17
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H
N
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O

O

O

O

 

Triethylamine (1.50 mL) and HBTU (4.53 g, 12.4 mmol) were added successively to a 

solution of 16 (3.34 g, 11.9 mmol) and 14 (2.50 g, 10.8 mmol) in CH3CN (80 mL). The 

mixture was stirred at room temperature for 1 h then quenched with brine and extracted 

with EtOAc (3 x 120 mL). The organic fractions were collected and washed with 10% 

citric acid, water, 5% NaHCO3, and water (20 mL each), dried over MgSO4, and 

evaporated to dryness. The crude product was purified by chromatography (10% 

MeOH/EtOAc) to give a white solid (4.95 g, 90%).  
1H NMR (500.1 MHz, d6-DMSO) Ā 8.16 (1H, d, 3JHH 7.3 Hz, NH  Lys), 7.97 (1H, 

apparent t, splitting 5.4 Hz, NH Gly), 7.33 (5H, m, Ar), 7.22 (1H, apparent t, splitting 

5.7 Hz, NH Gly1), 7.01 (1H, t, 3JHH 5.8 Hz, NH  Lys), 4.99 (2H, s, CH2Ar), 4.21 (1H, 

m, CH  Lys) 3.74 (2H, m, CH2 Gly), 3.61 (3H, s, OCH3), 3.55 (2H, 2H, apparent d, 

splitting 5.9 Hz, CH2 Gly), 2.97 (2H, t, 3JHH 6.5 Hz, CH2  Lys), 1.61 (2H, m, CH2  

Lys), 1.37 (9H, s, t-butyl), 1.34 (2H, m, CH2  Lys), 1.26 (2H, m, CH2  Lys).  

13C NMR (125.75 MHz, d6-DMSO) Ā 172.6 (CO2Me), 169.6 (C=O Gly), 168.9 (C=O 

Gly), 156.1 (NH (C=O) Lys), 155.8 (C=O Boc group), 137.2 (ipso C), 128.3 (CH), 

127.7 (CH), 127.7 (CH), 78.1 (C(CH3)3), 65.1 (CH2Ar), 51.9 (CH  Lys), 51.8 (OCH3), 

43.3 (CH2 Gly), 41.6 (CH2 Gly), 40.0 (CH2  Lys), 30.6 (CH2  Lys), 28.9 (CH2  Lys), 

28.2 (C(CH3)3), 22.5 (CH2  Lys). 

MS (FAB) m/z 509.0 [M+H]+ (C24H36N4O8 requires 509.2511) 
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N --Boc-L-Alanyl-glycylglycyl-NȀ-benzyloxycarbonyl-L-lysine methyl ester (Boc-Ala-

Gly2-Lys(Z)-OMe) 19 

19
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Boc-Gly2-Lys(Z)-OMe 17 (1.3 g, 2.58 mmol) was deprotected by treatment with 1:1 

TFA:CH2Cl2 for 30 min. The solvent was removed in vacuo and the oily residue was 

dissolved in CH3CN (100 mL) and triethylamine (3 mL). Boc-Ala (488 mg, 2.58 mmol) 

was added followed by HBTU (977 mg, 2.58 mmol) and the solution was stirred 

overnight at room temperature. The reaction was quenched with brine (100 mL) and 

extracted with EtOAc (3 x 120 mL). The organic fractions were collected and washed 

with 10% citric acid, water, 5% NaHCO3, and water (20 mL each), dried over MgSO4, 

and evaporated to dryness. The crude product was purified by chromatography (10% 

MeOH/EtOAc) to give a white solid (1.02 g, 89%). 
1H NMR (500.1 MHz, d6-DMSO) Ā 8.14 (1H, d, 3JHH 7.2 Hz, NH  Lys), 8.11 (1H, 1H, 

apparent t, splitting 5.3 Hz, NH Gly), 8.01 (1H, 1H, apparent t, splitting 5.3 Hz, NH 

Gly) 7.34 (5H, m, Ar), 7.23 (1H, t, 3JHH 5.8 Hz, NH  Lys), 7.02 (1H, d, 3JHH 7.1 Hz, 

NH Ala), 4.99 (2H, s, CH2Ar), 4.21 (1H, m, CH  Lys), 3.97 (1H, m, CH  Ala), 3.80-

3.66 (4H, m, CH2 Gly), 3.61 (3H, s, OCH3), 2.97 (2H, t, 3JHH 6.5 Hz, CH2  Lys), 1.71-

1.21 (15H, m, C(CH3)3 Boc, CH2 CH2 CH2  Lys), 1.17 (3H, d, J 7.1 Hz, CH3  Ala)  

13C NMR (125.75 MHz, d6-DMSO) 173.6 (C=O Ala), 172.8 (CO2Me), 169.5 (C=O 

Gly 1), 169.2 (C=O Gly), 156.5 (NH (C=O) Lys), 155.7 (C=O Boc group), 137.7 (ipso 

C), 128.7 (CH), 128.2 (CH), 128.1 (CH), 78.6 (C(CH3)3), 65.5 (CH2Ar), 52.3 (OCH3), 

52.2 (CH  Lys), 50.2 (CH  Ala), 42.5 (CH2 Gly), 41.9 (CH2 Gly), 40.0 (CH2  Lys), 

31.0 (CH2  Lys), 29.3, (CH2  Lys), 28.6 (C(CH3)3), 22.9 (CH2  Lys), 18.4 (CH3  Ala) 

HRMS (FAB) m/z 580.2979 [M+H]+ (C27H41N5O9 requires 580.6588) 
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N --Boc-L-Prolyl-L-alanylal-glycylglycyl-NȀ-benzyloxycarbonyl-L-lysine methyl ester 

(Boc-Pro-Ala-Gly2-Lys(Z)-OMe) 32 
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The title pentapeptide 32 was prepared by deprotection of Boc-Ala-Gly2-Lys(Z)OMe 19 

and subsequent coupling to Boc-pro as outlined for the synthesis of the tetrapeptide 

Boc-Ala-Gly2-Lys(Z)OMe 33. Workup and chromatography (10% MeOH/EtOAc) 

afforded the pentapeptide as a white solid (996 mg, 97%). 
1H NMR (500.1 MHz, d6-DMSO) Ā 8.18 (1H, d, 3JHH 7.4 Hz, NH  Lys), 8.12 (1H, m, 

NH Gly), 8.08 (1H, d, 3JHH 7.1 Hz, NH Ala), 8.04 (1H, apparent t, splitting 5.7 Hz, NH 

Gly) 7.33 (5H, m, Ar), 7.23 (1H, t, 3JHH 5.8 Hz, NH  Lys), 4.99 (2H, s, CH2Ar), 4.29 

(1H, apparent t, splitting 7.1 Hz, CH Ala), 4.21 (1H, m, CH  Lys), 4.11 (1H, m H2 

Pro), 3.80-3.66 (4H, m, CH2 Gly), 3.61 (3H, s, OCH3), 3.26 (2H m, H5 Pro) 2.97 (2H, 

t, 3JHH 6.5 Hz, CH2  Lys), 2.06 (1H, m, H3 Pro), 1.86-1.24 (18H, m, C(CH3)3 Boc, 

CH2 CH2 CH2  Lys, H4 H3 Pro), 1.22 (3H, d, 3JHH 7.1 Hz, CH3 Ala). 

13C NMR (125.75 MHz, d6-DMSO) 172.5 (C=O Lys), 172.4 (C=O Ala), 172.4 (C=O 

Pro), 168.9 (C=O Gly), 168.7 (C=O Gly), 156.5 (NH (C=O) Lys), 155.7 (C=O Boc 

group), 137.3 (ipso C), 128.3 (CH), 127.8 (CH), 128.7 (CH), 78.7 (C(CH3)3), 78.3 

(C(CH3)3), 65.1 (CH2Ar), 59.2 (C2), 51.9 (OCH3), 52.8 (CH  Lys), 48.2 (CH  Ala), 

46.5 (C5 Pro), 41.9 (CH2 Gly), 41.5 (CH2 Gly), 40.0 (CH2  Lys), 30.8 (C3), 30.5 

(CH2  Lys), 29.3, (CH2  Lys), 28.1 (C(CH3)3), 27.9 (C(CH3)3), 23.1 (C4 Pro), 22.5 

(CH2  Lys), 18.4 (CH3  Ala) 

HRMS (FAB) m/z 699.2358 [M+Na]+ (C32H48N6O10Na requires 699.3330) 
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N --Boc-Glycyl-L-prolyl-L-alanyl-glycylglycyl-NȀ-benzyloxycarbonyl-L-lysine methyl 

ester (Boc-Pro-Ala-Gly2-Lys(Z)-OMe) 33 

33

H
N

HN

OMe

O

N
H

H
N

O

O

O
N
H

O

N

H
NO

O

O

O

O

2

3

4
5

 

The title hexapeptide 33 was prepared by deprotection of Boc-Pro-Ala-Gly2-

Lys(Z)OMe 32 and subsequent coupling to Boc-Gly as outlined for the synthesis of the 

tetrapeptide Boc-Ala-Gly2-Lys(Z)OMe 19. Workup and chromatography (15% 

MeOH/EtOAc) afforded the hexapeptide (2.63 g, 92%). 
1H NMR (500.1 MHz, d6-DMSO) Ā 8.19 (1H, m, NH Gly), 8.14 (1H, m, NH  Ala), 

8.01 (2H, m, NH Gly and NH  Lys), 7.33 (5H, m, Ar), 7.23 (1H, t, 3JHH 5.5 Hz, NH  

Lys), 6.76 (1H, apparent t, splitting 5.9 Hz, NH Gly 1), 4.99 (2H, s, CH2Ar), 4.32 (1H, 

m, CH Pro), 4.22 (2, m, CH  Lys and CH  Ala), 3.83-3.66 (6H, m, CH2 Gly), 3.61 

(3H, s, OCH), 3.44 (2H m, H5 Pro), 2.97 (2H, t, 3JHH 6.5 Hz, CH2  Lys), 1.99 (2H, m, 

H3 Pro), 1.99-1.25 (18H, m, C(CH3)3 Boc, CH2 CH2 CH2  Lys, H4 H3 Pro), 1.22 (3H, 

d, 3JHH 7.1 Hz, CH3  Ala)  

13C NMR (125.75 MHz, d6-DMSO) 173.0 (C=O Lys), 172.8 (C=O Pro), 172.0 (C=O 

Ala), 169.4 (C=O Gly), 169.2 (C=O Gly), 168.2 (C=O Gly), 156.5 (NH (C=O) Lys), 

156.1 (C=O Boc group), 137.7 (ipso C), 128.7 (CH), 128.2 (CH), 128.1 (CH), 78.3 

(C(CH3)3), 65.5 (CH2-Ar), 58.8 (C2 Pro), 52.3 (OCH3), 52.2 (CH  Lys), 48.2 (CH  

Ala), 46.2 (C5 Pro), 42.8 (CH2 Gly), 42.5 (CH2 Gly), 41.9 (CH2 Gly), 40.0 CH2  Lys), 

30.0 (CH2  Lys), 29.4 (C3 Pro), 29.3, (CH2  Lys), 28.6 (C(CH3)3), 24.8 (C4 Pro), 22.9 

(CH2  Lys), 18.0 (CH3   Ala). 

HRMS (FAB) m/z 756.4277 [M+Na]+ (C34H51N7O11Na requires 756.3544) 
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N --Boc-L-Leucyl-glycyl-L-prolinyl-L-alanyl-glycylglycyl-NȀ-benzyloxycarbonyl-L-

lysine methyl ester (Boc-Leu-Gly-Pro-Ala-Gly2-Lys(Z)-OMe) 34 
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The title heptapeptide 34 was prepared by deprotection of Boc-Gly-Pro-Ala-Gly2-

Lys(Z)OMe 34 and subsequent coupling to Boc-Leu as outlined for the synthesis of the 

tetrapeptide Boc-Ala-Gly2-Lys(Z)OMe 19. Workup and chromatography (20% 

MeOH/EtOAc) afforded the heptapeptide as a white solid (985 mg, 87%). 
1H NMR (500.1 MHz, d6-DMSO) Ā 8.16 (2H, m, NH  Ala, NH  Lys),) 8.00 (2H, m, 

NH Gly, NH Gly), 7.79 (1H, apparent t, splitting 4.9 Hz, NH Gly), 7.33 (5H, m, Ar), 

7.23 (1H, t, 3JHH 5.3 Hz, NH  Lys), 6.97 (1H, m, NH  Leu), 4.99 (2H, s, CH2Ar), 4.32 

(1H, m, H2 Pro), 4.22 (2H, m, CH  Lys and CH  Ala), 3.99 (1H, m, CH  Leu), 3.83-

3.66 (6H, m, CH2 Gly), 3.61 (3H, s, OCH3), 3.44 (2H m, H5 Pro), 2.97 (2H, t, 3JHH 

6.48 Hz, CH2  Lys), 2.08-1.21 (31H, m, C(CH3)3 Boc, CH2 CH2 CH2  Lys, H4 H3 

Pro, CH2  CH  CH3  Leu, CH3  Ala), 0.86 (3H, d, 3JHH  6.6 Hz, CH3   Leu), 0.83 (3H, 

d, 3JHH  6.6 Hz, CH3  Leu) 

13C NMR (125.75 MHz, d6-DMSO) 172.7 (C=O Leu), 172.6 (C=O Lys), 172.4 (C=O 

Ala), 171.5 (C=O Pro), 168.9 (C=O Gly), 168.7 (C=O Gly), 167.2 (C=O Gly), 156.0 

(NH (C=O) Lys), 155.3 (C=O Boc group), 137.2 (ipso C), 128.3 (CH), 127.8 (CH), 

127.7 (CH), 78.3 (C(CH3)3), 65.1 (CH2-Ar), 59.6 (C2 Pro), 52.7 (CH  Leu), 51.9 

(OCH3), 51.8 (CH  Lys), 48.3 (CH  Ala), 45.8 (C5 Pro), 42.1 (CH2 Gly), 41.5 (CH2 

Gly), 41.3 (CH2 Gly), 40.7 (CH2  Leu), 40.0 (CH  Lys), 30.6 (CH2  Lys), 29.0 (C3 

Pro), 28.9 (CH2  Lys), 28.1 (C(CH3)3), 24.2 (C4 Pro), 24.2 (CH  Leu), 23.0 (CH2   

Lys), 22.5 (CH3  Leu), 21.3 (CH3  Leu), 17.6 (CH3  Ala) 

MS (FAB) m/z 847.5 [M+H]+ (C40H62N7O12 requires 847.4565) 
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N --Boc-Glycylglycylglycyl-L-leucyl-glycyl-L-prolyl-L-alanyl-glycylglycyl-NȀ-

benzyloxycarbonyl-L-lysine methyl ester  

(Boc-Gly3-Leu-Gly-Pro-Ala-Gly2-Lyz(Z)-OMe) 16 
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The title decapeptide 16 was prepared by deprotection of Boc-Leu-Gly-Pro-Ala-Gly2-

Lys(Z)OMe 34 and subsequent coupling to Boc-gly3 15 as outlined for the synthesis of 

the tetrapeptide Boc-Ala-Gly2-Lys(Z)OMe 19. Workup and silica chromatography 

(30% MeOH/EtOAc) followed by LH-20 Sephadex chromatography eluting with 

methanol afforded the decapeptide (48%). 
1H NMR (500.1 MHz, d6-DMSO) Ā 8.20 (1H, m, NH  Lys), 8.17 (1H, apparent d, 

splitting 8.1 Hz, NH Ala), 8.08 (2H, m, NH Gly, NH Gly), 8.02 (3H, m, NH Gly, NH 

Gly. NH Gly), 7.96 (1H, m, NH  Leu), 7.33 (5H, m, Ar), 7.23 (1H, t, 3JHH 5.3 Hz, NH  

Lys), 6.98 (1H, apparent t, splitting 8.5 Hz, NH Gly), 4.99 (2H, s, CH2-Ar), 4.38 – 4.26 

(2H, m, H2 Pro, CH  Leu), 4.24 – 4.17 (2H, m, CH  Lys and CH  Ala), 3.99-3.66 

(10H, m, CH2 Gly), 3.61 (3H, s, OCH3), 3.58 (1H, apparent d, splitting 5.8 Hz, CH2 

Gly), 3.45 (2H m, H5 Pro), 2.96 (2H, t, 3JHH 6.5 Hz, CH2  Lys), 2.08 – 1.21 (31H, m, 

C(CH3)3 Boc, CH2 CH2 CH2  Lys, H4 H3 Pro, CH2  CH  CH3  Leu, CH3  Ala), 0.86 

(3H, d, 3JHH 6.6 Hz, CH3  Leu), 0.82 (3H, d, 3JHH 6.5 Hz, CH3   Leu) 

13C NMR (125.75 MHz, d6-DMSO) 172.6 (C=O Lys), 172.4 (C=O Ala), 172.1 (C=O 

Leu), 171.6 (C=O Pro), 169.8 (C=O Gly), 169.1 (C=O Gly), 169.0 (C=O Gly), 168.8 

(C=O Gly), 168.5 (C=O Gly), 167.2 (C=O Gly), 156.0 (NH (C=O) Lys), 155.8 (C=O 

Boc group), 137.2 (ipso C), 128.3 (CH), 127.8 (CH), 127.7 (CH), 78.1 (C(CH3)3), 65.1 

(CH2-Ar), 59.6 (C2 Pro), 51.9 (OCH3), 51.8 (CH  Lys), 50.8 (CH  Leu), 48.3 (CH  

Ala), 45.8 (C5 Pro), 43.3 (CH2 Gly), 42.1 (CH2 Gly), 42.0 (CH2 Gly), 41.7 (CH2 Gly), 

41.5 (CH2 Gly), 41.2 (CH2  Leu), 40.9 (CH2 Gly), 40.0 (CH2  Lys), 30.6 (CH2   Lys), 

29.0 (C3 Pro), 28.9 (CH2  Lys), 28.1 (C(CH3)3), 24.3 (C4 Pro), 24.0 (CH  Leu), 23.0 

(CH3  Leu), 22.5 (CH2  Lys), 21.5 (CH3  Leu), 17.6 (CH3  Ala). 

HRMS (FAB) m/z 1018.5250 [M+H]+ (C46H71N11O15 requires 1018.5209) 
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2.4.4 Preparation of di-methacryloyl-decapeptide 
Methacryloyl-N-hydroxysuccinimdeo (MA-NHS) 23 
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EDC.HCl (1.66 g, 8.68 mmol) was added to a solution of N-hydroxysuccinimide (1.0 g, 

8.68 mmol) and methacrylic acid (736 ĀL, 8.68 mmol) in CH2Cl2 (50 mL) and 

triethylamine (2 mL) at 0 °C. The solution was stirred overnight at room temperature 

then quenched with sat. NaHCO3 (25 mL), washed with H2O (10 mL) and dried over 

MgSO4. The solvent was removed giving a yellow solid which was recrystalised from 

1:1 ethyl acetate/hexanes giving off white crystals (970 mg, 61%).  
1H NMR (500.13 MHz, CDCl3) 6.40 (1H, s, HHC=C), 5.87 (1H, s, HHC=C), 2.83 (4H, 

s, CH2), 2.05 (3H, s, CH3). 

13C NMR (125.7 MHz, CDCl3) 169.3 (C=O MA), 162.3 (C=O NHS), 132.0 (CCH2), 

130.5 (CCH2), 25.7 (CH2 NHS), 18.3 (CH3) 

HRMS (FAB) m/z 184.0525 [M+H]+ (C8H9NO4 requires 184.0610) 

 

N --Methacryloyl-glycylglycylglycyl-L-leucyl-glycyl-L-prolyl-L-alanyl-glycylglycyl-NȀ-

methacryloyl-L-lysine methyl ester (MA-Gly3-Leu-Gly-Pro-Ala-Gly2-Lyz(MA)-OMe 24 
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The decapeptide 16 (317 mg, 0.31 mmol) was stirred in a 1:1 mixture of TFA/CH2Cl2 

(10 mL) at room temperature for 1 h. The solvent was removed in vacuo to give a 

viscous oil, which was dissolved in methanol (10 mL) and 10% Pd/C (60 mg) was 

added. The mixture was subjected to three freeze-pump-thaw cycles, a hydrogen-filled 

balloon was attached to the reaction flask, and the mixture was stirred at room 

temperature for 16 h. The mixture was then filtered through a 0.45 Ām syringe filter. 

Removal of the solvent gave the crude deprotected decapeptide as a white solid. 1H 

NMR spectroscopy confirmed the removal of both the Boc- and Z- protecting groups. 



Chapter 2 – Synthesis of peptide-based crosslinking agents 

 60 

The solid was dissolved 1:1 THF/50 mM NaHCO3 (15 mL) and a solution of MA-NHS 

(23) (212 mg, 1.16 mmol) in 1:1 H2O/THF (1 ml) was added and the solution was 

allowed to stir for 36 h. Without heating, the solution was concentrated in vacuo and 

passed through a column of Amberlite 120-IR[H+] resin eluting MeOH. The fractions 

containing 24 were concentrated in vacuo and passed through a column of LH-20 

Sephadex resin at 4 °C eluting with MeOH. The solution was concentrated, diluted in 

water then lyophilised to give a white fluffy solid (140 mg, 49%). The product was pure 

as indicated by RP-HPLC. 
1H NMR (600.1 MHz, d6-DMSO) Ā 8.19 – 8.06 (4H, m, NH  Lys, NH  Ala, NH Gly, 

NH Gly), 7.98 (2H, m, NH Gly, Gly), 7.93 (1H, m, NH Leu), 7.88 (1H, m, NH  Lys), 

5.74 (1H, m, CH2=CCH3 of NH Gly), 5.61 (1H, m, CH2=CCH3 of NH  Lys), 5.37 (1H, 

m, CH2=CCH3 of NH Gly), 5.29 (1H, m, CH2=CCH3 of NH  Lys), 4.33 (2H, m, C2 

Pro, CHa Leu), 4.22 (2H, m, CH  Ala, CH  Lys), 3.96-3.70 (12H, m, CH2 Gly), 3.61 

(3H, s, OCH3), 3.46 (2H m, H5 Pro), 3.07 (2H, m, CH2  Lys), 2.01 – 1.22 (28H, m, 

CH2=CCH3 of NH Gly and NH  Lys, CH2 CH2 CH2  Lys, H4 H3 Pro, CH2  CH  

CH3  Leu, CH3  Ala), 0.86 (3H, d, 3JHH 6.6 Hz, CH3  Leu), 0.82 (3H, d, 3JHH 6.5 Hz, 

CH3  Leu). 

13C NMR (125.75 MHz, d6-DMSO) 172.6 (C=O Lys), 172.5 (C=O Ala), 172.4 (C=O 

Leu), 171.6 (C=O Pro), 169.6 (C=O Gly), 169.2 (C=O Gly), 169.1 (C=O Gly), 169.0 

(C=O Gly), 168.9 (C=O Gly), 168.5 (C=O Gly), 167.8 (C=O MA), 167.4 (Lys NH  

C=O MA), 140.1 (CH2=CCH3 of NH Gly), 139.4 (CH2=CCH3 of NH  Lys), 119.9 

(CH2=CCH3 of NH Gly), 118.8 (CH2=CCH3 of NH  Lys), 59.6 (C2 Pro), 51.9 (OCH3), 

51.8 (CH  Lys), 50.9 (CH  Leu), 48.3 (CH  Ala), 46.0 (C5 Pro), 42.5 (CH2 Gly), 42.2 

(CH2 Gly), 41.8 (CH2 Gly), 41.5 (CH2 Gly), 41.2 (CH2 Gly), 40.9 (CH2  Leu), 40.7 

(CH2 Gly), 38.5 (CH2  Lys), 30.6 (CH2  Lys), 29.0 (C3 Pro), 28.5 (CH2  Lys), 24.3 

(C4 Pro), 24.0 (CH  Leu), 23.0 (CH3  Leu), 22.7 (CH2  Lys), 21.5 (CH3  Leu), 18.7 

(CH2=CCH3), 18.5 (C(CH3)=CH2), 17.6 (CH3  Ala) 

HRMS (FAB) m/z 920.4775 [M+H]+ (C41H65N11O13 requires 920.4842) 
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2.4.5 Preparation of the methacryloyl-PEG decapeptide crosslinking agent 

N --(Boc-PEG)-Glycylglycylglycyl-L-leucyl-glycyl-L-prolyl-L-alanyl-glycylglycyl-NȀ-

(PEG-Boc)-L-lysine methyl ester (Boc-PEG-Gly3-Leu-Gly-Pro-Ala-Gly2-Lys(PEG-

Boc)-OMe) 26 
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The decapeptide 16 (264 mg, 0.26 mmol) was stirred in a 1:1 mixture of TFA/CH2Cl2 

(10 mL) at room temperature for 1 h. The solvent was removed in vacuo to give a 

viscous oil, which was then dissolved in methanol (10 mL) and 10% Pd/C (ca. 50 mg) 

was added. The mixture was subjected to three freeze-pump-thaw cycles, a hydrogen-

filled balloon was attached to the reaction flask, and the mixture was stirred at room 

temperature for 16 h. The mixture was then filtered through a 0.45 μm syringe filter. 

Removal of the solvent gave the crude deprotected decapeptide as a white solid. 1H 

NMR spectroscopy confirmed the removal of both the Boc- and Z- protecting groups. 

The solid was then dissolved 1:1 THF/50 mM NaHCO3 (10 mL) and a THF (5 ml) 

solution of the NHS ester 25 (1.60 g, 094 mmol) was added over 36 h, then the solution 

was allowed to stir for a further 24 h at room temperature. Without heating, the solution 

was concentrated in vacuo forming a white precipitate that was filtered off, and the 

filtrate was then dialysed (dialysis bag MWCO 3500 Da) against water for 4 weeks, 

changing the water daily. The product was then lyophilised giving a white solid (360 

mg, 33%) which was stored under argon at – 20 °C. 
1H NMR (600 MHz, d6-DMSO) Ā 8.21 – 8.10 (3H, m, NH  Lys, NH  Ala, NH Gly), 

8.06 – 7.45 (4H, m, NH  Leu, NH Gly, NH Gly, NH Gly, NH Gly), 7.40 (1H, apparent 

t, splitting 6.0 Hz, NH(C=O)-PEG Gly), 7.19 (1H, t 3JHH 6.0 Hz, NH (C=O)-PEG Lys), 

6.74 (2H, t, 3JHH 5.6 Hz, Boc-NH-PEG), 4.38 – 4.30 (2H, m, CH  Leu, CH  Pro), 4.22 

– 4.18 (2H, m, CH  Ala, CH  Lys), 4.02 – 3.95 (4H, m, Boc-NH-CH2-PEG), 3.81 – 

3.61 (15H, m, CH2 Gly  6, OCH3), 3.57 – 3.35 (361H†, CH2 PEG  309H, CH2 H5), 

3.05 (4H, m, PEG-CH2-O(C=O)), 2.93 (2H, apparent q, splitting 6.6 Hz, CH2  Lys), 

2.05 – 1.20 (34H, m, C(CH3)3 Boc, CH2 CH2 CH2  Lys, H4 H3 Pro, CH2  CH  Leu, 
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CH3  Ala), 0.87 (3H, d, 3JHH 6.6 Hz, CH3  Leu), 0.82 (3H, d, 3JHH 6.5 Hz, CH3  Leu). 

13C NMR (150 MHz, D2O) 176.3 (C=O), 175.6 (C=O), 175.2 (C=O), 174.9 (C=O), 

173.8 (C=O), 172.7 (C=O), 172.5 (C=O), 172.0 (C=O), 171.8 (C=O), 170.0 (C=O), 

169.9 (C=O), 159.2 (NH(C=O)O Gly), 158.9 (NH (C=O)O Lys), 158.8 (C=O Boc 

group), 86.8 (C(CH3)3), 71.1 – 68.2 (CH2-O PEG, ), 61.3 (C2 Pro), 53.5 (OCH3), 53.3 

(CH  Lys), 52.8 (CH  Leu), 47.7 (CH  Ala), 44.3 (C5 Pro), 43.3 (Gly CH2), 43.0 (Gly 

CH2), 42.8 (Gly CH2), 42.4 (Gly CH2), 40.7 (Gly CH2), 40.5 (Gly CH2), 40.4 (CH2  

Leu), 40.2 (CH2  Lys), 30.6 (CH2  Lys), 29.9 (C3 Pro), 28.8 (CH2  Lys), 28.3 

(C(CH3)3), 25.4 (C4 Pro), 24.9 (CH   Leu), 22.9 (CH3  Leu), 22.8 (CH2  Lys ), 21.1 

(CH3  Leu), 16.8 (CH3  Ala). 

Molecular weight of 26 was obtained using GPC 
† The theoretic value should be 314H, but difficulties were encountered in establishing a 

base line for the integral region. 

 

N --(Methacryloyl-PEG)-glycylglycylglycyl-L-leucyl-glycyl-L-prolyl-L-alanyl-

glycylglycyl-NĀ-(PEG-methacryloyl)-L-lysine methyl ester (MA-PEG-Gly3-Leu-Gly-

Pro-Ala-Gly2-Lyz(PEG-MA)-OMe) 27 
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TFA (3 mL) was slowly added to a solution of Boc-PEG-Gly3-Leu-Gly-Pro-Ala-Gly2-

Lys(PEG-Boc)-OMe 26 (315 mg, 0.08 mmol) in CH2Cl2 chilled in an ice bath and the 

solution was stirred for 1 h. The solvent was removed in vacuo maintaining the 

temperature below 30 °C to give a viscous oil. The oil was then dissolved a 1:1 THF/50 

mM NaHCO3 solution (50 mL) and a solution of MA-NHS (23) (56 mg, 0.33 mmol) in 

1:1 H2O/THF (1 ml) was added and the solution was allowed to stir for 36 h. Without 

heating, the solution was concentrated in vacuo and the resulting white precipitate that 

was filtered off. The filtrate was dialyzed (dialysis bag MWCO 1000 Da) against water 

for 48 h, changing the water every 12 h. The product was then lyophilised giving a 

white solid (195 mg, 62%) which was stored under argon at –20 °C. 
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1H NMR (600 MHz, D2O) 5.71 (2H, s, C(CH3)=CHH), 5.46 (2H, s, C(CH3)=CHH), 

4.40 (2H, m, CH Leu, CH Pro), 4.21 (2H, m, CH Ala, CH Lys), 4.02 – 3.95 (4H, 

m, MA-NH-CH2-PEG), 3.81 – 3.70 (8H, m, CH2 Gly  4), 3.63 – 3.35 (354H†, CH2 

PEG  309H, OMe  3H, CH2 H5), 3.45 (4H, t, J 4.95 Hz, NH-CH2-PEG), 3.10 (2H, 

m, H ), 2.30 – 1.36 (28H, m, C(CH3)=CH of NH Gly and NH  Lys, CH2 CH2 CH2  

Lys, H4 H3 Pro, CH2  CH  CH3  Leu, CH3  Ala), 0.92 (3H, d, 3JHH 5.6 Hz, CH3  

Leu), 0.86 (3H, d, 3JHH 5.6 Hz, CH3  Leu). 

13C NMR (150 MHz, D2O) 176.5 (C=O), 176.4 (C=O), 75.6 (C=O), 175.2 (C=O), 

174.9 (C=O), 173.8 (C=O), 172.7 (C=O), 172.6 (C=O), 172.5 (C=O), 172.0 (C=O), 

171.8 (C=O), 170.0 (C=O), 159.2 (NH(C=O)O Gly), 159.0 (NH (C=O)O Lys), 139.7 

(CH2=CCH3), 121.8 (CH2=CCH3) 72.5 – 69.1 (CH2-O PEG), 61.3 (C2 Pro), 53.5 

(OCH3), 53.4 (CH  Lys), 52.8 (CH  Leu), 47.7 (CH  Ala), 44.3 (C5 Pro), 43.3 (Gly 

CH2), 43.0 (Gly CH2), 42.8 (Gly CH2), 42.4 (Gly CH2), 40.7 (Gly CH2), 40.5 (Gly 

CH2), 40.4 (CH2  Leu), 40.2 (CH2  Lys), 30.6 (CH2  Lys), 29.9 (C3 Pro), 28.8 (CH2  

Lys), 25.4 (C4 Pro), 24.9 (CH   Leu), 22.9 (CH3  Leu), 22.8 (CH2  Lys), 21.1 (CH3  

Leu), 18.2 (CH2=CCH3), 16.8 (CH3  Ala). 

Molecular weight of 27 was obtained using GPC: Mn = 4466 g/mol (requires Mn = 

4283 g/mol) 
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Chapter 3.  

Laser scanning confocal microscopy vs SEM for 

characterization of polymer morphology 
 

3.1 Introduction 
Based on their pore morphology, PHEMA hydrogels can be classified as either 

homogeneous or heterogeneous. Homogeneous PHEMA hydrogels have a pore size in 

the range of 10 to 100 nm, are transparent in appearance and are classified as gels. 

Heterogeneous PHEMA hydrogels are generally obtained from solution polymerisation, 

are transparent to opaque in appearance, and have pores ranging from 100 nm to 1 

Ām.20 However, when a diluent is used in concentrations greater than 45 % w/w, a 

process known as polymerization-induced phase separation produces heterogeneous 

PHEMA hydrogels that have pores larger than 1 Ām.20 PHEMA hydrogels produced by 

this method are more commonly referred to as sponges as they have an interconnected 

pore morphology and are opaque white in macroscopic appearance. PHEMA sponges 

with the pores most suited for tissue engineering applications are formed in 

formulations of 80:20 w/w% H2O:HEMA.92 If the hydrophilicity of the PHEMA 

polymer chains is changed, such as by the inclusion of the hydrophilic monomer MeO-

PEGMA, then phase separation is suppressed and the resulting polymer will be a 

homogenous PHEMA gel, even at high diluent concentrations. In these situations, if the 

ionic strength of the polymerization solution is increased by the addition of salts, such 

as NaCl, the solubility of the growing polymer will be reduced and the polymer will 

precipitate out of solution forming a hydrogel sponge.93 

 

Pore sizes that can be introduced in PHEMA-based materials range from nano- to 

micron-scales, but this pore size range also applies to many other polymer hydrogels. 

As one of the requirements of scaffolding in tissue engineering is that the dimensions of 

the pores in the scaffold are suitable to allow cellular infiltration,3,11,21,22,92,124 it is 

imperative that the morphology of hydrogel scaffolds can be characterised reliably and 

accurately. Ideally, a hydrogel scaffold should be characterised in its hydrated form. 

Unfortunately, characterization processes used to examine the morphologies of 

hydrogel usually involves some modification of the native samples, and in cases 
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modification can alter the sample morphology. Therefore, it is critical that researchers 

be aware of such issues when the morphology is critical to the performance of a 

material in its intended application. 

 

Techniques such as cryo-scanning electron microscopy (cryo-SEM) allow imaging of 

frozen hydrated samples, but these techniques are not always readily available and the 

procedures for sample preparation and imaging can be time consuming. Laser scanning 

confocal microscopy (LSCM) offers an alternative method for hydrogel characterization 

and has recently been used to characterise poly(N-isopropyl acrylamide)44 and poly(2-

hydroxyethyl methacrylate-L-lactide-dextran) hydrogels.125 LSCM uses a dye that is 

excited by light (generally from a laser source), and then emits red-shifted light that is 

detected and used to construct an image. For PHEMA-based hydrogels to be imaged 

using LSCM, the hydrogels must first be labeled with a fluorescent dye. As both 

labeling and imaging can be carried out in aqueous environments that are close to 

physiological conditions, no dehydration of the hydrogels is required, thereby avoiding 

the possibility of introduction of artefacts by drying procedures. 

 

Despite the obvious applicability of LSCM to imaging of hydrogels, scanning electron 

microscopy (SEM) is the most established method for characterization of the 

morphologies of hydrogels because of its ability to resolve structures in sufficient 

detail20,92,126 and its relatively long history of use. A significant issue in the 

characterization of hydrogels by SEM is sample preparation. Before a hydrogel can be 

imaged using SEM, it must be dried and then it must be rendered conductive by the 

deposition of a thin layer of carbon and/or gold or platinum. The removal of water from 

the hydrogel must be done in such a way as to best preserve the morphology of the 

hydrated sample. Dehydration of samples prior to SEM is usually achieved by freeze-

drying93,127 or critical point drying,20,49,93 and both of these techniques can cause 

significant changes to the morphology of a hydrogel during drying.93 

 

In freeze-drying, the sample is cooled (frozen) so that the water within becomes ice, and 

then dehydration is achieved by sublimation of ice under reduced pressure.  Freezing 

can be achieved by various methods, and the liquid water can pass into the solid phase 

to form either crystalline or non-crystalline (vitreous) ice.128 Ideally, freezing should be 

rapid and result in the formation of vitreous ice, because the growth of ice crystals, 
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which form if the rate of freezing is too slow, can cause damage to the sample. If a 

sample containing vitreous ice is allowed to thaw, the ice will pass through crystalline 

phases as it warms. Freeze-drying aims to remove water (by sublimation of ice) before 

these changes in phase occur.129 

 

In critical point drying, water in the sample is replaced by a transitional fluid, such as 

acetone, which is in turn replaced by liquid CO2, and the sample is then heated to the 

temperature at which CO2 becomes supercritical (ca. 31 °C). If the temperature required 

to reach supercritical conditions is above the glass transition point (Tg) of the hydrogel, 

the hydrogel may "melt" and the native pore morphology will be distorted or 

destroyed.93 

 

Hydrogels are, by definition, very hydrophilic materials that are able to absorb many 

times their own weight in water. Consequently, dehydration processes can have 

profound affects on the morphology of hydrogels. Even though freeze-drying and 

critical point drying are used extensively to prepare samples for SEM,92,126 the impact of 

these techniques on the native morphology of hydrogels has not been well characterised. 

Additionally, in a recent study of some P[HEMA-co-MeO-PEGMA] hydrogels, it was 

found that the morphology of the hydrogel, as revealed by SEM, depended on the 

method used to dry the sample prior to SEM, with freeze-drying and critical point 

drying resulting in vastly different morphologies.93 This result raised the question of 

which dehydration method minimises distortion or the introduction of other more 

pronounced experimental artefacts in a hydrogel sample. 

 

3.2 Results 
To examine how sample preparation methods and/or imaging techniques effects the 

introduction of artefacts, a series of hydrogels was prepared by varying the monomer 

composition and the ionic strength of the polymerization mixture. The hydrogels chosen 

for the study exhibited a broad range of hydrophilicities and morphological features, 

and include opaque heterogeneous PHEMA and P[HEMA-co-MeO-PEGMA] sponges 

and transparent homogeneous P[HEMA-co-MeO-PEGMA] gels (Table 3.1). 
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Table 3.1. Different PHEMA-based hydrogel formulations used to examine sample 

preparation methods and/or imaging techniques. 

Hydrogel H2O:HEMA:MeO-PEGMAa [NaCl]b Macroscopic Appearance 

1 80:20:0 - White 

2 80:20:2 0.8 M White 

3 80:20:5 - Transparent 

4 80:20:5 0.8 M White 

5 80:20:8 - Transparent 

6 80:20:8 0.8 M White 

a The copolymers are identified based on weight ratio A:B:C for the polymerization 

mixture, where A = part by weight water or 0.8 M NaCl, B = part by weight HEMA, C 

= part by weight MeO-PEGMA.  
b Diluent used in hydrogel preparation was either pure water or 0.8 M NaCl. 

 

3.2.1 Imaging PHEMA sponges 

3.2.1.1 Imaging using LSCM 
LSCM images for hydrated 80:20 PHEMA sponges (Table 3.1, entry 1) are shown in 

Figure 3.1a and Figure 3.1b. The images reveal a morphology based on polymer 

droplets of 3-4 Ām in diameter, typical of a PHEMA sponge.20 The dye used 

(fluorescein isothiocyanate or rhodamine B isothiocyanate) does not noticeably affect 

the quality of the LSCM image. The dyeing process involved the samples being soaked 

in an aqueous solution of the appropriate dye for 24 h, and then excess dye being 

washed away by soaking samples in deionised water for 48 h, replacing the water every 

6-12 hours. The samples remained hydrated throughout the staining, rinsing, and 

imaging processes, and so the morphology seen in the LSCM images presumably 

accurately reflects the native morphology of the sponges.  The time required to image 

each sample (ca 2 to 5 min) was less than the time at which the dyes begin to photo-

bleach (usually after 10 minutes of imaging). Once the dyes began to bleach, the quality 

and clarity of the images decreased rapidly, but generally FITC tended to bleach slightly 

faster than RBITC. 

 

3.2.1.2 Imaging using SEM 
To examine how sample preparation prior to SEM analysis affects the morphologies of 
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PHEMA sponges, slow (refrigerated freezing (RF)) and rapid (low temperature freezing 

(LTF) in liquid N2) freezing methods followed by freeze-drying were used to dehydrate 

polymer specimens. As mentioned previously, the speed in which water is frozen can 

determine the size and type of ice crystals, and this is an important consideration when 

attempting to preserve the native morphologies of PHEMA sponges. SEM images of 

PHEMA sponges (Table 3.1, entry 1) that were dehydrated by RF-FD showed some 

differences in morphology compared to samples imaged by LSCM. The morphology 

seen in SEM images (Figure 3.1c) showed droplets of 2-3 Ām in diameter, but most of 

the droplets show significant distortion from spherical shape and partial coalescence to 

neighbouring droplets. In addition, the image shows numerous narrow pores of 

dimensions of the order of 10 Ām, which may have resulted from the expansion of water 

ice formed during the relatively slow refrigerated freezing process. During this process, 

ice crystals can grow unchecked as the sample cooled to -20 °C over 20-30 minutes.  

 

When samples were dehydrated using either LTF-FD (Figure 3.1d) or critical point 

drying (Figure 3.1e), the SEM images showed morphologies of polymer droplets of 2-3 

Ām, and again the droplets showed distortion from spherical shape and partial 

coalescence, but the extent of the distortion was less than seen for RF-FD samples, with 

samples subjected to critical point drying showing the least distortion. There were few 

significant pores seen in samples dried by LTF-FD or critical point drying. Plunge 

freezing in liquid nitrogen (used in LTF-FD) is expected to resulted in the formation of 

only small ice crystals, and so large pores resulting from unchecked growth of water ice 

would be expected to be reduced compared to the RF-FD case. Critical point drying 

does not rely on freezing of the sample, and so the formation of pores due to ice crystals 

is not an issue. Deformation of the morphology of samples subjected to critical point 

drying due to thermal effects is also not expected, since the Tg of PHEMA sponges (119 

°C) is well above the temperature needed to achieve supercritical conditions.93  

 

These results demonstrate that, while LTF-FD or critical point drying of PHEMA 

hydrogel sponges for SEM more closely preserves the native morphology compared to 

RF-FD, some distortion of hydrogel morphology is apparent when compared to LSCM. 

The reduction in droplet size seen in SEM images compared to LSCM images is 

undoubtedly a consequence of shrinkage of samples during the drying process (80:20 

PHEMA sponges typically shrank by 20% during drying, regardless of the method 
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used).  The apparent coalescence of droplets seen in SEM images may be an artefact of 

dehydration, or the result of differences in image resolution between SEM and LSCM. 

Importantly, it appears that LSCM of hydrated samples (which do not need to be dried) 

facilitates qualitative and quantitative observations and measurements of material that 

can be considered as being in its "native state". Additionally, LSCM provides a more 

realistic cross-section of the "true" morphology of PHEMA sponges as a result of a 

narrower depth of field when compared to SEM. These LSCM results provide the 

clearest indication of sponge morphology for wet scaffold applications.  

 

 

Figure 3.1. LSCM and SEM images of 80:20 H2O:HEMA sponge (Table 3.1, entry 1) 

specimens prepared for microscopy by either labelling (with fluorescein isothiocyanate 

(FITC) or rhodamine B isothiocyanate (RBITC)) or by dehydration (using refrigerated 

freeze/freeze-drying (RF-FD), low-temperature freeze/freeze-drying (LTF-FD), or 

critical point drying).  
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3.2.2 Imaging P[HEMA-co-MeO-PEGMA] heterogeneous sponges 
As the proportion of MeO-PEGMA in the P[HEMA-co-MeO-PEGMA] hydrogels 

increases, the hydrophilicity of the polymer is increased and consequently phase 

separation during polymerization is increasingly suppressed.93 To force phase 

separation polymerization (and in doing so attain polymers having the desirable droplet 

morphology), the polymerizations of HEMA and MeO-PEGMA were conducted in 0.8 

M NaCl solutions; the higher ionic strength of the polymerisation solution reduces the 

solubility of the growing polymer chains allowing them to precipitate as polymer 

droplets, giving P[HEMA-co-MeO-PEGMA] sponges. An increase in the proportion of 

PEGMA in P[HEMA-co-MeO-PEGMA] hydrogels results in a decrease in their glass 

transition temperature (Tg)93, Tg being the temperature at which an amorphous polymer 

exhibits a transition from a glass to a rubber; PEG decreases the Tg of the polymers as it 

effectively acts as a plasticiser.130 

 

3.2.2.1 Imaging using LSCM 
When confocal microscopy was used to image the P[HEMA-co-MeO-PEGMA] 

sponges (Table 3.1, entry 2, 4 and 6) with a composition of 80:20:2 (Figure 3.2a,d), 

80:20:5 (Figure 3 2b,e) and 80:20:8 (Figure 3.2c,f) the morphologies seen were 

comparable to the morphologies seen by LSCM for PHEMA sponges (Figure 3.1a,b). 

The morphologies were based on droplets of ca. 4-5 Ām in diameter, with droplets 

being larger for sponges with higher PEGMA content. When RBITC was used as a dye 

for LSCM (Figure 3.2d-f), the images were slightly clearer compared to when FITC was 

used as the dye (Figure 3.2a-c) for the same hydrogel formulation.  
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Figure 3.2. LSCM (a-f) and SEM (g-o) images of various P[HEMA-co-MeO-PEGMA] 

sponges (Table 3.1, entry 2, 4 and 6); polymer formulations (80:20:2, 80:20:5 and 

80:20:8) are present at the top of each column in the figure. Samples imaged by LSCM 

were first labelled with either fluorescein isothiocyanate (FITC) or rhodamine B 

isothiocyanate (RBITC). Samples imaged by SEM were dried by refrigerated 

freezing/freeze-drying (RF-FD), low-temperature freezing/freeze-drying (LTF-FD) or 

critical point drying.  
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3.2.2.2 Imaging using SEM 
As was seen for PHEMA sponges (containing no PEGMA), when P[HEMA-co-MeO-

PEGMA] samples were dehydrated by RF-FD and then examined by SEM, prominent 

pores of dimensions 15-30 Ām were seen (Figure 3.2g-i), and were assigned as artefacts 

due to formation of ice crystals during freezing. The droplet morphology apparent in the 

images obtained by confocal microscopy was evident in the SEM image of the 80:20:2 

P[HEMA-co-MeO-PEGMA] sample. As the PEGMA content increased, the droplet 

morphology became increasingly distorted, and in the image of the 80:20:8 P[HEMA-

co-MeO-PEGMA] sample, the droplets are almost totally coalesced, to give a 

morphology resembling a fibrous network (Figure 3.2i). These distortions may be a 

consequence of the RF-FD process, but sample heating during deposition of a 

conductive graphite layer prior to SEM may also be a contributing factor, and we note 

that the distortion is greatest for the samples with the lowest Tg (Figure 3.3). 

 

When LTF-FD methods were used for each of the P[HEMA-co-MeO-PEGMA] sponge 

formulations, (80:20:2, 80:2:5 and 80:20:8) the morphologies of the samples appeared 

similar, but at the higher MeO-PEGMA concentrations the droplets were less well-

defined (Figure 3.2j-l). There was little evidence of large pores, which is presumably 

due to minimal growth of ice crystals during the freezing process, consistent with the 

lesser tendency for ice crystals to form during LTF.129 Critical point drying had little 

effect on the morphology as revealed by SEM for the P[HEMA-co-MeO-PEGMA] 

80:20:2 and 80:20:5 samples (Figure 3.2m,n), but for the P[HEMA-co-MeO-PEGMA] 

80:20:8 sample (Figure 3.2o), the morphology seen by SEM is significantly distorted, 

with droplets severely coalesced. This distortion is likely a consequence of the sample 

being heated above its Tg (Figure 3.3) during the critical point drying process (which 

occurs at ca. 35 °C). It is known that the inclusion of PEG into PHEMA network lowers 

Tg of the copolymer as PEG acts as a plasticiser.93,131-133 To determine if this inclusion 

of PEG lowered the Tg of the P[HEMA-co-MeO-PEGMA] polymer below the 

temperature required for critical point drying, differential scanning calorimetry (DSC) 

was used to determine the Tg for 80:20:5 and 80:20:8 polymer formulations (Figure 

3.3). The Tg for the 80:20:5 formulation was approximately 35 °C (as determined using 

the DSC instrument software), which is somewhat to be expected given previous 

reports.93 The Tg for the 80:20:8 formulation could not be calculated since it was below 

the scanning range used for DSC. However, it would be reasonable to assume that the 
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80:20:8 formulation has a Tg below 36 °C because Casadio et al.’s research93 

demonstrated that 80:20:4 polymer formulation had a Tg of 36 °C, and it is know that 

the inclusion of PEG lowers Tg in the polymer networks. It should be noted that DSC is 

not always the most reliable method for determining Tg and that other methods, such as 

dynamic mechanical analysis, are better at determining polymer Tg. Unfortunately, 

dynamic mechanical analysis could not be used to determine the Tg of the polymers as 

the candidate did not have access to suitable instrumentation. For all samples, the 

droplet features were slightly smaller in SEM images compared to their size in confocal 

microscopy images. This result is expected, since all samples shrunk by ca. 20% during 

the drying process. Although low-temperature methods gave the most accurate 

representation of the native morphology for SEM imaging, there were still discrepancies 

when compared to the images obtained from LSCM, suggesting LSCM was the better 

of the two images techniques (SEM vs LSCM) that reliably preserves the native 

morphology of P[HEMA-co-MeO-PEGMA] sponges.  

 

 
Figure 3.3. DSC traces for 80-20-5 and 80-20-8 P[HEMA-co-MeO-PEGMA] 

copolymers. The Tg was calculated using the instrument software. 
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3.2.3 Imaging P[HEMA-co-MeO-PEGMA] homogeneous gels 

3.2.3.1 Imaging using LSCM 
When HEMA and MeO-PEGMA are copolymerised in water under conditions in which 

phase separation does not occur (Table 3.1, entry 3 and 5), homogeneous gels are 

obtained. Intuitively, one might argue that the potential for artefacts to be induced 

during sample drying is greater for homogeneous gels, where all polymer chains are in 

intimate contact with a large concentration of water, compared to sponges having 

regions of hydrated polymer droplets and water-filled pores. When 80:20:5 and 80:20:8 

P[HEMA-co-MeO-PEGMA] samples labelled with FITC were examined by LSCM 

(Figure 3.4a,b), very little morphological detail could be seen, as expected for 

homogenous gels. However, when RBITC was used as the labelling agent, LSCM 

images revealed surfaces covered with parallel lines (Figure 3.4c,d). These lines are 

artefacts of the sectioning of the samples by the Vibratome, with the distance between 

the ridges being determined by the amplitude and the traverse speed of the cutting 

blade. Careful observation of the images of the samples labelled with RBITC shows 

what appear to be small pores approximately 1-2 Ām in diameter, although these pores 

are most likely to be an artefact from Vibratome sectioning or incomplete RBITC 

labeling. 



Chapter 3 – Exploring new imaging techniques for PHEMA-based materials 

 76 

 

Figure 3.4. LSCM (a-d) and SEM (e-j) images of various P[HEMA-co-MeO-PEGMA] 

homogeneous gels (Table 3.1, entry 3 and 5). Samples imaged by LSCM were first 

labelled with either fluorescein isothiocyanate (FITC) or rhodamine B isothiocyanate 

(RBITC). Samples imaged by SEM were dried by refrigerated freezing/freeze-drying 

(RF-FD), low-temperature freezing/freeze-drying (LTF-FD) or critical point drying. 
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3.2.3.2 Imaging using SEM 

When samples of 80:20:5 and 80:20:8 homogenous gels were subjected to RF-FD and 

then examined by SEM, the morphology revealed was grossly different to the "native" 

morphology seen by confocal microscopy. The SEM images displayed a “honeycomb” 

morphology with "pores" of approximately 75 Ām (Figure 3.4e,f). It is tentatively 

suggested that the honeycomb morphology arises as a consequence of ice formation 

during the refrigerated-freezing process—as ice crystals form, polymer chains would be 

excluded from the growing ice domains, ending up as walls between ice crystals of 

random shapes and sizes, and removal of the ice during freeze-drying would leave the 

polymer walls as a honeycomb structure with voids left in place of the ice crystals. The 

RF-FD procedure caused the samples to change from flexible transparent materials to 

brittle opaque white materials, and was accompanied by some shrinkage of the samples, 

about 20% for the 80:20:5 formulation and 30% for the 80:20:8 formulation. 

 

LTF-FD is expected to be superior to RF-FD for drying P[HEMA-co-MeO-PEGMA] 

hydrogels due to its lesser propensity for formation of ice crystals, and therefore a 

reduced likelihood of inducing changes to the native morphology. When P[HEMA-co-

MeO-PEGMA] hydrogels were examined by SEM after LTF-FD (Figure 3.4g,h), the 

dominant features seen were the lines arising from the Vibratome sectioning procedure. 

Closer inspection of the images revealed the presence of small pores less that 1 Ām in 

diameter for the 80:20:5 sample (Figure 3.4g, inset) and 1-2 Ām in diameter for the 

80:20:8 sample (Figure 3.4h). These small pores presumably arise as a consequence of 

formation of small crystals of ice during the rapid cooling of the samples, and because 

only small ice crystals are formed, the pores are much smaller than those in the samples 

dried by RF-FD. 

 

Critical point drying requires temperatures to reach approximately 35 °C. Since this 

temperature exceeds the Tg of the 80:20:5 and 80:20:8 P[HEMA-co-MeO-PEGMA] 

homogeneous gels, there is the possibility of increased molecular mobility during the 

supercritical drying process that may result in substantial changes to the native 

morphology. Once critically point dried, the P[HEMA-co-MeO-PEGMA] homogeneous 

gels had changed from transparent flexible materials to transparent but very stiff, glassy 

materials, and had undergone substantial shrinkage, to ca. 12-15% of their original 

volume (initial dimensions 5 mm diameter, 300 Ām thick; dimensions after critical point 
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drying 3.2-3.5 mm diameter, 75-100 Ām thick). Although this material must be different 

from the original hydrated homogeneous gel materials (it is dry, and therefore has a 

higher density of polymer chains making up for the loss of water), the SEM images for 

both samples do not reveal any significant morphological features (Figure 3.4i,j), as 

expected for homogeneous, non-porous glasses. The samples are scored by a series of 

parallel lines, artefacts formed during sectioning of the samples on the Vibratome. The 

similarity of spacing of the lines for these substantially shrunken samples compared to 

the "native" samples (Figure 3.4a-d) is a result of the sample disks shrinking primarily 

in the direction perpendicular to their circular faces rather than their edges (Figure 3.5).  

 

 

 

 

 

 
Figure 3.5. A schematic of the dimensions for P[HEMA-co-MeO-PEGMA] gels before 

and after critical point drying

 

 

 

 

 

A dehydration/rehydration experiment was conducted to determine if the changes to the 

morphology of P[HEMA-co-MeO-PEGMA] gels induced by RF-FD are irreversible. 

An 80:20:5 P[HEMA-co-MeO-PEGMA] sample that was dehydrated by RF-FD was 

rehydrated by soaking in water for 2 days, then cut into two pieces. Each piece was 

labeled with either FITC or RBITC and then imaged by LSCM. Both images clearly 

show large pores up to 30-40 Ām in diameter (Figure 3.6b,d) not present in the original 

"native" morphology (Figure 3.6a,c). The pores are smaller in the LSCM images than 

those seen in SEM images of a similar sample after RF-FD (Figure 3.4d). Presumably, 

the large pores seen in the SEM image shrink during the rehydration process, as regions 
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of polymer in the honeycomb walls (Figure 3.4d) absorb water and swell, but even after 

2 days of rehydration (and additional time in aqueous dye solutions) is not able to 

remove all the pores formed during RF-FD. This result shows that the distortion of the 

native morphology during RF-FD is partly reversible, but the morphology of the 

hydrogel did not fully return to its native state. A summary of the suitability of each 

sample preparation method and imaging technique is provided in Figure 3.7. LSCM 

best preserves the native morphology of the hydrogels regardless of the polymer 

composition and morphology, while low-temperature freezing/freeze-drying was the 

most suited method for preserving the morphologies for SEM analysis. Refrigerated 

freezing/freeze-drying was poor at preserving the native morphologies, while critical 

point drying was only suited when the Tg of the polymers was greater than 35 °C. 

 

 

 

 

Figure 3.6. Before and after images of a 80:20:5 homogeneous gel that has been RF-

FD, then rehydrated in water and imaged via LSCM.  
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Figure 3.7. Comparison of the various sample preparation methods for different 

PHEMA and P[HEMA-co-MeO-PEGMA] hydrogel formulations. Two ticks indicates 

the preparation and imaging methods are suitable; single tick indicates the method is 

reasonable but not ideal; question mark indicates further experiments are needed to 

validate the method; and  indicates the method should not be used. 

 

3.3 Experimental 

3.3.1 General reagents 
2-Hydroxyethyl methacrylate (HEMA) (Bimax, Inc. USA, > 99.0%) was distilled (b.p. 

38–39 °C/0.1 mm Hg) and stored at -20 °C prior to use. Tetra(ethylene glycol) 

dimethacrylate (TEGDMA) (Fluka), 2,2-dimethoxy-2-phenylacetophenone (DPAP) 

(Irgacure 651, Aldrich, 97%), sodium chloride (Fluka, AR grade), fluorescein 

isothiocyanate (Aldrich) and rhodamine B isothiocyanate (Aldrich) were all used as 

received. Poly(ethylene glycol) methyl ether methacrylate (MeO-PEGMA) (Aldrich, 

Mn ca. 1100) was recrystallised from hot ether to remove the inhibitor. 

 

3.3.2. Preparation of hydrogels 
Polymer hydrogels were prepared as described previously93 by photoinitiated 

polymerization of HEMA or HEMA/MeO-PEGMA mixtures in water or 0.8 M NaCl, 

using the formulations summarised in Table 1. All polymerizations were initiated using 
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DPAP (0.1 mol% with respect to HEMA) under a UV lamp (UVP Blak-Ray®, 365 nm, 

120 W) for 30 min.  TEGDMA was used as a crosslinking agent at 1 mol% with respect 

to HEMA. After polymerization, the hydrogels were soaked in water for one week to 

remove any unreacted monomers, with water being exchanged daily. After soaking, all 

polymer samples were cut into 300-Ām thick cross-sections (Vibratome 3000) and these 

sections were further cut into disks using a 5-mm biopsy cutter. After sectioning, the 

samples were carefully transferred with soft plastic tweezers into vials of deionised 

water where they were stored until required. 

 

3.3.3 Methods for dehydration of samples prior to analysis by SEM 

2.3.3.1 Refrigerated freezing and freeze-drying 
Refrigerated freezing was carried out by placing hydrogel samples in a conventional 

freezer at -20 °C until frozen. Samples were then freeze-dried (Dynavac FD2) until a 

constant mass was reached. 

 

3.3.3.2 Low-temperature freezing/freeze-drying 
Low-temperature freezing was performed by plunging hydrogel samples, delicately 

placed at the tip of a clean spatula, into liquid nitrogen (LN2). Once frozen, all samples 

were stored in LN2. Low-temperature freeze-drying was carried out using a LN2 cooled 

turbo freeze-dryer (Emitech, K775X). During the transfer from LN2 storage to the 

freeze-dryer chamber, special care was taken to ensure that samples were immersed in 

LN2 at all times. The freeze-drying process occurred under vacuum (ca 7  10-5 torr) 

and during the process the sample was gradually warmed according to the following 

protocol: hold at -120 °C for 2 h, increase to -75 °C over 1.5 h, hold at -75 °C for 1 h, 

increase to 20 °C over 5 h. 

 

3.3.3.3 Critical point drying 
Hydrated polymer samples were soaked in acetone (ca 2 mL) for at least 3 h before 

being placed in the critical point drying apparatus (Emitech, K850). The samples were 

flushed three or four times with liquid CO2 to remove the acetone and to ensure 

complete permeation of CO2 liquid throughout the sample.  The sample chamber was 

then slowly heated to a value between 35 and 37 °C to achieve supercritical conditions, 

after which the sample chamber was slowly vented. While the sample chamber was 
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vented, a temperature above 31.1 °C was maintained to prevent the re-condensation of 

liquid CO2.  

 

3.3.4 Scanning Electron Microscopy 
Dehydrated samples were mounted on double-sided carbon tabs and coated with a layer 

of carbon (approximately 30 nm thick) using a carbon evaporator (Speedivac 

12E6/1178, Edwards High Vacuum LTD). The samples were then imaged by SEM 

(Zeiss 1555 VF-FESEM) at 3 kV, using a working distance of 6 mm and an aperture of 

10 Ām. To acquire an image, frame integration was used to prevent charging on the 

surface of the polymer.  

 

3.3.5 Labeling hydrogels for LSCM 
Hydrogel samples were soaked in a 0.05 % w/v aqueous solution of either fluorescein 

isothiocyanate (FITC) or rhodamine B isothiocyanate (RBITC) for 24 h at 37 °C to 

functionalise the hydroxyl groups of some HEMA repeat units. To remove excess FITC 

or RBITC, the samples were rinsed at 4 °C in Millipore water for 48 h, during which the 

water was replaced with fresh water every 12 h. This operation was done in the dark to 

prevent photo-bleaching of the dyes, and when rinsing was complete, the samples were 

stored in the dark at 4 °C.  

 

Imaging by laser scanning confocal microscopy was carried out at room temperature 

using a multiphoton confocal microscope (Leica, TCS SP2 AOBS) with a resolution of 

1024  1024 pixels, a 20  dry objective using a 458 nm Ar/Kr laser for FITC excitation 

or a 561 nm red neon laser for RBITC excitation. The labeled polymers were placed 

onto a 170-Ām thick cover slip and any excess water surrounding the polymer was 

carefully blotted away before the sample was placed into the instrument. 

 

3.3.6 Differential Scanning Calorimetry 
The thermal glass transition temperatures of the copolymers were determined using a 

TA DSC Q10 Differential Scanning Calorimeter, at a heating rate of 10 °C/min from –

20 °C to 100 °C, followed by an isothermal period for 2 min, and then cooling at 10 

°C/min to -20 °C. The samples (ca 10 mg) were ground up into a powder before being 

sealed in aluminium pans. The Tg was determined using the instrument software. 
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Chapter 4.  

Synthesis of PHEMA-Based Hydrogels that are 

Enzymatically Degradable 
 

4.1 Introduction 
One of the main attractions of using PHEMA-based materials for biomedical 

applications is its biocompatibility, and as such, PHEMA has been used to make 

materials such as contact lenses and artificial corneas.81 These applications require 

PHEMA to function on a semi-permanent to permanent basis as they do not require the 

materials to degrade over time. Unfortunately PHEMA itself is not biodegradable, and 

while this property is advantageous for some applications, it limits the widespread use 

of PHEMA materials, as some applications, such as scaffolds for tissue engineering 

purposes, require the material to be biodegradable.  

 

Hydrogels that are not biodegradable, such as PHEMA, can be rendered biodegradable 

by incorporating biodegradable elements into the polymer network. Of the many 

biodegradable elements that can be used to render polymer networks biodegradable, 

biodegradable elements based on short chain peptide sequences have received 

considerable attention.26,57,65,67,69-71,134 Typically, the short chain peptides are used as 

crosslinking agents, with proteolytic processes cleaving the crosslinks; cleavage of the 

crosslinks leads to degradation of the polymer network. An added advantage of peptide-

based crosslinking agents is that the peptide sequences can be tailored for cleavage by 

specific enzymes, making the mode of degradation very specific, thereby helping to 

minimise any unspecific degradation processes from occurring. 

 

Because of the many advantages peptide-based crosslinking agents have in rendering 

hydrogels biodegradable, it is not surprisingly they have been incorporated into 

PHEMA-based materials. One report70 demonstrated that PHEMA gels could degrade 

via proteolytic cleavage of the peptide crosslinker 35 (Figure 4.1) using the enzyme 

subtilisin A. Although this PHEMA gel was biodegradable, the polymer did not possess 

interconnected pore morphologies needed for cellular growth on the polymers, and this 

would limit its use as tissue engineering scaffolds. 
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Figure 4.1. Peptide-based crosslinking agents that have been incorporated into 

PHEMA-based hydrogels. 

 

More recent work by Casadio71 – a previous PhD student within our research group – 

attempted to render PHEMA sponges biodegradable by incorporating peptide-based 

crosslinking agents 36 and 37 (Figure 4.1) into the polymer network. Unfortunately, 

even after extended incubation times, PHEMA sponges did not degrade. The lack of 

degradation was attributed to the degradation products not being water-soluble as a 

consequence of free-radical polymerisation producing high molecular weight PHEMA 

during sponge formation. Instead of trying to reduce the molecular weight of PHEMA 

below 2,500 Da, at which point PHEMA becomes water-soluble,94 the peptide-

crosslinking agents were co-polymerised with HEMA and hydrophilic poly(ethylene 

glycol) methacrylate methyl ether (MeO-PEGMA) monomers. As mentioned in Section 

3.1, the inclusion of MeO-PEGMA suppressed polymerisation-induced phase separation 

and gave P[HEMA-co-MeO-PEGMA] gels, but an increase in the ionic strength of the 

polymerisation solution promoted phase separation and gave P[HEMA-co-MeO-

PEGMA] sponges. Regardless of the type of hydrogel (i.e. gel vs sponge), the hydrogels 

degraded once they were incubated in enzymatic solutions.71 Although the work of 

Casadio showed that peptide crosslinking agents could be used to render PHEMA-based 

hydrogels biodegradable, the work was a “proof-of-concept” as enzyme used for 

proteolytic cleavage of the peptide crosslinkers was papain, which is not native to 

humans. Casadio chose papain as a “proof-of-concept” enzyme as it is cheap, it is a 

cysteine protease that exhibits broad peptide-sequence selectivity, and although not 

native to mammals, it has a great deal of homology with mammalian cysteine proteases. 
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To develop the work of Casadio further, peptide-based crosslinking agents that would 

only be cleaved by more biologically relevant enzymes (collagenase) were targeted for 

degradation in this work to gauge the in vivo potential of enzymatically PHEMA and 

P[HEMA-co-MeO-PEGMA] sponges and gels. As mentioned in Section 2.1.2, the 

matrix metalloproteases (MMPs) are another class of enzymes that can be targeted to 

cleave peptide-based crosslinking agents, and one MMP of particular interest is 

collagenase.  

 

4.1.1 Collagenase as a target protease for hydrogel degradation 
When a biomaterial/prosthesis is implanted, local trauma and inflammation is 

experienced at the implantation site, and is often followed by the secretion of enzymes 

from migrating cells present in the extracellular matrix that are capable of remodeling 

the extracellular matrix.101,102 The most abundant extracellular matrix protein is 

collagen. Therefore, when a biomaterial/prosthesis is implanted, the collagen network is 

disrupted; this disruption triggers the secretion of collagenase – the enzyme that 

remodels collagen – to help reestablish the collagen matrix surrounding the 

implant.101,102 Due to relative activity of collagenase during wound healing, it would be 

advantageous to target collagenase for hydrogel degradation.  

 

Collagenase is a MMP that has two Zn2+ ions and two to three Ca2+ ions.135 One Zn2+ 

ion is coordinated to histidine residues at the catalytic domain. The other Zn2+ ion and 

multiple Ca2+ ions have structural roles, and it is thought these ions are present to 

stabilize the enzyme from autocleavage and to help thermo-stabilize the enzyme.101,135 

The role of Zn2+ at the active site of collagenase helps to increase the nucleophilicily of 

water (a neighboring glutamic acid residue also coordinates to water helping to increase 

its nucleophilicity), increase the electrophilicty of the carbonyl carbon that will be 

attacked by water, and stabilize the intermediates formed during cleavage of the 

oligopeptide. The accepted mechanism for proteolytic cleavage by collagenase can be 

seen in Figure 4.2.  
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Figure 4.2. Mechanism for proteolytic cleavage by collagenase. Figure adapted from 

Lovejoy and co-workers.99  

 

4.1.2 Mechanism of hydrogel degradation 
The word biodegradation refers to degradation in a biological environment. In the 

context of implantable materials, such as a biomaterial, biodegradation refers to the 

gradual breakdown of a material into less-complex smaller fragments through 

hydrolysis, solublisation or through the action of enzymes.25,27 The mechanisms which 

govern how polymeric materials degrade are largely dependent on the nature of the 

polymer and the nature of its environment.25,27 Regardless of the type of polymer used, 

degradation of polymeric materials occurs via two main mechanisms: surface 

(heterogeneous) degradation or bulk (homogeneous) degradation.  

 

For a biomaterial to degrade via a surface mechanism, degradation needs to occur at the 

interface of the material and its surrounding environment. Over the course of 

degradation the material becomes smaller whilst maintaining its original shape  

(Figure 4.3). Bulk degradation processes are not as straightforward as surface processes 

because degradation is not limited to the surface of a biomaterial – degradation also 

occurs throughout the material. Typically, bulk degradation processes will occur if the 

rate of diffusion for the degradation products is higher than the rate of hydrolysis of the 

polymer.25,136 When a biomaterial degrades by bulk mechanisms, the size of the 

biomaterial will remain approximately the same until it reaches a critical point, at which 

it collapses in on itself (Figure 4.3).25,27,136,137 
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Figure 4.3. Surface and bulk mechanisms for the degradation and erosion of a 

biomaterial. Figure adapted from Göpferich and co-workers.25  

 

As the backbone of PHEMA is essentially non-biodegradable, it poses a unique 

situation for biodegradation. For PHEMA to be biodegradable, crosslinking agents that 

contain labile bonds need to be incorporated into the polymer network. As mentioned 

above, Casadio demonstrated that P[HEMA-co-MeO-PEGMA] gels and sponges 

crosslinked with peptide-based crosslinking agents are enzymatically degradable, and 

found that the mode of degradation was largely influenced by the morphology of the 

hydrogels.71 There have also been other studies138 demonstrating that PHEMA 

microspheres made from linear PHEMA chains were slowly degraded by macrophages, 

but microspheres made from crosslinked PHEMA did not degrade. Therefore, to ensure 

PHEMA-based hydrogels can be fully degradable, they must be broken down into their 

linear constituents. 

 

4.2 Results 
4.2.1 Preparation of PHEMA and P[HEMA-co-MeO-PEGMA] hydrogels 
With the peptide-based crosslinking agents 24 and 27 (Figure 4.4) synthesized (see 

Section 2.3.2.3 and 2.3.2.6), polymerisation-induced phase separation studies began. 

Initial studies involved synthesizing of a series of PHEMA and P[HEMA-co-MeO-

PEGMA] hydrogels (as previously described in Section 3.3.2) that contained 0.9 mol% 

(with respect to HEMA) 24 or 27. The formulation for the different PHEMA hydrogels 

is given in Table 4.1. As mentioned in Chapter 2, the synthesis of a crosslinking agent 

that contained shorter PEG units was unsuccessful; therefore, no polymerisation studies 

were attempted with crosslinking agents that contained shorter PEG units. 
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Figure 4.4. Peptide crosslinking agents used to prepare PHEMA and P[HEMA-co-

MeO-PEGMA] hydrogels 

 

 

Table 4.1. Hydrogel formulations used for the synthesis of PHEMA and P[HEMA-co-

MeO-PEGMA] hydrogels 

Formulation a I II III 

Composition A:B:C 80:20 80:20:5 80:20:5 

NaCl (M) - - 0.49 

a The copolymers are identif ed based on weight ratio A:B:C, where A = part by weight 

water, B = part by weight HEMA, C = part by weight MeO-PEGMA. All polymers 

were crosslinked at 0.9 mol% with respect to HEMA. 

 

PHEMA and P[HEMA-co-MeO-PEGMA] gels and sponges formed when crosslinker 

24 was used, but when crosslinker 27 was used, the polymers collapsed when they were 

removed from the vials and immersed in water post-polymerisation. Despite repeated 

attempts at forming PHEMA-based hydrogels using 27, the polymers always displayed 

poor mechanical strength when removed from the quartz vials. To examine if the UV 

polymerisation conditions were optimal, polymers prepared with TEDGMA or 27 were 

polymerised concurrently in separates vials. The polymers prepared with TEGDMA 

formed crosslinked polymers but polymers prepared with 27 still displayed poor 

mechanical strength once removed from the vial. This result suggested the samples were 

not crosslinking efficiently.  
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To form a crosslinked polymer network, the polymerisable groups from the crosslinking 

agent need to be accessible to the radical on the growing polymer chains. If the 

polymerisable groups from the crosslinking agent are accessible to the growing polymer 

chains, a crosslinked network will form. In contrast, if the polymerisable groups from 

the crosslinking agent are not accessible to the radical on growing polymer chains, the 

polymer network will result in predominately linear polymer chains with very little 

incorporation of crosslinking agents and therefore very little crosslinking, leading to a 

polymer network with poor mechanical properties. In most cases, not all crosslinking 

agents are fully incorporated into the polymer network. The number of crosslinks that 

are incorporated is known as the degree of crosslinking. There are many factors that 

affect the degree of crosslinking, including the nature of the radical at the growing chain 

end,62 functionality of the monomers used,61 viscosity of polymerisation solution(s),58 

the length of the crosslinking agent and the effect this length has on cyclization,59,79 the 

difference in hydrophilicity of the monomers and crosslinking agents used,79 and the 

degree of termination.60 The length of the crosslinking agent, in conjunction with other 

factors, may encourage the crosslinker to adopt unfavorable solution conformations 

where the polymerisable groups are “hidden” from the radical on the growing polymer 

chain, which would prevent the crosslinking agent from being incorporated into the 

polymer network. If these factors are significant, crosslinking may be compromised, but 

unfortunately, these parameters are sometimes hard to determine,59,62 especially so for 

phase separated hydrogel sponge systems. 

 

The crosslinking agents being investigated are peptide-based; therefore, it is possible 

the crosslinking agents adopt a confirmation in solution that sterically hinders the 

methacryloyl groups and prevents them from reacting with the radical from the growing 

polymer chain(s). As 24 was successfully incorporated in the PHEMA-based polymer 

networks, it was clear that the methacryloyl groups from the crosslinking agent were 

incorporated into the polymer network, so crosslinkers must have a favorable solution 

conformation. The apparent lack of crosslinking by 27 suggested that 27 might adopt a 

solution conformation that “hides” the methacryloyl groups from the radical on growing 

polymer chains. 

 

The main difference between crosslinker 24 and 27 is the addition of the PEG 

spacer groups between the decapeptide and the methacrylate groups. To determine if 



Chapter 4 – Synthesis and enzymatic degradation of PHEMA-based hydrogels 

 90 

the addition of the PEG groups to the peptide-based crosslinker caused a change in 

the solution conformation from 24 to 27, 2D NOESY spectra were obtained for both 

crosslinking agents. 2D NOESY spectra revealed that both crosslinking agents 

contained no secondary solution structure. There were also no observable 

correlations in the NOESY spectra of 27 to indicate that the PEG spacer groups 

were adopting a conformation that would “hide” the methacryloyl groups. As 

NOESY spectra did not give any significant insights into solution conformation, the 

use of circular dichroism (CD) spectroscopy – a popular method used by peptide 

chemists to evaluate secondary solution structures of peptides and proteins139 – was 

explored. CD spectra  of 24 and 27 only revealed a large negative absorption at 197 

nm (Figure 4.5) with no other distinguishable absorption maxima and minima, and 

this is indicative of a peptide that contains no secondary solution conformation;139 

the difference in absorption minima is a direct result of differences in molar solution 

concentrations of 24 and 27. As crosslinker 24 and 27 possess no secondary solution 

conformation, other reasons, such as differences in reactivies of HEMA and the 

crosslinking agents as a consequence of polymerisation conditions, may explain 

why 27 was not incorporated into polymer networks. Unfortunately, determining the 

reactivities of polymerisable groups from crosslinking agents is difficult, especially 

with finite amounts of specialised crosslinking agents; therefore, any further 

investigations into using 27 as a crosslinking agent were abandoned.  

 

                                                
 CD spectra of 24 and 27 were acquired by Ms Samaneh Beheshti under the supervision of Prof. Heinz-

Bernhard Kraatz at the University of Western Ontario, Canada. 
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Figure 4.5. CD spectra (H2O) of the peptide-based crosslinking agent 24 (red) and 

PEG-peptide-based crosslinking agent 27 (blue). 

 

4.2.2 Morphology of PHEMA- and P[HEMA-co-MeO-PEGMA] peptide 

conjugate hydrogels 
The macroscopic appearance of PHEMA-based polymers is a good indicator of their 

internal morphology. White translucent to opaque hydrogels typically have 

heterogeneous morphologies with pores of micron dimensions, whereas transparent 

hydrogels have homogeneous morphologies and typically are non-porous on the micron 

scale.20,93 Both PHEMA and P[HEMA-co-MeO-PEGMA] sponges (formulation I and 

III respectively) crosslinked with 24 where white to opaque in appearance (Figure 4.6), 

with P[HEMA-co-MeO-PEGMA] gels (formulation II) crosslinked with 24 being 

transparent in appearance (Figure 4.6).  
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Figure 4.6. Visual appearance of PHEMA-based hydrogels crosslinked with 24.  

 

As discussed in Chapter 3, sample preparation methods for SEM can drastically distort 

the native hydrated morphology of PHEMA-based hydrogels. For this reason, only 

LSCM was used to study the internal morphology of hydrated PHEMA and P[HEMA-

co-MeO-PEGMA] hydrogels crosslinked with 24. Formulation I and III showed the 

expected polymer droplet morphology in LSCM images, with the polymer droplets 

having diameters of approximately 10-15 Ām, and the pores having diameters in the 

order of and 20-30 Ām (Figure 4.7). The size of polymer droplets and pores were much 

larger when compared to the same formulation crosslinked with TEGDMA (Figure 4.7). 

The difference in the size of the polymer droplets and pores is somewhat expected. 

Polymerisation-induced phase separation relies on the growing polymer chain 

precipitating out of the polymerisation solution. Any changes to the hydrophilicity of 

the growing polymer chains will alter the molecular weight at which the polymer chains 

precipitate out of solution.140,141 As 24 is very hydrophilic, it renders the growing 

polymer chains more hydrophilic and delays the onset of phase separation, resulting in 

polymer droplets that are larger when compared to those formed in similar 

polymerisations using the more hydrophobic crosslinker TEGDMA. Difference in 

monomer reactivites between TEGDMA and 24 may also contribute to the differences 

in morphologies.140,141 Formulation II had a homogeneous morphology (Figure 4.7) 

when crosslinked with 24, with what appear to be pores approximately 2 Ām in 

diameter, although these pores could be artefacts from sample preparation (cutting) 

and/or LSCM imaging. The morphology for formulation II crosslinked with 24 was also 

similar to a sample prepared using TEGDMA. 
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Figure 4.7. LSCM micrographs of the internal morphology of PHEMA and P[HEMA-

co-MeO-PEGMA] hydrogels crosslinked with 24 or with TEGDMA labeled with 

RBITC. 

 

4.2.3 Preliminary degradation of collagenase cleavable peptide-based 

crosslinking agents 

As 24 was the only crosslinking agent that could be used to form hydrogels, only this 

crosslinking agent was investigated for enzymatic degradation of PHEMA and 

P[HEMA-co-MeO-PEGMA] hydrogels. Before hydrogel degradation studies 

commenced, a RP-HPLC degradation assay was carried out for 24 to determine the 

susceptibility of its peptide sequence towards enzymatic cleavage by collagenase. To 

minimise the chance of polymerisation during the assay and RP-HPLC analysis, the 

methacryloyl groups on 24 were reduced to isopropyl moieties. This reduction was 

achieved using catalytic (10% Pd/C) hydrogenation to give the di-isopropyl decapeptide 

in quantitative yields (38, Scheme 4.1). 
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Scheme 4.1. Reduction of the methacryloyl moieties from 24 to isopropyl units. The 

site of expected cleavage of 38 by collagenase is indicated. 

 

The leul-gly-pro-ala sequence located in the core of the crosslinker 24 is expected to 

have a cleavage site between leucine and glycine (Scheme 4.1);57,74 therefore, only two 

fragments should result from proteolytic cleavage using collagenase. After incubation of 

38 for one hour in a collagenase solution, examination of the peptide control (Figure 

4.8A) and the enzyme control (Figure 4.8B) using HPLC showed the initial peptide 

peak at 20.82 minutes for 38 disappeared, and two new peaks at 13.99 minutes and 

17.79 minutes were seen (Figure 4.8C). Over the incubation period, 38 was cleaved at a 

rate of 0.22 Āmol/min per 1 mg of collagenase. Unfortunately, attempts to characterize 

the molecular weight of the degradation products using liquid chromatography – mass 

spectroscopy were unsuccessful. It is well known142 that TFA (a strong acid used as an 

ion-paring agent in HPLC/LC protocols) gives rise to poor analyte signals. Acetic acid 

and formic acid are suitable acids for mass spectroscopy, but when they were used as 

the ion-paring agent, poor chromatographic separation was achieved. Despite not being 

able to characterise the degradation products, HPLC did show the formation of two 

products, which is what is expected for proteolytic cleavage of leul-gly-pro-ala 

sequence by collagenase.57,74 
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Figure 4.8. RP-HPLC degradation assay for the reduced crosslinking agent 38 after a 

one-hour incubation period: (A) crosslinker 38 incubated in buffer; (B) enzyme 

incubated in the absence of 38; (C) crosslinker 38 incubated in enzyme solution for one 

hour. 

 

4.2.4 In vitro degradation studies of PHEMA and P[HEMA-co-MeO-

PEGMA] peptide conjugates 
To examine the feasibility of degrading PHEMA-based hydrogels with collagenase, an 

in vitro degradation study carried out for PHEMA hydrogels crosslinked with 24. There 

are many methods to monitor degradation of hydrogels. Properties such as mass loss 

over time, swelling over time, changes in mechanical properties and changes in internal 

morphology can be used to monitor the bulk properties of materials.27 Other methods 

such as changes in contact angle measurements and X-ray photoelectron spectroscopy 

can also be used to monitor any changes in the surface properties of materials.27 There 

is also the possibility of isolating and monitoring the degradation products, although 

isolating and purification of the degradation products can be difficult and is sometimes 

not feasible.27 
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Degradation studies carried out by Casadio29,71 monitored degradation by measuring the 

changes in the wet and dry mass of the samples, and changes in the internal morphology 

of the samples via SEM. These same methods were used to monitor the in vitro 

degradation for PHEMA hydrogels crosslinked with 24. The studies consisted of 

incubating hydrogel samples in buffered collagenase solutions (ca. 1 mg/mL 

collagnease) at 37 °C. Two control experiments were conducted: a negative control, 

which used hydrogels crosslinked with a non-degradable crosslinking agent 

(TEGDMA) incubated in a collagenase solution, and a positive control, which used 

hydrogel peptide-conjugates crosslinked with 24 incubated in buffer solutions in the 

absence of collagenase. The swollen (wet) mass (Ww) and the dry mass (Wd) of the 

samples was monitored during degradation, allowing the swelling ratios and mass loss 

of the hydrogels to be calculated. In addition, LSCM was used to examine any changes 

in the morphology of the hydrated samples during degradation.  

 

4.2.4.1 PHEMA sponges 
As previously demonstrated,71 PHEMA sponges crosslinked with peptide-based 

crosslinking agents showed negligible mass loss over an extended periods of incubation. 

It was believed that the high molecular weight PHEMA fragments produced post-

degradation were not water-soluble.71 The same result was also observed when PHEMA 

sponges crosslinked with 24 were incubated in collagenase solutions for three months 

(Figure 4.9). If the crosslinks had been hydrolysed by collagenase, there would be 

primary amino groups present in the PHEMA sponge (presumably mostly near the 

surface of the polymer droplets). To determine if the peptide crosslinks had been 

cleaved, a ninhydrin assay was carried. Ninhydrin is a colourimetric reagent that 

produced a dark brown to purple colour in the presence of primary amines (Scheme 

4.2). 
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Figure 4.9. Degradation plots for PHEMA sponges crosslinked with 24 when incubated 

in collagenase solutions. Closed squares indicate percentage dry mass remaining with 

open squares indicating percentage wet weight change. 
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Scheme 4.2. Reaction of primary amines with ninhydrin. 

 

 

Figure 4.10 illustrates the results of the ninhydrin assay. The PHEMA peptide-

conjugate that had been incubated in a collagenase solution turned dark brown/purple in 

the presence of ninhydrin, indicating there were primary amino groups present from 

proteolytic cleavage of the peptide-crosslinks. Both sets of controls remained colourless 

in the ninhydrin assay. This result is not unexpected as there should have been no 

hydrolysis of the peptide crosslinks in the positive control (no collagenase present), and 

as the negative control was crosslinked with a non-degradable crosslinking agent, no 

hydrolysis of the crosslinks would have taken place in the presence of collagenase 

solutions. 
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Figure 4.10. Treatment of PHEMA sponges with ninhydrin after incubation in 

collagenase and buffer solutions for three months. 

 

 

From the ninhydrin assay, it was apparent that peptide crosslinks in the PHEMA sponge 

had been cleaved by collagenase. Presumably low solubility of the liberated PHEMA 

fragments (due to high molecular weight) prevented any more obvious signs of 

degradation. To determine if high molecular weight PHEMA remained, a PHEMA 

sponge peptide-conjugate that had been incubated in a collagenase solution for three 

months was soaked in methanol. Methanol is a good solvent for high molecular weight 

linear PHEMA, so the sample should dissolve if all of the crosslinks had been cleaved. 

Some of the sample dissolved as expected, but surprisingly the sample also swelled, 

indicating the sample was still crosslinked to some extent. Presumably during the initial 

stages of degradation, proteolytic cleavage would occur predominately at the surface of 

the polymer droplets in the PHEMA sponges. As the degradation products are not 

water-soluble, there would only be minimal swelling at the surface of the polymer 

droplets. As there would only be minimal swelling, the density of the polymer network 

would not diminish enough to allow collagenase to permeate further into the polymer 

droplets. As collagenase could not access the internal peptide-crosslinks, the internal 

crosslinks would have remained intact, preventing the PHEMA sponge from dissolving 

in methanol. The formation of non-degradable crosslinks by transesterification143 

(Scheme 4.3) during incubation may also explain why the specimens did not dissolve in 

methanol. In either case, the presence of only small amounts of crosslinking agents – 

either uncleaved peptide crosslinks or non-degradable crosslinks – would have 

prevented the sample from dissolving in methanol. 
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Scheme 4.3. Transesterification of HEMA to form non-degradable crosslinks 

 

4.2.4.2 P[HEMA-co-MeO-PEGMA] gels and sponges 
The addition of MeO-PEGMA to the 80:20 H2O:HEMA formulation forms P[HEMA-

co-MeO-PEGMA] polymers that are enzymatically degradable.71 Degradation of 

P[HEMA-co-MeO-PEGMA] gels and sponges crosslinked with 24 were monitored by 

two methods: 

(a) Percentage dry mass remaining over time: 

% dry mass remaining = Wdi /Wd0  100 

where Wd0 is the initial dry mass of the sample and Wdi is the dry mass of the sample at 

different time intervals during the degradation;71,144 and 

(b) Percentage wet weight change over time: 

% wet weight change = (Wwi – Ww0)/Ww0  100 

where Ww0 is the initial mass of the water-swollen sample and Wwi is the mass of the 

water-swollen sample at the time it is removed from enzymatic degradation 

medium.67,71  
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When P[HEMA-co-MeO-PEGMA] gels were incubated in a collagenase solution, total 

hydrogel degradation was achieved after 28 days. Over degradation, there was little 

change in the visual appearance of the hydrogels (Figure 4.11), but there were changes 

in the wet and dry mass of the specimens. Over the first 16 days the wet weight 

increased (Figure 4.12A). Presumably this change is because proteolytic cleavage of 

peptide-based crosslinking agents loosened the polymer network, allowing the samples 

to absorb more water. Proteolytic cleavage of the peptide-based crosslinks would also 

liberate polymer fragments causing a decrease in the dry mass of the samples over the 

same time period (Figure 4.12A). After 16 days incubation the hydrogels became fully 

hydrated, so any further cleavage of the crosslinks only resulted in loss of linear 

polymer fragments. Additionally, over the course of degradation the internal 

morphologies of the hydrogels remained essentially unchanged (Figure 4.13).  

 

 

 

 

 

 

 

 

 
Figure 4.11. Visual appearance of degrading P[HEMA-co-MeO-PEGMA] gels 

crosslinked with 24. 

 



Chapter 4 – Synthesis and enzymatic degradation of PHEMA-based hydrogels 

 101 

 
Figure 4.12. Degradation plots for (A) P[HEMA-co-MeO-PEGMA] gels and (B) 

P[HEMA-co-MeO-PEGMA] sponges crosslinked with 24 when incubated in 

collagenase solutions. Closed squares indicate percentage dry mass remaining with open 

squares indicating percentage wet weight change. Note, total degradation was seen for 

P[HEMA-co-MeO-PEGMA] gels (A) after an incubation period of 28 days.  
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Figure 4.13. LCSM images of P[HEMA-co-MeO-PEGMA] gels crosslinked with 24 at 

various incubation times.  

 

When P[HEMA-co-MeO-PEGMA] sponges were incubated in collagenase solutions, 

the visual appearance of the polymers changed from white materials to 

translucent/transparent materials after 24 days incubation (Figure 4.14). The change in 

appearance of the P[HEMA-co-MeO-PEGMA] sponges is consistent with a change in 

the internal morphologies from a heterogeneous polymer droplet system to a 

homogeneous gel.20,71,93 LSCM images (Figure 4.14) indicated that the change in the 

visual appearance of the P[HEMA-co-MeO-PEGMA] sponges occurred before the 

internal morphology had fully transformed from that of a heterogeneous polymer 

droplet system to homogeneous gel; nonetheless, LSCM revealed that the internal 

morphology was changing to a more homogeneous system. The hydrogels also 

degraded to 8% dry mass remaining after 101 days incubation (Figure 4.12B). The 

increase then decrease in the wet weight change seen for P[HEMA-co-MeO-PEGMA] 

gels was also observed for P[HEMA-co-MeO-PEGMA] sponges, with the maximum 

swelling point being reached after approximately 40 days (Figure 4.12B). Examination 

of the internal morphologies of the hydrogels using LSCM (Figure 4.15) revealed an 

increase in the size of the polymer droplets over the first 24 days of incubation, with the 

diameter of the polymer droplets swelling from ca. 10 Ām to greater than 20 Ām. As the 

incubation time increased, the number of cleaved crosslinks would also increase, and 

would result in a loosening of the polymer network, thereby allowing the polymer 

droplets to swell and absorb more water. Presumably the process of crosslinker cleavage 

and droplet swelling would continue, but the specimens were too weak after 24 days 

incubation to use LSCM for examination of their internal morphologies to determine if 

this process continued. Both positive and negative controls for the P[HEMA-co-MeO-
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PEGMA] gels and sponges experienced a small change in the dry mass loss over the 

incubation period (Table 4.2). Presumably the small mass loss is due to slow hydrolysis 

of the crosslinks due to the slightly basic (pH 7.4) incubation conditions; there is also 

the possibility of low molecular non-crosslinked polymers (formed during the synthesis 

of the hydrogel) leaching from the control specimens over the course of incubation. 

Even so, the mass loss experienced by both sets of controls was insignificant compared 

to the mass loss of the degraded samples. To know whether the degradation times of the 

P[HEMA-co-MeO-PEGMA] gels and sponges are suitable for clinical use, additional in 

vivo studies would be required. These studies may find that the degradation rates are not 

suitable for clinical applications and require adjusting. As it is the crosslinks that impart 

biodegradability in P[HEMA-co-MeO-PEGMA] gels and sponges, it would be logical 

to adjust the amount and/or the type(s) of crosslinks used to form the gels and sponges 

to alter the degradation rates. Presumably, incorporation of crosslinks that contain more 

labile bonds would increase the rate of degradation, and a combination of peptide-based 

crosslinking agent and crosslinking agents that are not specifically cleaved, such as 

carbonate-based crosslinking agents, could help to fine-tune the degradation profiles of 

P[HEMA-co-MeO-PEGMA] gels and sponges. However, to assess the best way to alter 

the degradation rates of the gels and sponges, further investigations would be required. 

 

 
Figure 4.14. Visual appearance of degrading P[HEMA-co-MeO-PEGMA] sponges 

crosslinked with 24. 

 

 
Figure 4.15. LCSM images of P[HEMA-co-MeO-PEGMA] sponges crosslinked with 

24 at various incubation times. 
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Table 4.2. Weight change for positive and negative controls for P[HEMA-co-MeO-

PEGMA] gels and sponges during incubation. 

Dry weight Wet weight 
P[HEMA-co-MeO-PEGMA] hydrogel 

remaining (%) change (%) 

gel positive control incubated in buffer solutions  92 -30 

gel negative control incubated in enzyme solutions 119 36 

sponge positive control incubated in buffer solutions  92 -22 

sponge negative control incubated in enzyme solutions 93 24 

 

 

The only difference between the P[HEMA-co-MeO-PEGMA] gels and the sponges is 

their internal morphology. Gels have a homogeneous polymer network while sponges 

have a heterogeneous polymer network. It would, therefore, seem plausible that 

homogeneous P[HEMA-co-MeO-PEGMA] gels have hydrated linear polymer chains 

evenly distributed throughout the hydrogel, and heterogeneous P[HEMA-co-MeO-

PEGMA] sponges have regions of relatively dense polymer chains (located in the 

polymer droplets) and regions of water (in the pores). The differences in morphology 

could explain why the gels and sponges have vastly different degradation profiles.  

 

Hydrogel degradation is controlled by the various factors including: the rate of 

collagenase diffusion into sample; the rate of proteolytic crosslinker cleavage; rate of 

polymer hydration (linear polymer fragments need to be sufficiently hydrated before 

they become water-soluble); and the rate of diffusion of linear polymer fragments out of 

the hydrogel. As the P[HEMA-co-MeO-PEGMA] gels are homogeneous, the four 

factors effecting degradation should remain uniform over the degradation period. 

However, the heterogeneous nature of P[HEMA-co-MeO-PEGMA] sponges should 

mean that the relative importance of the factors affecting degradation do not remain 

uniform over the degradation period. In P[HEMA-co-MeO-PEGMA] sponges, the 

peptide-based crosslinks are located in the dense polymer regions and would be 

relatively inaccessible to the active site of collagenase to cleave the crosslinks. Thus, the 

rate of proteolytic cleavage of the crosslinks should be lower compared to the 

homogeneous gels, and the low degradation rate is reflected in the degradation profiles 

in the P[HEMA-co-MeO-PEGMA] sponges compared to the P[HEMA-co-MeO-
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PEGMA] gels (Figure 4.12B). Additionally, proteolytic cleavage would predominately 

occur at the surface of the polymer droplets in the P[HEMA-co-MeO-PEGMA] sponges 

during the initial stages of degradation because the polymer network density would 

inhibit permeation of collagenase into the polymer droplets to cleave internal crosslinks. 

The earlier stages of degradation for P[HEMA-co-MeO-PEGMA] sponges should, 

therefore, occur via surface mechanisms. Once there has been sufficient cleavage of the 

crosslinks at the surface of the polymer droplets, the polymer network density should 

decrease and allow the polymer chains to absorb more water, which would lead to 

swelling of the polymer droplets (Figure 4.14). A decrease in the density of the polymer 

network should allow more collagenase to diffuse into the interior of the polymer 

droplets. As more collagenase is present in the interior of the polymer droplets, 

degradation is more likely to occur via bulk mechanisms. This process of degradation 

and swelling should continue until the morphologies of the sponges change from 

heterogeneous to a pseudo-homogeneous morphology in the later stages of degradation 

Unfortunately, determining the extent of the change in degradation mechanism(s) 

requires further research.  

 

4.3 Experimental 
4.3.1. Materials 
2-Hydroxyethyl methacrylate (HEMA) (Bimax, Inc. USA, > 99.0%) was distilled  

(b.p. 38 – 39 °C/0.1 mm Hg) and stored at -20 °C until use. CaCl2 (AR) was purchased 

from Ajax and used as received. Tetraethylene glycol dimethacrylate (TEGDMA) 

(Fluka), 10% Pd/C and sodium chloride (AR grade) were purchased from Fluka and 

were used as received. 2,2-Dimethoxy-2-phenylacetophenone (DPAP) (Igracure 651, 

97%), trifluoroacetic acid (99%), rhodamine B isothiocyanate (RBITC),  

N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES) and collagenase 

(from Clostridium histolyticum) were all purchased from Sigma-Aldrich and used as 

received. Poly(ethylene glycol) methyl ether methacrylate (MeO-PEGMA, Aldrich, 

average Mn ca. 1100) was recrystallised from hot ether to remove the inhibitor. All 

solvents were distilled prior to use. Degassing of HPLC solvents was carried out by 

vacuum filtration through a 0.45 Ām membrane. TESCA buffer was prepared using 50 

mM TES, 0.36 mM CaCl2, 0.2 mg/mL NaN3 at pH 7.4 in miliQ H2O. 
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4.3.2 Hydrogenation of the methacryloyl groups of decapeptide 24 
Preparation of hydrogenated decapeptide (iPr-gly3-leu-gly-pro-ala-gly2-lys(iPr)-OMe) 

38 

H
N

HN

OMe

O

N
H

H
N

O

O

O
N
H

O

N

H
N

N
H

H
N

N
H

H
N

O

O

O

O

O

O

O

2

3

4
5

38

 

10% Pd/C (2 mg) was added to a solution of 24 (10.1 mg, 0.01 mmol) in methanol (2 

mL). The mixture was subjected to three freeze-pump-thaw cycles, a hydrogen-filled 

balloon was attached to the reaction flask, and the mixture was stirred at room 

temperature for 16 h. The mixture was then filtered through a 0.45 Ām syringe filter and 

the solvent was removed under reduced pressure to give a white solid (10.2 mg, ca. 

100%) 
1H NMR (600.13 MHz, d4-MeOH) 4.49 (1H, dd, J 4.5 Hz, 5.2 Hz, CH  Pro), 4.41 (1H, 

dd, J 5.1 Hz, 4.3 Hz, CH  Lys), 4.38 (1H, dd, 3JHH 5.3 Hz, 2.9 Hz, CH  Leu), 7.26 

(1H, q, 3JHH 7.2 Hz, CH  Ala), 4.01 (2H, s, CH2 Gly), 3.95-3.85 (10H, m, 5  CH2 

Gly), 3.69 (4H, m, 3  OMe, 1H  C5), 3.62 (1H m, C5), 3.15 (2H, q, 3JHH 6.7 Hz, 

CH2  Lys), 2.53 (1H, m, H-i-Pr), 2.42 (1H, dq, H-i-Pr),  2.25 (1H, m, 1H  C2), 2.07 

(1H, m, 1H  C2), 1.99 (2H, m, CH2 Lys), 1.86 (2H, m, CH2 Lys), 1.70 (4H, m, CH2 

Lys, CH2 Leu), 1.50 (2H, m, C4 CH2), 1.41 (5H, m,  CH3 Ala, CH2  Lys), 1.14 (6H, 

d, 3JHH 6.7 Hz, i-Pr CH3), 1.09 (6H, d, 3JHH 6.6 Hz, CH3 i-Pr CH3), 0.95 (3H, d, 3JHH 

6.3 Hz, CH3 Leu), 0.90 (3H, d, 3JHH 6.2 Hz, CH3  Leu). 

13C NMR (150.9 MHz, d4-MeOH) 180.8 (CO MA gly), 180.0 (CO MA lys), 175.6 (CO 

Ala), 175.3 (CO Gly), 175.1 (CO Pro), 174.0 (CO2Me), 172.7 (Gly), 172.5 (Gly), 172.3 

(Gly), 171.6 (CO Leu), 170.4 (CO Gly), 53.6 (CH  Leu), 53.0 (CH  Lys), 52.7 (C5), 

51.4 (Ala CH ), 44.0 (Gly CH2), 43.8 (Gly CH2), 43.8 (Gly CH2), 43.6 (Gly CH2), 

43.3 (Gly CH2), 43.1 (Gly CH2), 41.7 (CH2  Leu), 39.9 (C2) 36.3 (CH2  Lys), 36.0 

(CH2 ), 32.0 (C4), 30.4 (CH3 Ci-Pr) 29.8 (CH3 Ci-Pr), 25.9 (CH3  Leu), 25.8 (CH3  

Leu), 24.1 (C3), 23.6 (CH2  Lys), 21.6 (CH2  Lys), 19.9 (CH3 i-Pr), 19.7(CH3 i-Pr), 

16.8 (CH3  Ala).  

HRMS (FAB) m/z 925.5511 [M+H]+ (C41H69N11O13 requires 924.5155) 
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4.3.3 RP-HPLC degradation assay  
RP-HPLC analysis of the reduced peptides and subsequent enzymatic cleavage assays 

were carried out on Agilent 1100 HPLC system equipped with a UV/vis detector (  214 

nm). Separation was achieved using a Vydac 218TP54 C18 reverse phase column 

equipped with a guard column. The mobile phase for RP-HPLC was based on H2O with 

0.1% TFA (solvent A) and acetonitrile with 0.1% TFA (solvent B). Separation was 

achieved with a flow rate of 1 mL/min using a gradient elution starting at a solvent ratio 

A:B of 99:1 changing to 60:40 over 30 min. Three stock solutions were used for the RP-

HPLC the assay: (i) 38 (20 mg/mL) in TESCA buffer; (ii) 2.2 mg/mL aqueous cysteine 

solution; and (iii) 1.0 mg/mL collagenase solution made up using TESCA buffer. The 

assay was carried out by adding 12.5 ĀL (0.03 Āmol) of 38 stock solution (i) to various 

amounts of collagenase solution (ii) (5-50 μL), the final volume of the assay was made 

up to 100 ĀL with TESCA buffer. The solutions were then mix by vortex and incubated 

at 37 °C for 1 hour, after which time 150 ĀL of cysteine stock solution was added to 

inhibit any further digestion.145 The solutions were then centrifuged and analyzed by 

RP-HPLC. Control experiments were carried out by: (a) incubating the peptide in 

TESCA buffer in the absence of collagenase without cysteine quenching after 

incubation; and (b), incubating collagenase in the absence of peptide, then being 

quenched with cysteine after 1 hour incubation. 

 

4.3.4 Preparation of PHEMA and P[HEMA-co-MeO-PEGMA] peptide 

conjugate hydrogels 

PHEMA sponges and P[HEMA-co-MeO-PEGMA] gels and sponges were prepared 

with the formulations summarised in Table 4.2 using the experimental procedure 

described in Section 3.3.2. 

 

 

 

 

 

 



Chapter 4 – Synthesis and enzymatic degradation of PHEMA-based hydrogels 

 108 

Table 4.2 

Hydrogel H2O:HEMA:MeO-PEGMAa Crosslinkerb NaClc 

1 80:20:0 24 - 

2 80:20:0 TEGDMA - 

3 80:20:5 24 - 

4 80:20:5 TEGDMA - 

5 80:20:5 24 0.8 M 

6 80:20:5 TEGDMA 0.8 M  
a The copolymers are identif ed based on weight ratio A:B:C, where A = part 

by weight water, B = part by weight HEMA, C = part by weight  

MeO-PEGMA.  
b All samples were crosslinked at 0.9 mol% with respect to HEMA. 
c 0.8 M NaCl was used in place of H2O. 

 

4.5.5 Enzymatic degradation of PHEMA and P[HEMA-co-MeO-PEGMA] 

peptide conjugate hydrogels 

The hydrated hydrogels prepared in Section 4.3.5 were cut in half to provide semi-

circles with a diameter for approximately 8 mm and a height of approximately 5 mm. 

The hydrated samples gently blotted to remove any excess water from the surface and 

weighed to obtain the initial wet weight (Ww0), then the samples were freeze-dried to 

constant mass to obtain the initial dry weight (Wd0). The samples were rehydrated in a 

TES buffer solution (50 mM TES, 0.36 CaCl2, 0.2 mg/mL NaN3 at pH 7.4) for one 

week. The hydrated samples were transferred to vials containing 2 mL of a 1 mg/mL 

collagenase TESCA solution. The vials were then capped and incubated at 37 °C with 

collagenase solution being replaced every 48 h. Samples were removed at various times 

during incubation and were immersed in deionised water, exchanging the water every 

12 h for one week. The swollen mass (Wwi) of each sample was then measured. The 

samples were then imaged by LSCM (see Section 4.5.7) followed by dehydration using 

freeze-drying techniques till constant mass to determine the dry weight (Wdi). The 

percentage mass loss was based on the following: 

(a) Percentage dry mass remaining over time: 

% dry mass remaining = Wdi / Wd0  100 
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(b) Percentage wet weight change over time: 

% wet weight change = (Wwi – Ww0)/ Ww0  100 

 

Each degradation study was also accompanied by two controls: 

(i) a positive control comprised of hydrogels crosslinked at 0.90 mol% 24 and 

incubated at 37 °C in 2 mL TES buffer solutions; and 

(ii) a negative control comprised of hydrogel crosslinked with TEGDMA and 

incubated at 37 °C in 2 mL collagenase solution. 

 

The control sample were treated the same as the degradation samples, but they were 

only analyzed for their hydrated and dehydrated masses at the beginning and end of the 

degradation period.  

 

4.5.7 Laser Scanning Confocal Microscopy 
Non-degraded hydrated hydrogel samples were sectioned using a Vibratome 3000, 

while degraded hydrogel specimens were cut into thin sections using a sharp scalpel 

blade (the degraded samples were mechanically too unstable to be sectioned using a 

Vibratome 3000). The non-degraded and degraded specimens where then prepared for 

LSCM using RBITC as described in Section 3.3.5. 

 

4.5.8 CD Spectroscopy 
CD spectra were recorded using a JASCO J-810 circular dichroism spectropolarimeter 

using a 1 mm solution cell. A peptide solution concentration of ca. 0.05 mM was used 

for all samples. The spectra were smoothed using a means-movement algorithm with a 

convolution width of 25-points supplied with the JASCO software. CD spectra were 

acquired by Ms Samaneh Beheshti under the supervision of Prof. Heinz-Bernhard 

Kraatz at the University of Western Ontario, Canada 
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Chapter 5.  

Incorporating Cell Adhesion Ligands 

 in PHEMA Sponges  
 

5.1 Introduction 
Ideally, when used for applications in tissue engineering, a PHEMA-based scaffold 

would be seeded with cells and implanted into sites of damaged and/or diseased tissue, 

and then as the seeded cells proliferate the scaffold would degrade away once it was no 

longer needed to support growing cells. The work described in Chapter 4 showed that 

P[HEMA-co-MeO-PEGMA] gel and sponge with peptide-based crosslinks were 

degraded enzymatically by collagenase, with the sponges having a suitable pore 

morphology to allow cellular infiltration. Cellular infiltration is a major consideration of 

tissue engineering because if a scaffold cannot support cellular infiltration the scaffold 

will be ineffective at generating new tissue. The primary focus of this chapter was to 

examine how PHEMA-based hydrogels can be rendered more biocompatible by 

improving cellular adhesion via the addition of cell adhesion ligands to the polymer 

network. However, difficulties in the laboratory of the collaborating groups responsible 

for cell culture studies meant that the cell study to determine the effectiveness of cell 

adhesion ligands could not be completed within the time frame of this thesis. Therefore, 

only the synthesis of PHEMA sponges that contain cell adhesion ligands is present in 

this chapter. 

 

5.1.1 The cell-scaffold interface 
As the success of a scaffold is partially determined by how cells interact with the 

surface of the scaffold, much research has been aimed at understanding the cell-scaffold 

interface.146-151 This research has shown that surface topography and surface chemistry 

appear to have the greatest influence over cell adhesion. Some reports claim surface 

topography is the dominant factor for cell adhesion,146 while others suggest surface 

chemistry is more important;152 the two, however, are most likely similarly important.151 

In addition, the mechanical properties of a scaffold have also recently been shown to 

have an effect on how cells interact and grow on polymer surfaces.146 What is agreed 

upon is that cells only interact with the outermost atomic layers of a surface (0.1-1 nm 
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into the surface of the polymer).151 As the nature of surface topography and surface 

chemistry are quite different, the two will be described in more detail below. 

 

Surface topography refers to features on the surface of a material at the nanometre to 

micrometre scale. Topographies can range anywhere from a smooth featureless surface, 

to a surface with random features or a surface with highly ordered structures. Although 

it was known early in the 20th century that surface topography influenced cell adhesion, 

advancements in microfabrication processes for the electronics industry in the later part 

of the 20th century helped to develope topographical features that can be used to study 

cell adhesion on surfaces in greater detail.152 Unfortunately, there is no “ideal” surface 

topography; obtaining the “correct” surface topography is a matter of trial and error, and 

generally different cells require different topographies. For example, reports153,154 have 

shown that surfaces patterned with random nanodots or pillars promoted moderate cell 

adhesion for NIH 3T3 cells, but when a surface with a high degree of order was used 

with the same cell line, cell adhesion tended to decrease. Cell motility – an important 

factor for cellular infiltration in scaffolds – can also change with changing surface 

topography.152 Although surface topography is important for cell adhesion, more 

research is needed to understand in more detail how surface topographies affect cell 

adhesion. In addition, most research about surface topography to date has been carried 

out on flat two-dimensional surfaces. Translating these results into an understanding of 

how surface topographies effects three-dimensional structures suited for tissue 

engineering requires additional research.  

 

The second important factor affecting cell adhesion is surface chemistry, i.e. the 

chemical composition of the surface of the material in question. The presence of 

particular chemical moieties, such as hydroxyl, amino and carboxyl groups, can affect 

cell adhesion. It is thought the presence of these groups promotes favourable 

interactions with cell surfaces by acting as hydrogen bond acceptors/donors. In one 

instance,155 cell adhesion was improved when polystyrene culture dishes were 

functionalised with hydroxyl groups, yet cell adhesion was suppressed when the same 

polystyrene culture dishes were functionalised with carboxyl groups. Further studies 

showed that culture dishes could be rendered non-adhesive by coating the surface with 

hydroxyl-rich PHEMA.156 Conversely, when PHEMA surfaces are treated with H2SO4, 

the surfaces are rendered more adhesive and promoted proliferation of endothelial 
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cells.157 As with surface topography, there appear to be no solid principles that allow 

one to predict how the surface chemistry affects cell adhesion, spreading and growth. At 

present there are only correlations between cell adhesion for particular cell lines and 

parameters such as the density of surface hydroxyl groups,155 density of surface 

sulfonate groups158 and equilibrium water content.156 Unfortunately, exceptions to these 

correlations are generally found. 

 

Another method used to promote cell adhesion that is related to surface chemistry is 

adsorption of proteins (usually extra cellular matrix proteins) onto the surface of 

polymers. Typically when a polymeric material is immersed in a solution containing 

proteins, or implanted into the body, proteins coat the surface of the polymer in a short 

period of time, usually within minutes.147 There have been several studies used to 

determine what part of protein adsorption effects cell adhesion; these studies include 

monitoring the type of protein adsorbed, the protein conformation and the density of 

protein(s) at the surface of the material.159,160 However, the adsorption of proteins onto 

surfaces may also promote non-specific cell adhesion.161 Non-specific cell adhesion 

may be detrimental, but it can somewhat be controlled by introducing PEG at the 

surface of the material.147 Although protein adsorption can be used to promote cell 

adhesion, there are many variables that make it difficult to draw accurate conclusions 

about how the presence of adsorbed proteins affects cell adhesion. 

 

5.1.2 Cell adhesion ligands 
Adsorption of proteins onto surfaces generally promotes cell adhesion as the proteins 

provide binding sites for the cells. Binding sites are important because multicellular 

organisms rely on contacts between neighbouring cells and/or the extra cellular matrix 

for growth. These contacts are made through cell adhesion receptors located on the 

surface of the cell. One of the most versatile and numerous group of cell adhesion 

receptors are those from the integrin family (Figure 5.1), and they are involved in, to 

name a few, anchoring molecules/cells, cell differentiation, immune response, and 

wound healing.162,163 Integrin binding sites consists of two non-covalently associated 

transmembrane subunits termed  and , and it is the combination of  and  units that 

determines the specificity of the integrin binding site.164 These binding sites typically 

bind to short amino acid sequences within extra cellular matrix proteins. As only a few 

amino acids from the extra cellular proteins are involved in binding to the cell integrin 
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binding site, and the amino acid sequences involved in integrin binding are known as 

cell adhesion ligands. 

 

 

 
 

Figure 5.1. Integrin binding to integrin ligands from a protein adsorbed on top of a 

polymer surface. 

 

 

One of the most studied cell adhesion ligands is the Arg-Gly-Asp (RGD) peptide 

sequence,165 and is the integrin binding site for fibronectin, laminin, vitronectin, type I 

collagen and other extra cellular matrix proteins.166 When free RGD is used in culture 

media, fibronectin cell adhesion is inhibited; but when tethered to a surface, the RGD 

sequence promotes cell adhesion at the surface of the RGD-functionalised  

surface.120,147,151,167-169 The RGD sequence is so effective at promoting cell adhesion that 

surface RGD concentrations as low as pmol/cm2 have been reported for enhanced cell 

adhesion.119,170 Because of the simplicity, specificity and activity of RGD at promoting 

cell adhesion, the presence of RGD provides a relatively simple route to enhance cell 

adhesion on polymer surfaces. To date there have been various reports on RGD-

mediated cell adhesion on 2-dimensional PHEMA surfaces,171-173 but there are few 

investigations into how the presence of RGD effects cell adhesion and cellular 

infiltration in PHEMA-based sponges. 

 

5.1.3 Incorporating RGD into PHEMA-based sponges 
Like research associated with cell adhesion and surface topography, the majority of 

research into cell adhesion ligands has focused on flat two-dimensional 

surfaces.119,120,170,174-176 There is also limited literature on RGD-functionalised porous 

three-dimensional scaffolds, with most reports only emerging over the past two to three 

years.177-179 There are various ways used to incorporate RGD sequences into three-

dimensional scaffolds, including modification of the polymer surface post-

polymerisation,179 copolymerisation of RGD monomers,178 and addition of surface-
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modifying additives that contain RGD groups.177 The three-dimensional scaffolds were 

prepared by particulate leaching177,179 or polymerisation induced phase-separation.178 

There are two main problems with synthesizing RGD-containing three-dimensional 

scaffolds: accurately determining where the RGD sequence is in relation to the surface 

of the scaffold, and determining the degree of functionalisation and the RGD 

concentration at the surface of the scaffold. Imaging techniques such as LSCM can be 

used to determine the location of RGD peptides labelled with fluorescent tags,177 but at 

present there are no robust methods used to quantitatively determine the surface 

concentrations of RGD in three-dimensional scaffolds.  

 

The methods reported to synthesize RGD-functionalised scaffolds involve multiple 

steps, and/or require the use of toxic solvents. For a tissue engineering scaffold to be 

successful, its synthesis should use benign solvents and chemicals, and be cheap and 

easy. Fortunately, PHEMA-based sponges are cheap, easy to prepare and their 

preparation uses water as the solvent.20,92,93 To help minimize the number of synthetic 

steps, functionalisation of PHEMA-based sponges with RGD sequences would ideally 

involve co-polymerising RGD-containing monomers with HEMA, under conditions that 

promote polymerisation-induced phase-separation. This method would also negate the 

need for post-modification of the polymer droplet surface with RGD-containing 

molecules – a process often requiring toxic reagents that would need to be removed 

prior to implantation. In order to functionalise PHEMA-based sponges by 

copolymerisation with a RGD-containing monomer, the RGD-containing monomer 

needs to contain the RGD sequence, a methacryloyl moiety situated at the N-terminus 

of the peptide sequence, and a suitable spacer group between the RGD sequence and the 

methacryloyl moiety. The first two criteria can easily be achieved through careful 

monomer design, but the last point, the spacer group, is contentious as the wrong spacer 

group can have deleterious effects on cell adhesion. If a long and flexible spacer group 

is introduced between the RGD sequence and the surface of a material, cell adhesion is 

generally reduced because of unfavourable cell-RGD interactions.174,180-182 Likewise, if 

the spacer group is too short, the integrin binding site may not be able to correctly bind 

to the RGD sequence.174,175,183 There are always exceptions to these generalisations, and 

typically the length of the spacer group is dependant on the cell line used and the nature 

of the material being investigated.120 A recent study176 examined how varying the length 

of a glycine-based spacer group affected cell adhesion for RGD cell adhesion ligands. It 
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was found that at a Gly4 spacer group was required for sufficient focal adhesion and 

growth of fibroblast cells. Using a Gly4 spacer group, the RGD-containing monomer 39 

(Figure 5.2) was chosen for studies into cellular adhesion in PHEMA-based sponges. 

Although 39 contains the RGD sequence in its simplest form, there are many other cell 

adhesion ligands that can be used to promote cell adhesion. Some of these ligands 

include the RGD sequence as part of a longer sequence, such as Arg-Gly-Asp-Ser 

(RGDS), Gly-Arg-Gly-Asp-Ser (GRGS) and cylic(Arg-Gly-Asp-D-Phe-Lys) 

(c[RGDfK]),120 but there are other cell adhesion ligands that do not contain the RGD 

motif, such as the laminin derived sequence Ile-Lys-Val-Ala-Val (IKVAV) sequence.179 

Because of the variables involved with cell adhesion – concentration of ligands, the 

length of the spacer groups, the amino acid sequence, etc. – the study presented in this 

chapter aimed to provide only a proof-of-concept study to determine what effects cell 

adhesion ligands have on the cellular infiltration of PHEMA sponges.120  
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Figure 5.2. The RGD-containing monomer 39 used to synthesize RGD-functionalised 

PHEMA-based sponges.  

 

5.2 Results 
5.2.1 Synthesis of a RGD-containing oligopeptide 
As aspartic acid occupied the C-terminus of the target RGD-containing peptide 39, the 

pathway to 39 commenced with the synthesis of the di-benzoyl protected aspartic acid 

40, according to literature procedures (Scheme 5.1).184 Benzyl protecting groups where 

chosen because they are easy to install onto amino acids, and they are easily removed 

by catalytic hydrogenation once protection is no longer needed. The synthesis of the 

protected RGD-containing monomer 41 (Scheme 5.2) was achieved using solution 

phase HBTU-mediated coupling procedures as outlined in Section 2.3.1.2 with an 

overall yield of 29%. 
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Scheme 5.1. Synthesis of benzyl-protected aspartic acid 40. 
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Scheme 5.2. Synthesis of the protected RGD-containing heptapeptide 41. 

 

5.2.2 NMR characterisation of the RGD-containing oligopeptide 

The 1H NMR spectrum (Figure 5.3) of a solution of 41 was consistent with the 

proposed structure. The signals due to the amide NH protons appeared between  8.39 

and  6.75, but due to interconversion of the tautomer structures of the guanidine group 

of arginine (Scheme 5.3), the NH protons from the guanidine moiety appeared as broad 

signals. The signals due to the aromatic protons of the benzyl groups were observed as a 

multiplet at  7.33 and the signals due to the methylene protons of the benzyl groups 

were observed as singlets at  5.09 and  5.07. The aromatic protons of the tosyl group 

were observed as doublets at  7.63 and at  7.33, whist the tosyl methyl group was a 

singlet at  2.33. The CH proton signal of aspartic acid was a set of doublet of doublets 

at  4.76, and the CH proton signal of arginine was a multiplet at  4.26. The glycine 

CH2 protons were a multiplet at  3.74 with the CH2 signals of the arginine residue 
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being observed as multiplets at  3.05. The signal due to the CH2 protons of aspartic 

acid appeared as doublets of doublets at  2.90 and  2.80. The signals due to the to 

CH2 and CH2 signals of arginine and the Boc t-butyl group appeared in the region  

 1.71 to  1.32. The 13C NMR spectrum (125.5 MHz, d6-DMSO) also displayed the 

correct number or carbons. Further confirmation of the proposed structure was obtained 

from the HR FAB mass spectrum, with the expected molecular ion ([M+H]+) peak 

being observed at m/z 1009.4107 [M+H]+ (C46H61N10O14S requires 1009.4089) 

 

 
Figure 5.3. 1H NMR spectrum (600 MHz, d6-DMSO) of the protected RGD-containing 

heptapeptide 41. The star marks the signal due to adventitious H2O and the diamond 

marks represents solvent impurities. 
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Scheme 5.3. Tautomer structures for the tosyl (Tos) protected guanidine group of 

arginine. 

 

5.2.3 Deprotection of the RGD-containing oligopeptide 
Total deprotection required removal of the benzyl, tosyl and Boc groups from 41. 

Catalytic hydrogenation, using the conditions previously mentioned (H2 and 10% Pd on 

C, section 2.3.1.6), was used to remove the benzyl groups, with reduction using sodium 

in liquid ammonia113,185 being used to remove the tosyl group (Scheme 5.4). Strong 

acids such as hydrofluoric acid and trifluoromethanesulfonic acid can also be used to 

remove tosyl groups, but either their toxicity (hydrofluoric acid) and high boiling point 

(trifluoromethanesulfonic acid) make the use of these acids difficult. Finally, the Boc 

group was removed using the conditions previously mentioned (1:1 TFA:CH2Cl2, 

section 2.3.1.2) to give the heptapeptide 42 that was isolated as the trifluoroacetic acid 

salt. 
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Scheme 5.4. Deprotection of the heptapeptide 42.(TFA)2. 
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5.2.4 Synthesis of an RGD-containing monomer 
Much like the deprotected decapeptide 20 in section 2.3.2.2, the deprotected 

heptapeptide 42 was only soluble in water or water/DMF mixtures, meaning the NHS 

coupling procedures described in section 2.3.2.2 had to be employed to couple a 

methacryloyl group to the amine at the N-terminus of 42. As there are two different 

primary amino groups (one at the N-terminus, the other on the guanidine moiety) 

present in 42, there is the possibility of forming a di-methacryloyl species. Fortunately 

the pKa values of the two amino groups are quite different. The pKa of the amino group 

of glycine at the N-terminus is 9.80 and the pKa of the amino group from the guanidine 

moiety is 12.5;186 therefore, if the pH of the reaction solution is above 9.80 but below 

12.5, the amino group at the N-terminus will be deprotonated whilst the guanidine 

group remains protonated, making the N-terminus amino group a far better nucleophile 

compared to the guanidine group. The tautomeric structure of the guanidine moiety also 

helps to reduce its nucleophilicity.120 A pH between these two values could be achieved 

using buffered aqueous solutions, or, more simply, by using a non-nucleophilic base 

with pKa value between 9.80 and 12.5. Triethylamine is routinely used in peptide 

coupling procedures108 and has a pKa of 10.8,187 making it a suitable base to couple 23 

to 42. The methacryloyl coupling was achieved by adding triethylamine dropwise to an 

ice-cooled solution of 42 and 23 in a 1:2 H2O:DMF solvent system (Scheme 5.5). The 

coupling was followed using 1H NMR spectroscopy by monitoring the formation of 

methylene signals of 43 at  6.0 - 5.0. Isolation of 39 was achieved by precipitation 

followed by preparative HPLC. The fractions containing 39 were collected, 

concentrated and lyophilised to give 39 as a white solid in reasonable yield (56%) and 

of high purity (as determined by HPLC, Figure 5.4). 
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Scheme 5.5. Synthesis of the RGD-containing monomer 39.TFA.  

 

 

 
Figure 5.4. RP-HPLC chromatogram of 39.TFA after purification (peptides absorb at 

210 nm and methacryloyl groups absorb at 254 nm). 

 

 

5.2.5 NMR characterisation of the RGD-containing monomer 

The 1H NMR and 13C spectra of a solution of 39 were consistent with its proposed 

structure. In the 1H NMR spectrum (Figure 5.5), the ten amide NH protons and two OH 

carboxyl protons gave rise to signals between  9.00 and  6.60. The methacryloyl 

groups had vinylic signals at  5.75 and  5.38, and methyl peaks at  1.87. All of the 
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other signals for 39 came at similar chemical shifts to the parent protected heptapeptide 

41. Further confirmation of the proposed structure was obtained from the mass 

spectrum (HRMS FAB) with the expected molecular ion ([M+H]+) peak being observed 

at m/z 643.2805 (C24H39N10O11 requires 643.2800). 

 

 
Figure 5.5. 1H NMR (d6-DMSO, 600 MHz) of the RGD-containing monomer 39.TFA. 
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5.2.6 Polymerisation studies and polymer characterisation 
The RGD-containing monomer 39 was co-polymerised with HEMA under typical 80:20 

H2O:HEMA conditions to give RGD-functionalised PHEMA sponges. The internal 

morphology was examined using SEM and LSCM (Figure 5.6) and showed polymer 

droplets ca. 3-5 μm in diameter and pores with dimensions in the order of 20 μm, which 

is typical of 80:20 PHEMA sponge formulations.20,93 As RGD can only promote cell 

growth if it is located at the surface of the polymer droplets, the distribution of 39 

within polymer droplets needed to be determined. Since 39 was the only component of 

the polymer that contained nitrogen, energy filtered transmission electron microscopy 

(EFTEM)* can be used to explore the nitrogen distribution in the polymer droplets, and, 

therefore, the distribution 39. Figure 5.7A shows an EFTEM micrograph without any 

elemental mapping of a polymer droplet with a diameter of ca. 5 μm. The dark diagonal 

area extending through the white polymer droplet in Figure 5.7A is an artefact (folding 

of the sample) introduced during specimen sectioning prior to EFTEM analysis. When 

EFTEM was used to detect nitrogen on the same sample (Figure 5.7B), it revealed an 

even distribution of nitrogen throughout the polymer droplet, as well as the presence of 

nitrogen at the surface of the polymer droplets. The nitrogen content in the polymer 

droplet was also confirmed using electron energy loss spectroscopy (EELS) by 

observing a nitrogen energy loss peak at ca. 396 eV (Figure 5.8); nitrogen has a 

characteristic energy loss peak at ca. 396 eV.188,189 EELS was also carried out on the 

resin in order to determine whether this energy loss was an artefact of the embedding 

resin. The EELS spectra of the resin showed no significant peak at 396 eV as the resin 

contains very little to no nitrogen (the resin contains very small quantities of a tertiary 

amine accelerator which could explain the very small energy loss peak at 396 eV in 

Figure 5.8). However, the apparent lack on energy loss peak at ca. 396 eV for the resin 

could be a consequence of baseline correction during spectra processing. So, although it 

appears that the polymer droplets contain nitrogen and that the resin does not, further 

evidence is required to accurately draw conclusions for the presence of nitrogen in the 

polymer droplets. Unfortunately, the EFTEM and EELS were carried out just inside the 

detection limits of the TEM instrument, thus the EFTEM results are only qualitative. 

Nonetheless, EFTEM analysis did demonstrate the presence of nitrogen – and therefore 

39 – on the surface of the polymer droplets in PHEMA sponges. Although the nitrogen 

                                                
*All TEM experiments (EFTEM and EELS) were performed by Dr Jeremy Shaw of the Centre for 
Microscopy, Characterisation and Analysis at The University of Western Australia 
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distribution was apparently uniform on the micron scale, it is possible that nitrogen is 

buried many nm below the surface of droplets and hence inaccessible to cells. 

Intuitively, however, it could be argued that even if such a distribution existed, the 

chains in a hydrogel should be mobile enough that they would diffuse to the surface and 

present RGD groups to cells at least some of the time. Unfortunately, as mentioned in 

the introduction (Section 5.1), for reasons beyond the candidate’s control, the cellular 

infiltration studies on sponges functionalised with 39 could not be finalised prior to the 

completing of this thesis due to thesis time restrictions.  

 

 
Figure 5.6. (A) SEM and (B) LSCM images for RGD-functionalised PHEMA sponges. 

 

 
Figure 5.7. (A) A TEM micrograph showing a polymer droplet from a RGD-

functionalised PHEMA sponge, and (B) an EFTEM micrograph showing the 

distribution of nitrogen for the sample specimen. Lighter shades of grey in (B) indicate 

regions with higher nitrogen content compared to regions with darker shades of grey. 

The dark diagonal lines in (A) and (B) are artefacts (folding of the sample) introduced 



Chapter 5 – Incorporation of cell adhesion ligands into PHEMA sponges 

 125 

during sample preparation prior to TEM and EFTEM analysis.  

 
Figure 5.8. Electron energy loss spectrum (EELS) showing nitrogen peak at 396 eV for 

the RGD-functionalised polymer droplets (black line), but not for the embedding resin 

(red line). Note: the negative intensity from ca. 400 eV to ca. 430 eV for the resin 

spectrum is a consequence of baseline corrections.  

 

5.3 Experimental 
5.3.1 General procedures 
Nuclear magnetic resonance spectra and mass spectra were recorded using the 

spectrometers described in Section 2.4.1, and RP-HPLC was obtained on a Agilent 

1100 series HPLC instrument as described in Section 4.4.3. Preparative HPLC was 

carried out on the same HPLC instrument using a Phenomenex Aqua 5u C18 125Å 

column. All solvents were re-distilled prior to use. Anhydrous solvents were obtained 

by distillation from a suitable drying agent under an inert atmosphere.123 Flash 

chromatography and rapid silica filtration were performed on Merck silica gel 60 (40-63 

Ām). Size exclusion chromatography (SEC) was carried out on Sephadex LH-20 resin 

(Simga-Aldrich). All reactions were conducted under an inert atmosphere unless stated 

otherwise.  

 

5.3.2 Materials 
Boc-L-Arg(Tos), Boc-glycine, and O-benzotriazol-1-yl-N,N,N ,N -tetramethyluronium 

hexafluorophosphate (HBTU) were obtained from Auspep and used as received. 
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Trifluoroacetic acid (99%), methacrylic acid (purum), and palladium on carbon (puriss, 

10% Pd) and were obtained from Sigma Aldrich and used as received. Ninhydrin 

(puriss) and sodium were obtained from Fluka and used as received. Triethylamine 

(purum, Fluka) was purified by storage over 4 Å molecular sieves, followed by 

distillation from sodium benzyl ketal. The dipeptide Boc-Gly2 14 was made according 

to Section 2.4.3 and 40.TsOH was made according to a literature procedure.184 

 

5.3.3 Synthesis of protected decapeptide 41 

N -Boc-Glycyl-O -benzyl-L-aspartate benzyl ester. (BocGly-Asp(OBz)-OBz) 43 
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The title dipeptide 43 was prepared by coupling Boc-Gly (0.68 g, 3.90 mmol) to 

40.TsOH (1.98 g, 3.90 mmol) as outlined for the synthesis of the tripeptide 18 (Section 

2.4.3). Workup and chromatography (1:1 hexanes/EtOAc) afforded the dipeptide as a 

white solid (1.48 g, 76%). 
1H NMR (600.13 MHz, d6-DMSO) 8.34 (1H, d, 3JHH 7.9 Hz, NH  Asp), 7.34 (10H, m, 

Ar), 6.98 (1H, apparent t, splitting 5.8 Hz, NH Gly), 5.09 (2H, s, CH2-Ar), 5.07 (2H, s, 

CH2-Ar), 4.77 (1H, apparent q, splitting 7.3 Hz, 6.58 Hz, CH  Asp), 3.58 (2H, m, CH2 

Gly), 2.90 (1H, dd, 2JHH 16.4 Hz, 3JHH 5.9 Hz, CH2  Asp), 2.80 (1H, dd, 2JHH 16.0 

Hz, 3JHH 6.7 Hz, CH2  Asp), 1.38 (9H, s, t-Bu). 

13C NMR (125.7 MHz, d6-DMSO) 172.8 (C=O Asp), 170.2 ( C=O Asp), 169.8 (C=O 

Gly), 156.1 (C=O Boc group), 136.2 (ipso C), 135.6 (ipso C), 128.8 (CH), 128.5 (CH), 

128.4 (CH), 128.3 (CH), 128.1 (CH), 78.4 (C(CH3)3), 66.7 (CH2-Ar), 66.3 (CH2-Ar), 

48.9 (CH  Asp), 43.3 (CH2 Gly), 36.2 (CH2  Asp), 28.6 (C(CH3)3),. 

HRMS (FAB) m/z 471.2124 [M+H]+ (C25H30N2O7 requires 471.2131) 
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N -Boc-N -tosyl-L-Arginyl-glycyl-O -benzoyl-L-aspartate benzoyl ester. 

(Boc-Arg(Tos)-Gly-Asp(OBz)-OBz) 44 
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The title tripeptide 44 was prepared by deprotection of 43 (558 mg, 1.13 mmol) and 

subsequent coupling to Boc-Arg(Tos) (458 mg, 1.07 mmol), as outlined for the 

synthesis of the tetrapeptide 19 (section 2.4.3). Workup and chromatography (100% 

EtOAc) afforded the tripeptide as a white solid (602 mg, 68%). 
1H NMR (500.13 MHz, d6-DMSO) 8.42 (1H, d, 3JHH 8.0 Hz, NH  Asp), 8.06 (1H, m, 

NH Gly), 7.63 (2H, d, 3JHH 7.2 Hz, 2  CH Ar), 7.33 (13H, m, CH Ar, NH  Arg), 6.91 

(1H, d, 3JHH 7.6 Hz, NH  Arg), 6.76 (1H, m, NH  Arg), 6.54 (1H, m, NH  Arg) 5.09 

(2H, s, CH2-Ar), 5.07 (2H, s, CH2-Ar), 4.75 (1H, apparent q, splitting 6.7 Hz,  

CH ), 3.90 (1H, m, CH  Arg), 3.73 (2H, m, CH2 Gly), 3.01 (2H, m, CH2  Arg), 2.90 

(1H, dd, 2JHH 16.5 Hz, 3JHH 6.4 Hz, CH2  Asp), 2.79 (1H, dd, 2JHH 16.6 Hz, 3JHH 6.3 

Hz, CH2  Asp), 2.33 (3H, s, CH3 Tos), 1.59 - 1.25 (13H, m, C(CH3)3, CH2 CH2  Arg) 

13C NMR (125.7 MHz, d6-DMSO) 172.2 (C=O Asp), 170.3 ( C=O Asp), 169.7 (C=O 

Arg), 168.8 (C=O Gly), 156.6 (N-(C=N)-N Arg), 155.4 (C=O Boc group), 141.0 (ipso 

C), 135.7 (ipso C), 135.6 (ipso C), 129.0 (CH), 128.4 (CH), 128.1 (CH), 128.0 (CH), 

127.9 (CH), 127.7 (CH), 125.5 (CH), 78.1 (C(CH3)3), 66.3 (CH2-Ar), 65.9 (CH2-Ar), 

53.8 (CH  Arg), 48.6 (CH  Asp), 41.6 (CH2 Gly), 40.1 (CH2  Arg), 35.8 (CH2  Asp), 

29.2 (CH2  Arg), 28.2 (C(CH3)3),.25.4 (CH2  Arg), 20.8 (CH3 Tos) 

HRMS (FAB) m/z 781.4927 [M+H]+ (C38H48N6O10S requires 781.3231) 
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N -Boc-Glycylglycyl-N -tosyl-L-arginyl-glycyl-O -benzoyl-L-aspartate benzoyl ester 

(Boc-Gly2-Arg(Tos)-Gly-Asp(OBz)-OBz) 45 
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The title pentapeptide 45 was prepared by deprotection of 44 (602 mg, 0.77 mmol) and 

subsequent coupling to Boc-Gly2 (232 mg, 1.00 mmol) as outlined for the synthesis of 

the tetrapeptide 19 (section 2.4.3). Workup and chromatography (10% MeOH/EtOAc) 

afforded the pentapeptide as a white solid (558 mg, 80%). 
1H NMR (600.13 MHz, d6-DMSO) 8.39 (1H, d, 3JHH 7.8 Hz, NH Asp), 8.26 (1H, m, 

NH Gly), 8.02 (1H, 3JHH, J 7.7 Hz, NH  Arg), 7.94 (1H, apparent t, splitting 5.3 Hz, 

NH Gly), 7.63 (2H, d, 3JHH 8.1 Hz, 2  CH Tos), 7.33 (13H, m, Ar, NH  Arg), 6.99 

(1H, apparent t, splitting 5.8 Hz, NH Gly), 6.75 (1H, m, NH  Arg), 6.55 (1H, m, NH  

Arg) 5.09 (2H, s, CH2-Ar), 5.07 (2H, s, CH2-Ar), 4.76 (1H, apparent q, splitting 7.7 Hz, 

6.7 Hz, CH  Asp), 4.26 (1H, m, CH  Arg), 3.74 (4H, m, 2  CH2 Gly), 3.56 (2H, 

apparent d, splitting 5.8 Hz, CH2 Gly) 3.05 (2H, m, CH2  Arg) 2.90 (1H, dd, , 2JHH 

16.5 Hz, 3JHH 6.8 Hz, CH2  Asp), 2.80 (1H, dd, 2JHH 16.5 Hz, 3JHH 6.8 Hz, CH2  

Asp), 2.33 (3H, s, CH3 Tos), 1.71-1.32 (13H, m, C(CH3)3, CH2 CH2  Arg) 

13C NMR (150.9 MHz, d6-DMSO) 171.6 (C=O Gly), 170.3 (C=O Asp), 169.8 ( C=O 

Asp), 169.7 (C=O Arg), 168.9 (C=O Gly), 168.7 (C=O Gly), 156.6 (N-(C=N)-N Arg), 

155.8 (C=O Boc group), 140.8 (ipso C), 135.7 (ipso C), 135.6 (ipso C), 129.0 (Ar), 

128.4 (CH), 128.1 (CH), 128.0 (CH), 127.9 (CH), 127.7 (CH), 125.5 (CH), 78.1 

(C(CH3)3), 66.3 (CH2-Ar), 65.9 (CH2-Ar), 52.2 (CH  Arg), 48.6 (CH  Asp), 43.3 

(CH2 Gly), 41.9 (CH2 Gly), 41.5 (CH2 Gly), 40.0 (CH2  Arg), 35.8 (CH2  Asp), 29.2 

(CH2  Arg), 28.2 (C(CH3)3), 25.4 (CH2  Arg), 20.8 (CH3 Tos) 

MS (FAB) m/z 895.36 [M+H]+ (C42H54N8O12S requires 895.3660) 
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N -Boc-Glycylglycylglycylglycyl-N -tosyl-L-arginyl-glycyl-O -benzoyl-L-aspartate 

benzoyl ester. (Boc-Gly4-Arg(Tos)-Gly-Asp(OBz)-OBz) 41 
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41  

The title heptapeptide 41 was prepared by deprotection of 45 (1.00 g, 0.79 mmol) and 

subsequent coupling to Boc-Gly2 (185 mg, 0.78 mmol) as outlined for the synthesis of 

the tetrapeptide 19 (Section 2.4.3), except a 1:1 DMF:CH3CN (40 mL) solvent system 

was used as the solvent instead of CH3CN. The reaction mixture was concentrated (ca. 

3 mL) and diluted with diethyl ether (75 mL) to give a yellow precipitate which was 

collected. The yellow solid was dissolved in the minimum amount of DMF (ca. 1.5 mL) 

and the solution was added dropwise to diethyl ether (50 mL) and chilled in a freezer. 

The white precipitate was collected, washed with diethyl ether  (50 mL) and dried to 

give 41 as a white solid (365 mg, 57%). 
1H NMR (600.13 MHz, d6-DMSO) 8.39 (1H, d, 3JHH 7.8 Hz, NH  Asp), 8.26 (1H, m, 

NH Gly), 8.02 (1H, d, 3JHH 7.7 Hz, NH  Arg), 7.94 (1H, apparent t, splitting 5.3 Hz, 

NH Gly), 7.63 (2H, d, 3JHH 8.1 Hz, CH Tos), 7.33 (13H, m, CH Ar, NH  Arg), 6.99 

(1H, apparent t, splitting 5.8 Hz, NH Gly), 6.75 (1H, m, NH  Arg), 6.55 (1H, m, NH  

Arg) 5.09 (2H, s, CH2-Ar), 5.07 (2H, s, CH2-Ar), 4.76 (1H, apparent q, splitting 7.6 Hz, 

6.64 Hz, CH  Asp), 4.26 (1H, m, CH  Arg), 3.74 (8H, m, CH2 Gly), 3.56 (2H, apparent 

d, splitting 5.8 Hz, CH2 Gly) 3.05 (2H, m, CH2  Arg) 2.90 (1H, dd, 2JHH 16.5 Hz, 3JHH 

6.2 Hz, CH2  Asp), 2.80 (1H, dd, 2JHH 16.5 Hz, 3JHH 6.7 Hz, CH2  Asp), 2.33 (3H, s, 

CH3 Tos), 1.71-1.32 (13H, m, C(CH3)3, CH2 CH2  Arg) 

13C NMR (150.9 MHz, d6-DMSO) 171.6 (C=O Gly), 171.5 (C=O Gly), 170.3 (C=O 

Asp), 169.8 ( C=O Asp), 169.7 (C=O Arg), 168.9 (C=O Gly), 168.7 (C=O Gly), 156.6 

(N-(C=N)-N Arg), 155.8 (C=O Boc group), 140.8 (ipso C), 135.7 (ipso C), 135.6 (ipso 

C), 129.0 (CH), 128.4 (CH), 128.1 (CH), 128.0 (CH), 127.9 (CH), 127.7 (CH), 125.5 

(CH), 78.1 (C(CH3)3), 66.3 (CH2-Ar), 65.9 (CH2-Ar), 52.2 (CH  Arg), 48.6 (CH  

Asp), 45.7 (CH2 Gly), 43.3 (CH2 Gly), 42.0 (CH2 Gly), 41.9 (CH2 Gly), 41.5 (CH2 
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Gly), 40.0 (CH2  Arg), 35.8 (CH  Asp), 29.2 (CH2  Arg), 28.2 (C(CH3)3), 25.4 (CH2  

Arg), 20.8 (CH3 Tos) 

HRMS (FAB) m/z 1009.4107 [M+H]+ (C46H61N10O14S requires 1009.4089) 

 

Glycylglycylglycylglycyl-L-arginyl-glycyl-L-aspartic acid bis trifluoroacetate 

(H2N-Gly4-Arg-Gly-Asp-OH) 42.2TFA 
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42  

A solution of 41 (357 mg, 0.35 mmol) and 10% Pd/C (50 mg) in 1:1 DMF:MeOH (10 

mL) was subjected to three freeze-pump-thaw cycles and then stirred overnight under a 

H2 atmosphere. The solution was filtered through celite, and then the filtrate was 

concentrated, and then diluted with diethyl ether to afford a white precipitate. The white 

precipitate was collected and added to liquid ammonia (20 mL) at – 78 °C. Sodium (29 

mg, 1.23 mmol) was added portionwise over 5 minutes to giving a deep blue solution, 

the solution was then stirred for a further 20 minutes at -78 °C. NH4Cl was added 

portion-wise until a colourless solution formed. The ammonia was allowed to evaporate 

off at room temperature to affored a white solid. The solid was suspended in MeOH (10 

mL) then the solution was filtered giving a colourless solution that was evaporated to 

dryness giving a white solid. A 1:1 TFA:CH2Cl2 solution (10 mL) was added to the 

flask containing the white solid and the solution was stirred for 30 min. The solvent was 

concentrated in vacuo and diluted with diethyl ether to afford a white precipitate that 

was collected via centrifugation and purified via SEC using Sephadex LH-20 resin 

eluting with water. The fractions containing 42 were collected, concentrated and diluted 

with a 1:1 MeOH:Et2O solution to give a white precipitate. The solid was collected via 

centrifugation, triturated with diethyl ether and dried under vacuum giving a white solid 

(100 mg, 35%). The product was characterised by mass spectroscopy and was used 

immediately.  

HRMS (FAB) m/z 575.2512 [M+H]+ (C20H34N10O10 requires 575.2538) 
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N -Methacryloyl-glycylglycylglycylglycyl-L-arginyl-glycyl-L-aspartic acid  

trifluoroacetate. 

(MA-Gly4-Arg-Gly-Asp-OH) 39.TFA 

39
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Triethylamine (50 ĀL, 0.35 mmol) was added dropwise to a solution of 42  

(60.1 mg, 74.9 Āmol) and 23 (13 mg, 74.9 Āmol) in 1:2 H2O:DMF (4.5 mL) at 0 °C. 

The solution was allowed to warm to room temperature and additional 23 was added 

(26 mg, 150 Āmol), and the solution was stirred for a further 3h. The solution was 

concentrated in vacuo to approximately 0.5 mL, and diluted with approximately 3 mL 

of methanol, then diethyl ether was added until a white precipitate formed. The 

precipitate was collected via centrifugation, triturated with diethyl ether and dried. The 

solid was dissolved in H2O (600 ĀL), filtered through a 0.45 Ām Teflon syringe filter 

and purified via preparative-HPLC using an isocratic elution solvent system (10:90 

A:B. A: 0.1 v./v.% TFA:CH3CN, B: 0.1 v./v.% TFA:H2O). The fractions containing 39 

were collected, concentrated and lyophilised giving a white solid (30.2 mg, 56%) that 

was stored under an inert atmosphere in a freezer. RP-HPLC (1:99 A:B to 15:85 A:B 

over 30 min, A: 0.1 v./v.% TFA:CH3CN, B: 0.1 v./v.% TFA:H2O) indicated the 

product was of high purity. 
1H NMR (600.13 MHz, d6-DMSO) 8.21 – 8.16 (4H, m, NH  Asp, NH  Arg, NH Gly  

2), 8.11 (1H, apparent t, slitting 5.7 Hz, NH Gly), 8.06 (1H, apparent t, splitting 5.7 Hz, 

NH Gly), 7.98 (1H, d, 3JHH 8.0 Hz, NH  Arg), 7.46 (1H, apparent t, splitting 5.6 Hz, 

NH Gly), 7.40 - 6.55 (4H, m, NH   2, OH  2), 5.75 (1H, s, C(CH3)=CHH), 5.38 (1H, 

m, C(CH3)=CHH), 4.54 (1H, apparent q, splitting 7.8 Hz, 6.38 Hz, CH  Asp), 4.29 

(1H, apparent dd, splitting 13.7 Hz, 7.9 Hz, CH  Arg), 3.74 (10H, m, CH2 Gly), 3.08 

(2H, apparent q, splitting 6.5 Hz, CH2  Arg), 2.68 (1H, dd, 2JHH 16.7 Hz, 3JHH 5.7 Hz, 

CH2  Asp), 2.59 (1H, dd, 2JHH 16.6 Hz, 3JHH 6.8 Hz, CH2  Asp), 1.87 (3H, s, 

C(CH3)=CH), 1.76-1.45 (4H, m, CH2 CH2  Arg). 

13C NMR (150.9 MH, d6-DMSO) 172.2 (C=O), 171.6 (C=O), 171.4 (C=O), 169.5 

(C=O), 169.4 (C=O), 167.1 (C=O), 168.8 (C=O), 168.4 (C=O), 167.8 (C=O), 158.6 
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(CF3C=O), 158.3 (CF3C=O), 158.1 (CF3C=O), 157.8 (CF3C=O), 156.6 (N-(C=N)-N 

Arg), 139.3 (C(CH3)=CH2), 119.8 (C(CH3)=CH2), 116.8 (CF3C=O), 52.1 (CH  Arg), 

48.6 (CH  Asp), 42.4 (CH2 Gly), 42.0 (CH2 Gly), 41.9 (CH2 Gly), 41.5 (CH2 Gly), 

40.3 (CH2 Gly), 40.0 (CH2  Arg), 36.0 (CH  Asp), 29.1 (CH2  Arg), 24.9 (CH2  Arg), 

18.5 (C(CH3)=CH2). 

HRMS (FAB) m/z 643.2805 [M+H]+ (C24H39N10O11 requires 643.2800) 

 

5.3.4 Synthesis of RGD-functionalised PHEMA sponges 
RGD-functionalised PHEMA sponges were prepared as described in section 3.3.2 but 

the RGD monomer 39 was included in the polymerisation solution at a concentration 2 

mol% (with respect to HEMA). 

 

5.3.5 Characterisation of RGD-functionalised PHEMA sponges 

5.3.5.1 SEM and LSCM 
Hydrated samples were section using a Vibratome (Section 3.3.2). The hydrated 

specimens were then freeze-dried (Section 3.3.3.1) and examined using a SEM (Section 

3.3.3.1), or the specimens remained hydrated and were examined using a LSCM with 

RBITC as the labelling dye (Section 3.3.5). 

  

5.3.5.2 EFTEM and EELS spectroscopy 
Hydrated RGD-functionalised PHEMA sponges were freeze-dried and ground into a 

fine powder using an agate mortar and pestle. Approximately 1 mg of the powder was 

mixed with approximately 200 μL of epoxy resin (Procure-Araldite, Proscitech) and 

poured into a Beem® embedding capsule (Proscitech). The epoxy resin was then 

polymerised by heating the resin-containing embedding capsule at 70 °C for 24 h. The 

resin blocks were then cut into 150 nm thick sections using an ultramicrotome (EMC6, 

Leica). The sections were then mounted on a carbon coated copper grid. 

 

For EFTEM imaging and EELS, the mounted specimens were analyzed using a JEOL 

2100 TEM instrument fitted with a Gatan Imaging Filter (GIF, Tridiem) at 200 kV. The 

EFTEM elemental maps were acquired using the conventional three-window method.188 

The acquisition parameters used for nitrogen mapping were with a K edge, a pre-edge 1 

of 369 eV, a pre-edge 2 of 389 eV, a post edge of 411 eV, a slit width of 20 μm, and an 
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acquisition time of 90 s. The 150 nm thick sections helped to minimise the effects of 

plural inelastic scattering as a thickness of ~150 nm corresponds to a t/Ā value <1. To 

obtain suitable signal-to-noise levels, a 4  binning was used. 
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Chapter 6. 

Synthesis of Water-Soluble PHEMA and  

PHEMA Sponges Using Benign Controlled Radical 

Polymerisation 
 

6.1 Introduction 
As outlined in the General Introduction (Chapter 1), one of the main requirements of a 

scaffold for tissue engineering is that it needs to be biodegradable. Ideally, once the 

scaffold has degraded, the degradation products would be excreted from the body 

through renal mechanisms. Therefore, the molecular weight of the degradation products 

is an important consideration in the overall design of polymeric scaffolds for tissue 

engineering. It is known that the molecular weight of a polymer is a crucial factor in its 

clearance by renal excretion, and extensive studies have been carried out on the 

excretion of uncrosslinked poly(1-vinyl-2-pyrrolidinone) (PVP).28 These studies have 

shown that the renal glomerulus is impermeable for PVP with molecular weights over 

70,000 Da; above this critical value, PVP particles were engulfed by macrophages and 

stored in various organs. More recently, a critical value of 50,000 Da has been 

demonstrated for PEGylated oligonucleotides,190 and similar values have been assumed 

for other polymers without experimental proof.191,192 For applications where PHEMA-

based polymeric scaffolds are designed to degrade, the molecular weight of polymer 

fragments produced from degradation is an important consideration for two reasons: 

low molecular weight PHEMA ensures clearance by renal mechanisms, and PHEMA is 

water-soluble at molecular weights less than 2,500 Da.94 Therefore, a PHEMA-based 

scaffold should comprise low molecular weight PHEMA chains to ensure the 

degradation products are water-soluble (Figure 6.1). 
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Figure 6.1. Degradation of a PHEMA scaffold giving water-soluble PHEMA 

fragments. 

 

6.1.1 Controlled radical polymerisation 
The simplest way to synthesise polymers is by free radical polymerisation processes. 

Although free radical polymerisation is well understood, it is an uncontrolled process 

that leads to polymers with broad molecular weights. To ensure that PHEMA 

degradation products are water-soluble, the polymers need to be of low molecular 

weights and have narrow molar mass dispersities (ȀM) (i.e. the polymers should have a 

narrow molecular weight distribution). Therefore, to synthesise PHEMA scaffolds with 

low molecular weight PHEMA chains, controlled radical polymerisation (CRP) 

processes are needed. Two of the most successful CRP techniques are reversible 

addition fragmentation chain transfer (RAFT) and atom transfer radical polymerisation 

(ATRP), and although both methods have been used to prepare PHEMA-based 

polymers for a wide variety of applications,94,95,193,194 there are issues with RAFT and 

ATRP processes. RAFT employs the use of a RAFT agent, often a thiocarbonyl-based 

compound, to control the polymerisation. The synthesis of low molecular weight 

polymers also requires high concentrations of RAFT agents.195,196 If the RAFT agent is 

not cleaved from the polymer post-polymerisation, polymers produced via RAFT can be 

highly coloured and/or toxic,96,197,198 which could pose major problems for implantable 

biomedical materials. In ATRP, a transition metal catalyst (often a Cu(I)/(II) system) is 

used in relatively high concentrations to control the polymerisation.199 High catalyst 

concentrations are needed as the Cu(I)/(II) balance is tipped unfavourably towards 

Cu(II) as a side effect of radical chain termination processes.200 The copper salts must 
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be removed at the end of the polymerisation in order to yield colourless polymers with 

high purity and to help reduce the toxicity of polymer produced with copper-based 

catalysts. The removal of copper-based catalysts from the reaction mixture post-

polymerisation can be difficult, and although there have been several advances in the 

removal of copper complexes from polymer mixtures, this step still poses some 

problems.200 Despite the benefits of using RAFT and ATRP to synthesise polymers with 

well defined molecular weights, the toxic additives needed to control polymerisation 

limits their widespread use in the manufacture of biomedical materials. As the 

molecular weight of polymers is so important in biomedical materials, more benign 

CRP techniques are needed to synthesise biologically relevant polymers.  

 

6.1.2 Activators regenerated by electron transfer atom transfer radical 

polymerisation (ARGET ATRP) 

Ideally, polymerisation control would be achieved using low concentrations of control-

inducing additives. Unfortunately, reducing the concentration of control-inducing 

additives is not straightforward due to the mechanisms of RAFT and ATRP. RAFT is a 

chain transfer process; therefore, it is the number of growing chains (the number of 

growing chains is proportional to the [initiator]o:[monomer]o ratio) that determines the 

concentration of the RAFT agent (RAFT, Scheme 6.1). ATRP is catalytic in nature, so 

there is the possibility of lowering the catalyst concentrations by development of more 

active catalysts and/or by improving existing catalysts by the addition of beneficial 

reagents to the polymerisation mixture.201 To help develop new active catalysts for 

ATRP, one must look at the mechanism (ATRP, Scheme 1) and the kinetics of ATRP 

(Equation 6.1 and Equation 6.2, Scheme 6.2).  
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Scheme 6.1. Mechanisms for RAFT and ATRP. 
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Scheme 6.2. Kinetic equations of ATRP where: 

Rp = rate of polymerisation;  

KATRP = ATRP equilibrium constant (kact/kdeact);  

kp = propagation rate constant;  

[M] = concentration of monomer;  

[P•] = concentration of propagating radicals;  

[RX] = concentration of initiator/dormant propagating chain ends;  

L = ligand;  

ȀM = molar mass dispersity;  

Mw = weight average molecular weight; and 

Mn = number average molecular weight. 
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The rate of polymerisation in ATRP is ultimately governed by the ratio of Cu(I) to 

Cu(II) (Equation 1, Scheme 6.2), and thus the concentration of Cu(I)/Cu(II) can be 

significantly lowered (to ppm concentrations) without affecting the rate of 

polymerisation.202 However, catalyst concentrations cannot be decreased indefinitely 

because a reduction in the concentration of the species (Cu(II)) decreases 

polymerisation control (Equation 2, Scheme 6.2), leading to polymers with high Ȁ M. 

Another issue at very low catalyst concentrations is radical termination by coupling 

and/or disproportionation. Radical termination processes are unavoidable, and radical 

termination leads to an increases the concentration of the Cu(II) deactivator species.200 

Increases in the concentration of Cu(II) leads to a reduction in the Cu(I) concentration, 

and if the Cu(I) concentration is too low, polymerisation would terminate prematurely, 

with premature termination being especially problematic at very low Cu(I)/Cu(II) 

concentrations. One way to maintain the Cu(I)/Cu(II) ratio at low concentrations is by 

the addition of a reducing agent. The addition of a reducing agent helps to reduce any 

Cu(II) produced from radical termination back to Cu(I), helping to maintain the ATRP 

equilibrium and allows ATRP to be carried out at low catalyst concentrations. The 

addition of a reducing agent to ATRP polymerisation means the activator (Cu(I)) is 

regenerated by an electron transfer process, therefore, this process is known as 

“activators regenerated by electron transfer” (ARGET) ATRP (Scheme 6.3).202 

 

R-X + Cu(I)X/L R + Cu(II)X2/L

+M

kdeact

kact

kpoly

Cu(II)X2/L R-R+

Reducing agent

Oxidized agent

 

Scheme 6.3. ARGET ATRP mechanism 

 

ARGET ATRP is a major advance in ATRP as polymers can be produced using ppm 

catalyst concentrations. Furthermore, ARGRT ATRP is tolerant to low levels of 

oxygen; and in some cases, deoxygenation of the pre-polymer solution(s) is not needed 

to produce polymers with well-defined molecular weights. This is a major advantage 

over ATRP and RAFT,203,204 and makes ARGET ATRP quite attractive from an 
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industrial point of view. 

 

Although ARGET ATRP is mechanistically similar to traditional ATRP, there are 

additional parameters that effect polymerisation. These include: the ligand used to 

coordinate the metal catalyst;201,202 the ratio of the ligand to metal;202,205 the reducing 

agent used;202,206,207 and the concentration of the reducing agent with respect to the 

metal catalyst.201,202,205,207 To date, a variety of monomers, such as methyl 

methacrylate,205 styrene208,209 and butyl acrylate,210 with a variety of reducing agents 

including tin(II) 2-ethylhexanoate,201,210 hydrazine(s),202 ascorbic acid206 and phenols,202 

have been used in ARGET ATRP. Although most ARGET ATRP studies have used a 

Cu(I)/Cu(II) catalyst systems, more biologically favourable Fe(II)/Fe(III) catalytic 

systems are being explored with promising results.203 The development of Fe-based 

catalyst systems will open further possibilities for the synthesis of biomedical materials 

using ARGET ATRP.203,207  

 

Although there are reports of PHEMA synthesized by ATRP, there is limited work 

reported on the synthesis of PHEMA using ARGET ATRP. This could partly be due to 

the relatively difficult nature of polymerising PHEMA via ATRP. Due to the polar 

nature of PHEMA, polar solvents are needed to ensure the growing polymer stays 

soluble in the polymerisation mixture. One of the disadvantages in using ATRP in polar 

solvents is a reduction in the control of the polymerisation. ATRP in polar solvents 

generally results in polymers with higher molar mass dispersity than would be obtained 

from polymerisation in non-polar media or in bulk.211-214 Despite the complications of 

using ATRP in polar media, PHEMA has been synthesized by ATRP using methanol or 

methanol/water as the solvent.94,193 Polymerisation in aqueous solvent systems, 

however, tends to give PHEMA with slightly higher molar mass dispersities compared 

to PHEMA synthesized in methanol alone. Irrespective of the solvent used, high levels 

of catalyst were needed to synthesise low molecular weight PHEMA, complicating 

purification. Therefore, there is a need to synthesise low molecular weight PHEMA 

with low catalyst levels using ARGET ATRP to synthesise PHEMA-based materials for 

biomedical applications. 
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6.1.3 Synthesis of a PHEMA-based scaffolds using ARGET ATRP 

ATRP and RAFT have previously been used215-218 to synthesise hydrogel-based 

materials, with one report in particular showing that P[HEMA-co-polycaprolactone] 

hydrogels could be synthesized by ATRP using an ethylene glycol/DMF solvent 

system.191 Unfortunately, extensive washings were needed to remove DMF and 

ethylene glycol post-polymerisation to render the hydrogels non-cytotoxic; the 

hydrogels were also non-porous which limits their usefulness for tissue engineering 

purposes. PHEMA materials need to be porous for tissue engineering scaffold 

applications, and that is why PHEMA sponges have received considerable attention for 

biomedical applications. Despite this attention, there are only few reports detailing the 

use of CRP to control the molecular weight of the linear PHEMA chains that comprise 

the polymer network in PHEMA sponges. One CRP method that has been explored to 

try and control the molecular weight of the PHEMA backbone in PHEMA sponges is 

the use of thiol-based chain transfer agents.29 Unfortunately, high concentrations (ca 20 

mol%) of chain transfer agents were required to reduce the molecular weight of 

PHEMA; there was also only moderate polymerisation control. Due to the problems of 

toxicity associated with ATRP and RAFT, it would be advantageous to use ARGET 

ATRP to control polymerisation to form a PHEMA-based network with the PHEMA 

backbone having low molecular weights (Figure 6.2). Ideally, if ARGET ATRP of 

HEMA was carried out in water 80:20 H2O:HEMA – the formulation known to give 

PHEMA sponges – it would allow the use of controlled radical polymerisation 

techniques to synthesise PHEMA sponges. 

 

 
Figure 6.2. Formation of PHEMA network via controlled radical polymerisation 

methods. 
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6.2 Results and discussion 
6.2.1 Optimising the conditions for ARGET ARTP of PHEMA in methanol 
Before ARGET ATRP can be used to synthesise PHEMA sponges in water, the 

conditions that control polymerisation (Scheme 6.4) first need to be first explored. 

Some of the conditions that are known to affect polymerisation control include: the 

copper to ligand ratio; the type of reducing agent; the reducing agent concentration; the 

copper concentration; the [initiator]:[HEMA] ratios (adjustments to this ratio are used to 

adjust the molecular weight of the target polymer, see Equation 3, Scheme 6.4); and 

exploring the presence or absence of air in the polymerisation solution(s).  
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Scheme 6.4. Polymerisation of HEMA via ARGET ATRP. 

 

6.2.1.1 The use of FT-NIR to monitor monomer conversion 
In the present study, FT-NIR spectroscopy was used to monitor the monomer 

conversion for ARGET ATRP of HEMA in methanol. FT-NIR has previously been 

used to determine the conversion for a variety of methacrylate-based monomers, with 

the monomer conversions obtained by FT-NIR being in close agreement to those 

determined by 1H NMR.219 In the present study methanol was used as the solvent and 

has a stretching overtone at 6,036 cm-1 in the NIR region. To overcome the overlap 

between the stretching overtone of methanol and the vinylic stretching overtone from 

HEMA at 6,180 cm-1, a methanol background was used for each sample. By using a 

methanol background, the conversion of HEMA could easily be determined by 
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monitoring the reduction in the vinylic peak over the course of the polymerisation. As 

an example, the disappearance of the stretching overtone from HEMA over the course 

of polymerisation is illustrated in Figure 6.3 (polymerisation conditions: Table 6.1, 

entry 2). The disappearance of the HEMA stretching overtone depicted in Figure 6.3 

was similar for the disappearance of the HEMA stretching overtone in all ARGET 

ATRP polymerisations; however, the time needed to reach high conversions differed 

depending on the polymerisation conditions. 

 

 

Figure 6.3. Monomer conversion for ARGET ATRP of HEMA in methanol at 25 °C, as 

monitored by FT-NIR spectroscopy. Polymerisation conditions for the image: Table 

6.1, entry 2. 

 

6.2.1.2 Changing the [copper]:[TPMA] ratios 

At such low catalyst concentrations, it is imperative that all the copper present in the 

polymerisation solution is bound to a ligand(s) to ensure that the catalyst is in its most 

active form. Ligand-to-metal ratios ranging from 20:1 to 1:1 have been used to maintain 

the active catalyst species for a variety of different monomers using ARGET 

ATRP.202,205,208 In the present study, tris[(2-pyridyl)methyl]amine (TPMA) was chosen 

as the ligand for Cu(I)/(II) catalyst because it is one of the best suited ligands for 

polymerisation control in ARGET ATRP.202,205 Increasing the [TPMA]:[CuBr2] ratio 

from 5:1 to 10:1 saw a slight increase in the rate of the polymerisation with the first 

order kinetic plots ln[Mo/M] vs time being approximately linear for both ratios (Figure 

6.4). The molecular weights of the polymers increased approximately linearly with 
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conversion and the molar mass dispersities (ȀM) were essentially unchanged at 1.38 and 

1.39 for [TPMA]:[CuBr2] ratios of 10:1 and 5:1 respectively (Table 6.1). Decreasing 

the [TPMA]:[CuBr2] ratio to 1:1 decreased the rate of the polymerisation, and although 

living characteristics were indicated by the approximately linear plot of ln[Mo/M] vs 

time, relatively poor control was obtained with the polymer having a ȀM of 1.62. This 

result suggests that a 1:1 [TPMA]:[CuBr2] ratio provides insufficient TPMA to stabilise 

the CuBr2, leading to polymers with broader molar weight distributions. For all cases, 

the polymerisation mixtures were colourless and polymerisation commenced 

immediately upon the addition of the reducing agent. 

 

 

 

 

 
Figure 6.4. ARGET ATRP of HEMA with various [TPMA]:[CuBr2] ratios. (A) 

Monomer conversion with time (open symbols) and first order kinetic plot (closed 

symbols). (B) Molecular weight evolution (Mn open symbols, Ȁ M closed symbols). 

Polymerisation conditions: Table 6.1, entry 1-3. For clarity, only every fifth point is 

shown on the curves in (A). 
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Table 6.1. Experimental conditions for ARGET ATRP of HEMA with varied 

[TPMA]:[CuBr2] ratios at 25 °C.a 

Mn   Entry  [TPMA]:[CuBr2] Time 

(mins) 

Conversion (%) 

Theoryb GPCc 

ȀM 

1 10:1 110 93 11,620 30,200 1.38 

2 5:1 130 93 11,620 32,800 1.39 

3 1:1 130 89 11,120 34,200 1.62 

a[HEMA]:[ME-Br]:[CuBr2]:[ascorbic acid] = 96:1:0.005:0.4, in 50% (v/v) methanol. 

b Mn theory = [HEMA]o/[ME-Br]o  conversion  molecular weight of HEMA. 

c GPC = gel permeation chromatography. 

 

 

6.2.1.3 Using ascorbic acid as the reducing agent 
In ARGET ATRP the concentration of the reducing agent plays an important role in 

maintaining the concentrations of both the activating species, Cu(I), and deactivating 

species, Cu(II). An excess of reducing agent may lead to fast and uncontrolled 

polymerisation, yet, with too little reducing agent, the activator species will not be 

regenerated.199 The matter is further complicated as amine-based ligands used to form 

the catalysts needed for ARGET ATRP may also act as reducing agents.220 Initially, the 

use of ascorbic acid (AA) was explored as a potential reducing agent for ARGET ATRP 

of HEMA. At an [AA]:[CuBr2] ratio of 120:1, the rate of the polymerisation was 

marginally faster when compared to the rate of the polymerisation at an [AA]:[CuBr2] 

ratio of 80:1 (Figure 6.5, Table 6.2). For both concentrations, the molecular weight 

evolution was approximately linear with conversion, but the ȀM decreased from 1.66 to 

1.39 when the ascorbic acid ratio was reduced from 120:1 to 80:1 ppm. This result 

suggests that at higher reducing agent concentrations, the excess reducing agent 

interferes with the ATRP equilibrium, which leads to decreased control over the 

polymerisation. A further reduction in the reducing agent to 60:1 [AA]:[CuBr2] reduced 

the rate of the polymerisation but had negligible effect on the ȀM. In this case, however, 

the polymerisation only ever reached a maximum conversion of 42%, indicating that 

there was insufficient AA to regenerate the activator species and prevent termination.  
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Figure 6.5. ARGET ATRP of HEMA with various concentrations of ascorbic acid. (A) 

Monomer conversion with time (open symbols) and first order kinetic plot (closed 

symbols). (B) Molecular weight evolution (Mn open symbols, Ȁ M closed symbols). 

Polymerisation conditions: Table 6.2, entry 1-3. For clarity, only every fifth point is 

shown on the curves in (A). 

 

 

 

Table 6.2. Experimental conditions for ARGET ATRP of HEMA with various 

[AA]:[CuBr2] ratios at 25 °C.a 

Mn  Entry [AA]:[CuBr2] Time 

(mins) 

Conversion 

(%) Theoryb GPCd 

ȀM 

1 120:1 110 94 11,740 35,200 1.66 

2 80:1 130 92 11,490 32,800 1.39 

3 60:1 50 42c 5,250 14,700 1.36 

a [HEMA]:[ME-Br]:[CuBr2]:[TPMA] = 96:1:0.005:0.025, in 50% (v/v) methanol,  

b Mn theory = [HEMA]o/[ME-Br]o  conversion  molecular weight of HEMA. 

c No further polymerisation occurred. 
d GPC = gel permeation chromatography. 
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6.2.1.4 Using hydrazine as the reducing agent 
Although ascorbic acid has been successfully used previously as a reducing agent, it is a 

relatively strong reducing agent for ARGET ATRP.210 To overcome problems 

associated with its strength as a reducing agent, ascorbic acid is usually used in the 

presence of a solvent in which it has limited solubility, such as anisole.206 Due to the 

polar nature of PHEMA, non-polar solvents such as anisole cannot be used because the 

monomer and/or growing polymer chains would not stay soluble in the polymerisation 

mixture. In an attempt to achieve lower Ȁ M values of PHEMA than those obtained 

when using ascorbic acid as reducing agent, hydrazine was used as an alternative 

reducing agent. Hydrazine has been used previously as a reducing agent in ARGET 

ATRP to synthesise various poly(butyl acrylate) polymers.202 In the present work, at 

both 40:1 and 20:1 [hydrazine]:[CuBr2] (Table 6.3, Entry 1 and 2), the rate of 

polymerisation of HEMA was much lower than that achieved in the presence of 

ascorbic acid, taking 900 and 1,420 minutes respectively to reach 80% conversion. Plots 

of ln[Mo/M] vs time were approximately linear for polymerisations using both 

[hydrazine]:[CuBr2] ratios (Figure 6.6). As was seen for polymerisations using ascorbic 

acid, a decrease in the hydrazine concentration resulted in a decrease in the molar mass 

dispersity, with the polymers obtained using 40:1 and 20:1 [hydrazine]:[CuBr2] ratios 

having ȀM values of 1.50 and 1.35 respectively. A further decrease in the reducing 

agent concentration to 10:1 [hydrazine]:[CuBr2] resulted in the polymer reaching a 

maximum conversion of only 41%, but the ȀM was similar at 1.34.  
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Figure 6.6. ARGET ATRP of HEMA with varied concentrations of hydrazine. (A) 

Monomer with time conversion (open symbols) and first order kinetic plot (closed 

symbols). (B) Molecular weight evolution (Mn open symbols, Ȁ M closed symbols). 

Polymerisation conditions: Table 6.3, entry 1-3. For clarity, only every fifth point is 

shown on the curves in (A). 

 

 

 

 

Table 6.3. Experimental conditions for ARGET ATRP of HEMA with varied 

[hydrazine]:[CuBr2] ratios at 25 °C.a 

Mn Entry [Hydrazine]:[CuBr2] Time 

(mins) 

Conversion 

(%) Theoryb GPCd 

ȀM 

1 40:1 900 80 9,990 31,000 1.50 

2 20:1 1,420 81 10,120 31,800 1.35 

3 10:1 560 41c 5,120 12,500 1.34 

a [HEMA]:[ME-Br]:[CuBr2]:[TPMA] = 96:1:0.005:0.025 in 50% (v/v) methanol.  

b Mn theory = [HEMA]o/[ME-Br]o  conversion  molecular weight of HEMA. 

c No further polymerisation occurred. 
d GPC = gel permeation chromatography. 
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6.2.1.5 Changing the CuBr2 concentration 

Compared to other controlled living polymerisation techniques, ARGET ATRP has the 

advantage that control of polymerisation can be achieved using very low levels of 

catalysts. If there is not a sufficient supply of catalyst, however, then control of the 

polymerisation may be lost or the polymerisation may terminate. It is therefore 

important to determine the lowest catalytic concentration needed to obtain control over 

the polymerisation. To explore the influence of the concentration of Cu on the course of 

ARGET ATRP, the concentration of CuBr2 was varied while the [TPMA]:[CuBr2] and 

[hydrazine]:[CuBr2] ratios were maintained at 5:1 and 20:1 respectively. At a 

concentration of 50 ppm CuBr2 (with respect to the number of moles of HEMA), the 

polymerisation reached a conversion of 80% in 1420 minutes (Table 6.3, Entry 2). A 

decrease in the CuBr2 concentration to 10 ppm resulted in no polymerisation occurring 

as seen by FT-NIR. This result suggests that at the lower concentration of CuBr2, there 

is not enough catalyst present to initiate and maintain the required equilibrium needed 

for ARGET ATRP.  

 

6.2.1.6 Changing the [initiator]:[HEMA] ratios 

One of the attractive features of CRP processes – including ARGET ATRP – is that 

they allow the synthesis of polymers with defined molecular weights and low ȀM. To 

adjust the theoretical molecular weight of a polymer, one only needs to adjust the initial 

[monomer]:[initiator] ratio. A polymerisation solution with higher initiator 

concentrations produces polymers with lower molecular weights, whereas 

polymerisation solutions with lower initiator concentrations produces polymers with 

higher molecular weights. The best conditions tested for ARGET ATRP of HEMA in 

methanol used 50 ppm CuBr2, a 5:1 [TPMA]:[CuBr2] ratio and a 20:1 

[hydrazine]:[CuBr2] ratio, and so these conditions were maintained for experiments to 

examine the effect of the [HEMA]:[ME-Br] ratio. At [HEMA]:[ME-Br] ratios of 96:1 

and 49:1 (Table 6.4, Entry 1 and 2), the polymerisations gave approximately linear plots 

of ln[Mo/M] vs time (Figure 6.7). The Mn evolution was also linear (Figure 6.7) with 

polymers having Ȁ M values of 1.36 and 1.38 (Table 6.4, Entry 1 and 2). To synthesise 

water-soluble PHEMA, the Mn needs to be less than ca. 2,500 Da.94 In an attempt to 

synthesise water-soluble PHEMA, the [HEMA]:[ME-Br] ratio was changed to 15:1, at 

which Mn theory = 1,580 Da at 80% monomer conversion (Table 6.4, entry 3). When 
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this [HEMA]:[ME-Br] ratio was tested in experiments using 50 ppm CuBr2 (mol% 

based on HEMA), a 5:1 [TPMA]:[CuBr2] ratio, and a 20:1 [hydrazine]:[CuBr2] ratio, 

no polymerisation occurred (Table 6.4, Entry 3); but when the [hydrazine]:[CuBr2] ratio 

was increased to 40:1 (Table 6.4, Entry 4), polymerisation proceeded. The rate of 

polymerisation was higher when compared to the other [HEMA]:[ME-Br] ratios used, 

and surprisingly, the ȀM (1.25) was considerably lower than was obtained using other 

[HEMA]:[ME-Br] ratios. Unfortunately, the ȀM values increased slightly with 

conversion, suggesting that the control of the polymerisation diminishes slowly over the 

course of the polymerisation. Nonetheless, polymers produced with a target Mn theory of 

1,580 Da were water-soluble, demonstrating that ARGET ATRP can be used to make 

water soluble PHEMA. Unlike water-soluble PHEMA prepared using traditional 

ATRP,94 where large amounts of catalyst had to be removed from the polymer, ARGET 

ATRP yielded colourless polymers that could be isolated simply by precipitation and 

washing with diethyl ether, without the need for chromatography to remove large 

amounts of residual catalyst. 

 

 
Figure 6.7. ARGET ATRP of HEMA with various [HEMA]:[ME-Br] ratios. (A) 

Monomer conversion with time (open symbols) and first order kinetic plot (closed 

symbols). (B) Molecular weight evolution (Mn open symbols, Ȁ M closed symbols). 

Polymerisation conditions: Table 6.4, Entry 1,2 and 4. For clarity, only every fifth point 

is shown on the curves in (A). 
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Table 6.4. Experimental conditions for PHEMA prepared by ARGET ATRP with 

various [HEMA]:[ME-Br] ratios at 25 °C.a 

Mn  Entry [HEMA]

:[ME-Br] 

[Hydrazine]

:[CuBr2] 

Time 

(mins) 

Conversion 

(%) theoryb GPC c 

ȀM 

1 96:1 20:1 1,420 81 10,120 31,800 1.36 

2 49:1 20:1 1,050 83 5,290 22,100 1.38 

3 15:1 20:1  0    

4 15:1 40:1 500 81 1,580 8,530 1.25 

a [HEMA]:[CuBr2]:[TPMA] = 100:0.005:0.025 in 50% (v/v) methanol.  

b Mn theory = [HEMA]o/[ME-Br]o  conversion  molecular weight of HEMA. 

c GPC = gel permeation chromatography. 

 

 

Because low molecular weight polymers are needed to render PHEMA water-soluble, 

accurate methods are needed to determine the molecular weights of the polymers. As 

previously reported,94,193,221,222 gel permeation chromatography (GPC) overestimates the 

molecular weight of PHEMA because the hydrodynamic volume of PHEMA is 

considerably larger than the poly(methyl methacrylate) standards used for GPC 

calibration. 1H NMR end group analysis could be used to determine the average Mn for 

PHEMA,94,193,222 but the end group could not be seen in the 1H NMR spectra for 

polymers formed using a [HEMA]:[ME-Br] ratio of 96:1 (Table 6.4, entry 1). The end 

group for polymers with a [HEMA]:[ME-Br] ratio of 49:1 and 15:1 was observed, but 

end group analysis suggested the polymers had Mn values of 15,490 Da and 5,060 Da 

instead of Mn theory of 5,290 Da and 1,580 Da respectively (Figure 6.8). The polymers 

could have vastly different molecular weights, but as the polymer with a Mn theory of 

1,580 Da was water soluble, it should have a Mn < 2500 Da, not 5,060 Da as 

determined by end group analysis. Despite running multiple samples, varying relaxation 

delays used during spectral acquisition, varying the acquisition temperature, and 

synthesizing new PHEMA polymers with Mn theory ~ 5,000 Da and 1,500 Da, the same 

result was observed.  
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As reported,94 the azamethylene signals from the end group should be observed between 

2.4 2.9 ppm. The proton signals from the end group for PHEMA with Mn theory 5,290 

Da were observed in the 2.4–2.9 ppm region (Figure 6.8A); however, for PHEMA with 

Mn theory 1,580 Da, the proton signals from the end group were observed in the 2.7-3.1 

ppm region. The downfield shift of the end group region meant the signals due to 

protons from the end group were partly overlapped with high field edge of the solvent 

signal (Figure 6.8B), making it difficult to accurately determine the baseline for the 

spectra during integration of the end group. There appear to be no spectra of PHEMA 

with the morpholine-based end group available in the literature for comparison with the 

spectra in Figure 6.8. 

 

The most significant difference between the two polymers is their target molecular 

weight. Differences in molecular weight can affect the conformation of polymers in 

solution, and it has been reported223 that very subtle changes in the molecular weight 

and external environment lead to quite subtle but important changes in the global 

conformation for linear PHEMA. A change in global solution conformation – as a 

consequence of differences in polymer molecular weight – may result in extra 

deshielding of the azamethylene protons, which would account for why the 

azamethylene protons from the end group appear at different regions in the 1H NMR 

spectrum. In addition, the polymers could adopt a conformation in solution where the 

azamethylene groups from the end group are buried within the polymer. Such an affect 

could lead to shorter relaxation times and hence signal broadening for azamethylene 

protons, which would further contribute to difficulty in locating and integrating the 

signals due to oxomethylene protons. Previous reports have demonstrated that changes 

in solution conformations of PHEMA copolymers can mask proton signals in 1H NMR 

spectra.94 Under-integration of the oxomethylene signals would lead to determination of 

incorrect Mn values. Any changes in the NMR solvent from d4-MeOH to other solvents 

that dissolve PHEMA, such as to d6-DMSO, resulted in overlapping of the NMR 

solvent signals with the azamethylene signals from end group and/or the oxomethylene 

signals from PHEMA.  
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Figure 6.8. 1H NMR spectrum (500 MHz, d4-MeOH) of PHEMA having Mn theory of 

(A) 5,290 Da and (B) 1,580 Da. "Observed" Mn values are those determined by 

integration of NMR signals. 

 

6.2.1.7 ARGET ATRP in non-degassed solutions 

From an industrial point of view, being able to produce polymers with low molar mass 

dispersities in the presence of traces of air is very desirable. Traditionally in Cu-

mediated ATRP, any oxygen present in the polymerisation solution would oxidise Cu(I) 

to Cu(II) and terminate the polymerisation. With ARGET ATRP, the addition of a 

reducing agent allows Cu(II) produced by aerial oxidation of Cu(I) to be reduced back 

to Cu(I); and if there is a sufficient supply of reducing agent, this process of oxidation 
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and reduction can be repeated until all the oxygen is removed from the reaction mixture. 

This process eliminates the need to degas the reagent solution(s) and makes the 

polymerisation experimentally simpler. Various amounts of ascorbic acid and hydrazine 

were added to un-degassed reaction mixtures to test the ability of ARGET ATRP of 

HEMA to be carried out without prior degassing of solutions. A [reducing 

agent]:[CuBr2] ratio of 80:1 was used for both ascorbic acid and hydrazine (Table 6.5). 

The polymerisation commenced immediately upon the addition of the reducing agent, 

with the rate of polymerisation being considerably lower for hydrazine (Figure 6.9). 

Regardless of the reducing agent used, plots of ln[Mo/M] vs time were approximately 

linear and the molecular weight of the polymers increased approximately linearly with 

conversion. The ȀM values for the polymers were 1.57 for AA and 1.58 for hydrazine, 

which are higher than the values obtained under anaerobic conditions. The ȀM values 

also increased with conversion for both reducing agents, indicating a loss of control of 

the polymerisation with increasing conversion. In an attempt to reduce the Ȁ M of the 

polymers, the [reducing agent]:[CuBr2] ratio was reduced to 60:1, but no 

polymerisation was detected by FT-NIR at this ratio. This result suggests that a 

[reducing agent]:[CuBr2] ratio of 80:1 is the critical concentration for the reducing 

agent to carry out ARGET ATRP of HEMA in methanol in non-degassed pre-polymer 

solutions. Presumably with the lower amount of reducing agent, the deleterious effects 

of dissolved oxygen and other adventitious impurities become significant, and the 

reducing agent is consumed in the processes that removes dissolved oxygen and other 

oxidising impurities from the system. 
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Figure 6.9. ARGET ATRP of HEMA in non-degassed pre-polymer solutions. (A) 

Monomer conversion with time (open symbols) and first order kinetic plot (closed 

symbols). (B) Molecular weight evolution (Mn open symbols, Ȁ M closed symbols). 

polymerisation conditions: Table 6.5, entry 1 and 3. For clarity, only every fifth point is 

shown on the curves in (A). 

 

 

 

 

Table 6.5. Experimental conditions for PHEMA prepared by ARGET ATRP in non-

degassed pre-polymer solutions 25 °C.a 

Mn  Entry  [reducing agent]: 

[CuBr2] 

Time 

(mins) 

Conversion 

(%) Theoryb GPCe 

ȀM 

1 80:1 c 130 87 10,870 31,900 1.57 

2 60:1 c  0    

3 80:1 d 500 82 10,240 29,100 1.58 

4 60:1 d  0    

a [HEMA]:[ME-Br]:[CuBr2]:[TPMA] = 96:1:0.005:0.025 in 50% (v/v) methanol.  

b Mn theory = [HEMA]o/[ME-Br]o  conversion  molecular weight of HEMA.  

c ascorbic acid. 
d hydrazine. 
e GPC = gel permeation chromatography. 
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6.2.2 Synthesis of PHEMA sponges using ARGET ATRP 
As outlined in Section 6.2.1, the optimal conditions for ARGET ATRP of HEMA in 

methanol with Mn theory used a catalyst loading level of 50 ppm CuBr2, a 5:1 

[TPMA]:[CuBr2] ratio and a 20:1 [hydrazine]:[CuBr2] ratio. Unfortunately, these 

conditions are optimal for ARGET ATRP in methanol, whereas PHEMA sponges 

require water as the polymerisation solvent. The use of water as a solvent in 

ATRP/ARGET ATRP opens the possibility of side reactions that can affect the rate of 

polymerisation and polymerisation control.193,213,214 Because of the possibility of such 

side reactions, the parameters that determine control in ARGET ATRP of HEMA in 

water need to be determined. Optimising ARGET ATRP conditions in water, however, 

would be difficult due to the insolubility of PHEMA at Mn > 2,500 Da. Insolubility 

would cause the growing polymer chains to precipitate, leading to a phase change from 

a homogeneous system to a heterogeneous system, with the latter consisting of aqueous 

rich solvent phases and precipitated polymer rich phases. As there are two phases, 

additional factors that govern polymerisation control, such as partitioning of reactants 

between the two phases, come into effect. As there are many parameters that govern 

polymerisation control in aqueous systems, the trends observed for the parameters that 

control polymerisation in ARGET ATRP in methanol (reducing agent concentration, 

catalyst loading levels etc.) were used as a guide in the synthesis of PHEMA sponges by 

ARGET ATRP. The research presented here is a proof-of-concept experiment to 

determine the potential for ARGET ATRP for the synthesis of PHEMA-based sponges. 

 

6.2.2.1 Synthesis of linear PHEMA in 80:20 H2O:HEMA 

To examine the potential of ARGET ATRP of HEMA in water to synthesise polymers 

with defined molecular weights, the kinetics and Mn evolution were monitored for 

polymerisation of HEMA using a 80:20 H2O:HEMA solvent:monomer ratio. A Mn 

theory of 10,000 Da was chosen so the results could be compared to the polymerisation 

of HEMA with the same target Mn under “ideal” conditions in methanol. To ensure that 

the initiator remained soluble throughout polymerisation, a water-soluble methoxy-

PEG-based initiator (MeO-PEG-Br) (Scheme 6.5) was used in place of the water-

insoluble ME-Br initiator. In addition, 1H NMR was used as an alternative method to 

monitor monomer conversion219 because water absorbs strongly at the vinylic overtones 

stretching regions in FT-NIR. To use 1H NMR to monitor conversion, the vinylic 
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resonances from HEMA were integrated over time and normalised to an internal 

standard (DMF).  
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Scheme 6.5. ARGET ARTP of HEMA in 80:20 H2O:HEMA solutions 

 

When a [hydrazine]:[CuBr2] ratio of 20:1 was used, no polymerisation was detected by 

1H NMR. An increase in the [hydrazine]:[CuBr2] ratio to 80:1 resulted in 

polymerisation occurring immediately upon the addition of hydrazine. The first order 

kinetic plots were linear throughout, indicating polymerisation control (Figure 6.10), 

and the polymerisation reached 72% conversion after 180 minutes (Table 6.6, entry 1). 

To examine the effects the [hydrazine]:[CuBr2] ratio has on polymerisation, the 

[hydrazine]:[CuBr2] ratio was increased from 80:1 to 160:1. At the higher 

[hydrazine]:[CuBr2] ratio, polymerisation reached 74% conversion after 70 minutes 

(Table 6.6, entry 2) and first order kinetics were observed only up to 50% conversion 

(Figure 6.10). The molecular weight evolution at both [hydrazine]:[CuBr2] ratios was 

not very linear (Figure 6.10) and the polymers had ȀM values of 2.42 to 3.25 (Table 

6.6). At both [hydrazine]:[CuBr2] ratios, the polymers began to precipitate at 

approximately 50% conversion to form a polymer “gel” phase and an aqueous phase. 

Polymerisation control was poorer in the 80:20 H2O:HEMA polymerisation solution 

compared to polymers synthesized in methanol alone (for example, polymer Entry 1, 

Table 4). The poor ȀM values, however, are not unexpected, not only from previous 

reports on ATRP in aqueous systems,212,214 but because the polymer chains precipitate 

to form a biphasic system.  

 

Unfortunately, the observed Mn values from GPC for polymerisations at both 

[hydrazine]:[CuBr2] concentration ratios were higher than Mn theory. After precipitation 

of PHEMA, any remaining HEMA and Cu(I)/Cu(II) catalyst would be partitioned 

between the aqueous rich phase and polymer rich phase. Presumably, due to the polar 

nature of the Cu(I)/Cu(II) catalyst, it would reside predominantly in the aqueous rich 
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phase; HEMA, however, would reside in the polymer rich phase. If this partitioning 

occurred, then it would be reasonable to assume that the concentration of HEMA would 

increase in the polymer rich phase, which may lead to pseudo-bulk polymerisation 

processes. Increasing the concentration of HEMA relative to [P•] inside/surrounding the 

polymer phase would also cause an increase in the rate of polymerisation (as determined 

from Equation 6.1). In addition, the concentration of the Cu(I)/Cu(II) species should 

decreased in the polymer/monomer rich phase as a consequence of preferential 

partitioning into the aqueous phase, leading to a decrease in polymerisation control due 

to there being insufficient concentrations of Cu(II) species (Equation 6.2). Thus, if these 

two partitioning processes occurred concurrently, the polymers produced would be of 

high molecular weight and with high ȀM, which is what the GPC data suggests. 

Nonetheless, despite the relatively poor control during polymerisation, ARGET ATRP 

using an 80:20 H2O:HEMA solvent system could be used to form uncrosslinked linear 

PHEMA.

 

 

 
Figure 6.10. Synthesis of linear PHEMA using ARGET ATRP in 80:20 H2O:HEMA 

pre-polymer solutions with various [hydrazine]:[CuBr2] ratios. (A) Monomer 

conversion with time (open symbols) and first order kinetic plot (closed symbols). (B) 

Molecular weight evolution (Mn open symbols, ȀM closed symbols). Polymerisation 

conditions: Table 6.6, entry 1 and 2.  
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Table 6.6. Experimental conditions for ARGET ATRP of HEMA in 80:20 (wt./wt.) 

H2O:HEMA with varied [hydrazine]:[CuBr2] ratios at 25 °C. 

Mn  

Entry a 

[Hydrazine] 

/[CuBr2] 
Time 

(mins) 

Conversion 

(%) Theoryb GPCc ȀM 

1 80:1 180 72 7,200 100,000 3.25 

2 160:1 70 74 7,400 162,000 2.42 

a [HEMA]:[MeO-PEG-Br]:[CuBr2]:[TPMA] = 96:1:0.005:0.025 in 80:20 (wt./wt.) 

H2O:HEMA.  

b Mn theory = [HEMA]o/[ME-Br]o  conversion  molecular weight of HEMA. 

c. GPC = gel permeation chromatography. 

 

6.2.2.2 Synthesis of crosslinked PHEMA sponges from 80:20 H2O:HEMA 

To form PHEMA sponges, crosslinking agents need to be included in the 

polymerisation solution to form crosslinked networks. When TEGDMA was added (2.6 

mol% with respect to HEMA – this concentration ensures a statistically crosslinked 

network224) to the polymerisation solution with a [hydrazine]:[CuBr2] ratio of 80:1 at 50 

ppm CuBr2, first order kinetic plots show control up to approximately 50% conversion 

(Figure 6.11). At 50% conversion, the polymer chains began to precipitate; after which, 

the rate of polymerisation increased; the increase in rate of polymerisation is likely to be 

a consequence of uncontrolled polymerisation. The polymerisation also reached 92% 

conversion after 180 minutes (Table 6.7). When the [hydrazine]:[CuBr2] ratio was 

increased to 160:1, first order kinetics were not observed and the polymerisation 

reached >99% conversion after only 40 minutes (Figure 6.11). Considering the effect 

that increasing the reducing agent concentration has on the rate of polymerisation in 

Sections 6.2.1.3 and 6.2.1.4, this result is not surprising. The Mn and the Ȁ M values for 

the polymers could not be determined for both [hydrazine]:[CuBr2] ratios because the 

inclusion of crosslinking agents made the polymers insoluble in GPC elution solvents 

(DMF). However, as molar mass dispersities are closely related to polymerisation 

control, and because the first order kinetics plots indicated poor polymerisation control 

for crosslinked samples, it would be reasonable to assume that the linear polymers that 

comprise the polymer network have higher ȀM compared to their non-crosslinked 

counterparts (Section 6.2.2.1). Previous reports have demonstrated that the synthesis of 

homogeneous crosslinked PHEMA networks using CRP techniques gave high ȀM for 
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linear and lightly branched polymer prior to gelation.95 However, after gelation the ȀM

values for the polymers could not be determined, as the polymers were insoluble in the 

GPC eluent solvent. 

 

 

 
Figure 6.11. Synthesis of PHEMA sponges via ARGET ATRP in 80:20 H2O:HEMA 

pre-polymer solutions with various [hydrazine]:[CuBr2] ratios. Monomer conversion 

with time (open symbols) and first order kinetic plot (closed symbols). Polymerisation 

conditions: Table 6.7, entry 1 and 2.

 

 

 

Table 6.7. Experimental conditions for synthesis of PHEMA sponges via ARGET 

ATRP of HEMA in 80:20 (wt./wt.) H2O:HEMA with varied [hydrazine]:[CuBr2] ratios 

at 25 °C.a 

Entry  [Hydrazine]:[CuBr2] Time (mins) Conversion (%) 

1 80:1 180 92 

2 160:1 40 > 99 

a [HEMA]:[TEGDMA]:[MeO-PEG-Br]:[CuBr2]:[TPMA] = 96:2.49:1:0.005:0.025 in 

80:20 (wt./wt.) H2O:HEMA. 
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The morphologies of the sponges were examined using SEM and LSCM. Sponges 

prepared using a [hydrazine]:[CuBr2] ratio of 80:1 had droplets 10 to 15 μm in diameter 

and pores with dimensions in the order of 40 μm (Figure 6.12a,c). An increase in the 

[hydrazine]:[CuBr2] ratio to 160:1 reduced the dimensions of sponge features, with 

droplets having diameters of 2 to 5 μm and pores having dimensions in the order of  

10 μm (Figure 6.12b,d). There were also small polymer droplets smaller than 1 μm 

(Figure 6.12b inset) evenly distributed through the larger polymer droplets at the higher 

[hydrazine]:[CuBr2] ratio.  

 

The difference in the morphologies for the sponges prepared with the different 

[hydrazine]:[CuBr2] ratios is unexpected, given that the only parameter to change 

between the two samples are the [hydrazine]:[CuBr2] ratios. The higher 

[hydrazine]:[CuBr2] ratio experienced a faster polymerisation rate and poor 

polymerisation control compared to the lower [hydrazine]:[CuBr2] ratio (Figure 6.11). 

If the concentration of hydrazine was high enough, it may have provided a new route to 

regenerate Cu(I) without deactivating the propagating radical species ([P•]) (Scheme 

6.5). Increasing the Cu(I) concentration without decreasing the [P•] concentration 

should shift the ARGET ATRP equilibrium to the right and increase the [P•] 

concentration further. If the [P•] concentration is increased significantly, the system 

may resemble free radical polymerisation rather than controlled radical polymerisation. 

If free radical polymerisation processes were present prior to precipitation of PHEMA, 

then presumably the system would behave in a similar manner to systems where 

PHEMA sponges are synthesized using traditional free radical methods (i.e., UV 

polymerisation in Section 3.2.1). These suggestions may help to explain why the 

morphology dimensions for PHEMA sponges prepared using UV free radical 

polymerisation are similar to the morphology dimensions for PHEMA sponges prepared 

by ARGET ATRP at a high [hydrazine]:[CuBr2] ratio.  
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R-X + Cu(I)X/L P + Cu(II)X2/L

+M

kdeact

kact

kpoly

Cu(II)X2/L R-R+

Reducing agent

Oxidized agent

Reducing agentOxidized agent

 
Scheme 6.5. Possible routes to Cu(I) regeneration in the presence of excess reducing 

agent. 

 

 

 

At the lower [hydrazine]:[CuBr2] ratio, the rate of polymerisation was slower, and the 

first order kinetics indicated greater polymerisation control compared to the higher 

[hydrazine]:[CuBr2] ratio (Figure 6.11). If the slower rate of polymerisation provided 

enough time to allow HEMA and the Cu(I)/Cu(II) catalyst to establish the partitioning 

factors described earlier, then bulk- and/or emulsion-type polymerisation processes may 

occur at the surface and/or inside the polymer droplets once PHEMA precipitates to 

form polymer droplets. Bulk and/or emulsion polymerisation processes would likely 

increase the size of the polymer droplets with increasing monomer conversion, and the 

presence of these processes may help to explain why the rate of polymerisation 

increases after precipitation of PHEMA (precipitation occurred at approximately 50% 

conversion). Because there are many parameters that govern the control in ARGET 

ATRP – especially in the case of synthesising PHEMA sponges by ARGET ATRP, 

where phase separation processes occur – the results at present demonstrate that large 

amounts of additional research is required to gain an understanding of the mechanisms 

involved in the synthesis of PHEMA sponges via ARGET ATRP. Parameters such as 

the target molecular weight (i.e. changing the [HEMA]:[initiator] ratios), crosslink 

concentration, reducing agent concentration, type of reducing agent (such as more 

benign reducing agents), and so on, could have effects on polymerisation control; 

adjusting these parameters may also help to produce morphologies with specific 

properties. 
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Figure 6.12. SEM (a, b, and b inset) and LSCM (c and d) of PHEMA sponges prepared 

by ARGET ATRP at [hydrazine]:[CuBr2] ratios of 80:1 (a and c) and 160:1 (b and d). 

Polymerisation conditions: Table 6.7, entry 1 and 2. 

 

6.3 Experimental 
6.3.1 Materials 
HEMA (Bimax, Inc, USA > 99.0%), CuBr2 (98%, Ajax), methanol (Ajax), diethyl ether 

(BDH), ascorbic acid (Ajax), tetraethyleneglycol dimethacrylate (TEGDMA, Fluka) and 

hydrazine monohydrate (> 99%, Fluka) were all used as received. Tris(2-

pyridylmethyl)amine (TPMA),225 and the initiator 2-(N-morpholino)ethyl 2-bromo-2-

methylpropionate (ME-Br)94 were synthesized according to literature methods. The 

PEG-based initiator (MeO-PEG-Br) was synthesized using a modified literature 

procedure;226 the MeO-PEG-Br  initiator used in this study contained MeO-PEG-OH 

550 (Simga). For polymerisation in methanol, methanol stock solutions consisting of 

ascorbic acid (25.0 mg/mL), hydrazine monohydrate (7.1 mg/mL, 6.9 μL/mL), ME-Br 
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(210 mg/mL) and CuBr2/TPMA (4.00 mg/mL CuBr2, 25.0 mg/mL TPMA) were used. 

For polymerisation in 80:20 H2O:HEMA, aqueous stock solutions of hydrazine 

monohydrate (7.1 mg/mL, 6.9 μL/mL) and MeO-PEG-Br (233 mg/mL), and methanol 

stock solutions of CuBr2/TPMA (4.00 mg/mL CuBr2, 25.0 mg/mL TPMA) were used. 

For 1H NMR conversion studies, hydrazine monohydrate (7.1 mg/mL, 6.9 μL/mL) and 

MeO-PEG-Br (233 mg/mL) were made up as solutions in D2O. 

 

6.3.2 General procedures for ARGET ATRP of HEMA 

6.3.2.1 Polymerisation of HEMA in methanol 
HEMA was polymerised in methanol, using CuBr2/TPMA as catalyst and ME-Br as 

initiator in the presence of either ascorbic acid or hydrazine. As an example, the 

procedure used for entry 2, Table 6.1 is provided. A solution prepared from HEMA 

(2.00 mL, 16.4 mmol), methanol (1.50 mL), and stock solutions of CuBr2/TPMA  

(44 μL, 0.84 μmol CuBr2, 4.20 μmol TPMA) and ME-Br (230 μL, 0.17 mmol) in a 25 

mL round bottomed Schlenk flask was degassed by three freeze-pump-thaw cycles and 

then the flask was backfilled with argon. The mixture was heated to 25 °C in a 

thermostatically-controlled oil bath and a solution of a degassed (via three freeze-pump-

thaw cycles) reducing agent solution (460 mL of either 25 mg/mL ascorbic acid or 7.1 

mg/mL hydrazine monohydrate) was added to initiate polymerisation. For 

polymerisations conducted "in non-degassed pre-polymer solutions", the above 

procedure was used but the reaction vessel was initially filled with argon but not 

degassed by freeze-pump-thaw cycles prior to addition of the reducing agent to initiate 

polymerisation. 

 

6.3.2.2 Polymerisation of HEMA in 80:20 HEMA:H2O 

HEMA was polymerised in a 80:20 H2O:HEMA solvent system using CuBr2/TPMA as 

catalyst, MeO-PEG-Br as an initiator and hydrazine as the reducing agent. As an 

example, the procedure for entry 1, Table 6.6 is provided. A solution prepared from 

HEMA (100 μL, 0.82), H2O (360 μL), and stock solutions of MeO-PEG-Br (25 μL, 

10.5 μmol) and CuBr2/TPMA (2.2 μL, 42.0 nmol CuBr2, 0.21 μmol TPMA) in a quartz 

vial (I.D. 10 mm), was capped with a septum and deoxygenated by bubbling the 

reaction mixture with argon for 20 minutes. Hydrazine stock solution (24 μL,  
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3.36 μmol) was then added and the reaction mixture was swirled to ensure thorough 

mixing.  

 

6.3.2.3 Synthesis of PHEMA sponges. 
For the synthesis of PHEMA sponges, the procedure described in section 6.3.2.2 was 

used but TEGDMA (2.6 mol% with respect to HEMA) was added to the pre-polymer 

solution. After polymerisation, the septum was removed and the specimen was carefully 

removed and placed into a vial containing water. The samples were stored in water, and 

the water was replaced every 24 hours for one week to remove any unreacted monomers 

and Cu(II) salts.  

 

6.3.3 Monomer conversion 

6.3.3.1 Using FT-NIR 
Determination of monomer conversion by FT-NIR was carried out using a Nicolet 6700 

FT-NIR spectrometer (Thermo Scientific). A 200 μL aliquot was taken from the 

polymerisation mixture immediately after addition of the reducing agent and was placed 

into a degassed 5 mm i.d. glass tube capped with a rubber septum and maintained at  

25 °C in a heating block. Absorbance spectra were acquired every minute, using 16 

scans, a resolution of 8 cm-1, and a methanol background. The vinylic overtone 

stretching peak at 6,180 cm-1 was integrated for each time interval using the software 

Grams/A1 (Thermo Scientific) to determine the monomer conversion. 

 

6.3.3.2 Using 1H NMR 

Determination of monomer conversion by 1H NMR was carried out using a Bruker 

Avance 500 MHz spectrometer at 25 °C with D2O solutions. As an example, the 

procedure for entry 1, Table 6.6 is provided. A solution prepared from HEMA (100 μL, 

0.82), D2O (360 μL), and D2O stock solutions of MeO-PEG-Br (25 μL, 10.5 μmol) and 

CuBr2/TPMA (2.2 μL, 42.0 nmol CuBr2, 0.21 μmol TPMA) along with 5 μL of DMF 

(acting as an internal standard) were injected into a NMR tube (I.D. 5 mm). The tube 

was capped with a septum and argon was bubbled through the reaction mixture for 20 

minutes to deoxygenate the reaction mixture. A spectrum was recorded and the D2O 

hydrazine stock solution (24 μL, 3.36 μmol) was added and thoroughly mixed by 

inverting the NMR tube twice. The sample was then placed back into the spectrometer 
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and spectra were recorded every 5 minutes using 4 scans. The integrals for the vinylic 

protons at  6.15 (between the region  6.4-6.0) and  5.52 (between the region  5.9-

5.6) were normalised to the integral for the DMF resonance at 7.95. DMF was also 

used to calibrate the spectrum.  

 

6.3.4 Molecular weight determination during polymerisation 

6.3.4.1. Using GPC 
Aliquots of polymerisation mixtures were taken at timed intervals and were poured into 

cold diethyl ether to precipitate the insoluble components. In the case of polymers 

prepared in 80:20 H2O:HEMA, the aliquots were first diluted by approximately 1:1 

with methanol before being poured into cold diethyl ether to precipitate the polymers. 

The supernatant was decanted and the residue was dried in a vacuum oven at 50 °C 

prior to study of molecular weight distributions by gel permeation chromatography 

(GPC). GPC analyses were conducted using an Agilent 1100 series liquid 

chromatograph equipped with a refractive index detector. The column set consisted of a 

Phenogel 5 micron liner/mixed guard column (30 Ȁ 7.4 mm, Phenomenex) followed by 

a Phenogel 5 micron Mixed MXL column (300 Ȁ 7.4 mm, Phenomenex). DMF 

(CHROMASOLV Plus, Ā 99.9%, Aldrich), containing 10 μM LiBr was used as the 

eluent at 50 °C (flow rate 1.00 mL/min). The column was calibrated with narrow molar 

mass dispersity poly(methyl methacrylate) (PMMA) (Fluka, Standard ReadyCal set, 

molecular weight range 600 – 210,000 Da) calibration standards. A third-order 

polynomial was used to fit the log M vs elution volume calibration curve.  

 

6.3.4.1 Using 1H NMR 
1H NMR spectra were recorded on a Bruker Advance 600 MHz spectrometer at 25 °C in 

d4-methanol with a 10 second relaxation delay. Average Mn was determined by end 

group analysis as previously reported94 – the signal at 2.4-2.9 ppm due to the six 

azamethylene protons of the morpholine-based initiator ME-Br was compared to the 

signals at 3.7 and 4.2 ppm for the oxyethylene protons of PHEMA.  

 

6.3.5 Characterisation of the internal morphologies 
The morphologies of the sponges were examined as previously described in Section 

3.3.3. Briefly, hydrated sponges were section using a Vibratome according to Section 
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3.3.2 and they were examined using two methods: freeze-drying the hydrated specimens 

(Section 3.3.3.1) prior to analysis using SEM (Section 3.3.3.1), or by labelling the 

specimens with RIBTC prior to analysis using LSCM (Section 3.3.5). 
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Chapter 7 

Summary 

 
Tissue engineering is a multidisciplinary field with the common goal of restoring 

damaged and/or diseased tissue that cannot undergo self-repair. This goal can be 

reached in many ways, but one way that has received particular attention involves the 

use of biomaterials as scaffolds. To act as a scaffold, a biomaterial needs to be 

biocompatible, biodegradable and possess a suitable morphology. One class of 

biomaterials that has shown promise as a tissue engineering scaffold are hydrogels. 

Amongst the most studied hydrogels are those based on PHEMA, mainly because it is 

biocompatible and it can be rendered suitably porous for cellular growth. But the use of 

PHEMA scaffolds for tissue engineering purposes is limited because PHEMA is not 

biodegradable, nor is it water-soluble. These limitations have been addressed previously 

using proof-of-concept experiments, which demonstrated that the inclusion of peptide-

based crosslinking agents and hydrophilic PEG-based monomers could render PHEMA 

materials biodegradable. To develop this area further, and to help develop the next 

generation of PHEMA based scaffolds, the research presented in this thesis aimed to 

make the current generation of PHEMA scaffolds more biologically relevant. 

 

The synthesis of peptide-based crosslinking agents that are degraded by biologically 

relevant enzymes was explored in Chapter 2. A peptide core that contained a known 

collagenase-cleavable peptide sequence was synthesized by traditional solution phase 

HBTU coupling procedures. The core peptide was then functionalised with 

methacryloyl groups using NHS chemistry. In an attempt to manipulate the 

degradability of the peptide crosslinks (Chapter 4), PEG and triethylene glycol “spacer” 

groups were introduced between the peptide core and the methacryloyl groups. The 

PEG groups were successfully introduced using NHS chemistry, but attempts to couple 

triethylene glycol units to the peptide using isothiocyanate chemistry were unsuccessful.  

 

Before the peptide-based crosslinking agents could be used to form PHEMA and 

P[HEMA-co-MeO-PEGMA] hydrogels, various microscopy methods were explored to 

determine which technique(s) best preserved the native morphology of the specimens 

(Chapter 3). Compared to SEM, LSCM was simpler and more rapid for imaging 
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hydrogels. LSCM was the only method used in this thesis that could image the native 

state of hydrated hydrogels, and although plunge freezing plus low temperature freeze-

drying was the best method to preserve the native morphology prior to SEM analysis, 

the morphologies obtained using SEM methods never matched those obtained using 

LSCM. 

 

The peptide crosslinkers prepared in Chapter 2 were then incorporated into PHEMA 

and P[HEMA-co-MeO-PEGMA] hydrogels (Chapter 4). The methacryloyl peptide 

crosslinking agent formed PHEMA sponges and P[HEMA-co-MeO-PEGMA] sponges 

and gels. However, the methacryloyl PEG peptide crosslinking agent did not form gels 

and sponges because of what is thought to be a consequence of the differences in the 

reactivities of the methacryloyl groups of the crosslinking agents compared to HEMA 

and MeO-PEGMA monomers. Incubation of PHEMA sponges in collagenase solution 

did not result in any significant degradation over three months, with the lack of 

degradation being attributed to the degradation products not being water-soluble. The 

P[HEMA-co-MeO-PEGMA] gels and sponges both degraded, but the time needed to 

reach total degradation differed depending on the initial sample morphology. The 

P[HEMA-co-MeO-PEGMA] gels had a homogeneous morphologies and fully degraded 

over 28 days of incubation, while only 8% dry mass of the P[HEMA-co-MeO-PEGMA] 

heterogeneous sponges remained after 101 days of incubation. 

 

The work described in Chapter 5 involved synthesizing a monomer that contained the 

RGD cell adhesion ligand peptide sequence. The monomer was co-polymerised with 

HEMA to form RGD-functionalised PHEMA sponges, with morphologies akin to those 

of traditional PHEMA sponges. The distribution of RGD in the polymer droplet was 

examined using EFTEM and EELS, which revealed that RGD was distributed evenly 

throughout the polymer droplets.  

 

The use of ARGET ATRP was explored as a benign method to synthesize linear 

PHEMA, and PHEMA sponges in Chapter 6. Initially, the parameters that determine 

polymerisation control were investigated, and once these parameters were determined, 

they were used in the synthesis of linear, water-soluble PHEMA. ARGET ATRP was 

then used to synthesize PHEMA sponges, and it was found that the polymerisation 

conditions influenced the resulting sponge morphology. 
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The work presented in this thesis has progressed the development of PHEMA-based 

scaffolds by demonstrating that PHEMA-based materials crosslinked with peptide-

based crosslinking agents can be degraded by biologically relevant enzymes, with the 

times needed for degradation being relevant to those required for tissue engineering 

purposes. This work is a significant advance in the field of hydrogels for tissue 

engineering applications, but also helps to expand the options available to the clinical 

science of tissue engineering. Possible future work that could be carried out to 

investigate limitations of this work would include carrying out in vitro cell studies to 

examine the in vivo potential of P[HEMA-co-MeO-PEGMA] sponges for acting as a 

scaffold for tissue engineering applications, and investigate if the presence of RGD 

enhances cellular infiltration in PHEMA sponges and  P[HEMA-co-MeO-PEGMA] 

sponges in vitro. 
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