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Abstract 

This thesis describes the synthesis of new polymers suitable for the support of in vitro 

hepatocyte growth. The key design feature of the monomers investigated was the 

incorporation of a galactose residue, expected to promote the adhesion and 

proliferation of hepatocytes in vitro, through the regioselective derivation of lactose. 

A graft polymerisation strategy was investigated as an alternative to co­

polymerization, since it proved difficult to isolate the carbohydrate-derived monomers 

in sufficient purity. This led to the formation of a glutaraldehyde-crosslinked 

lactosylated polyamine hydrogel, which was found to perfom1 well in initial cell 

trials. 
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Chapter 1: Introduction 

1.1 Tissue Engineering 

The loss or failure of tissue due to injury or ageing is one of the major causes for 

concern in human health care. Tissue or organ transplantation is a generally accepted 

therapy to treat these conditions. However according to the American Liver 

Foundation report (1988), 1 there were approximately 30,000 patients in the United 

States who died due to liver failure every year. The availability of donor organs was 

only around 3,000 per annum. Therefore organ transplantation is extremely limited by 

donor shortage, and other limitations, such as immunosuppression. 

An exciting strategy is to treat patients in need of a new organ or tissue with 

engineered artificial organs or tissues. Tissues or organs can be potentially engineered 

through a number of different strategies . In the past few years, three basic strategies 

have been used. The first method is to use biological factors to stimulate endogenous 

cells to induce new tissue production. The purpose for the use of biological factors is 

to initiate cell migration, proliferation and differentiation of the desired cell type from 

the surrounding tissues .2 The second method is to encapsulate cells within a 

semipermeable membrane to augment limited biochemical functions present in a 

tissue or organ. A classical example of this method was to encapsulate is lets of 

Langerhans to treat Type I diabetes. 3 However a particularly appealing approach 

utilizes a combination of a patient's own cells with polymer scaffolds to create new 

tissue and replace all the functions of deficient tissues or organs. In this approach, 

tissue-specific cells are isolated from a small tissue biopsy taken from the patient, 

propagated and then harvested in vitro . The cells are subsequently incorporated into 

three-dimensional polymer scaffolds that act as analogues to the natural extracellular 

matrices found in tissues. These scaffolds at the appropriate stage of further tissue 

development are then transplanted to the desired site in the patient's body. The 

implanted scaffolds provide space for further new tissue formation, and potentially 

control the structure and function of the engineered tissue (Figure 1. 1 ). A variety of 

tissues are being engineered using this approach including fabricated artery, bladder, 

skin, cartilage, bone, ligament, and tendon. 4•
5 
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Figl.1 General strategy for tissue engineering 

A critical element in virtually all tissue-engineering approaches is the polymer 

scaffold. These artificial biomaterials need to replicate the many roles of the 

extracellular matrix (ECM) in order to support cell survival and growth. They must 

mimic the functional and mechanical properties of the native ECM. The biomaterials 

must occupy three-dimensional space in such a way as to bring cells together and 

control the tissue struch1re, regulate the growth and function of the cells and allow the 

diffusion of nutrients, metabolites, and growth factors. Therefore the configuration 

and structure of these biomaterials are very important for new tissue fom1ation . 

Studies to date indicate that biomaterials exhibiting high porosity can promote tissue 

growth through providing a large surface area for cell attachment.6 Biomaterials 

produced by tissue engineering (TE) techniques must of course be biocompatible. 

Some other ideal properties for biomaterials include biodegradablility and robust 

mechanical and physical properties. Biomaterials should also promote cellular 

interaction and tissue development. 

Cells are cultured in tissue culture flasks coated with media containing growth factors 

and foetal calf serum. The results over many years in some cases have indicated that 

cells may lose a number of their characteristics by the process of differentiation.7
•
8 For 

example, isolated chondrocytes (mature cartilage-producing cells) that looked like 

typical mesenchymal ( embryonic cells that form connective tissue) cells that did not 

build an extra-cellular matrix to a large extent. Therefore the use of novel cell carriers 

and matrices is needed for reducing ( eliminating) cell differentiation. Anchorage of 
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cells to the substratum is largely responsible for their expression of tissue specific 

features. 9 Thus, selecting suitable artificial substrata is very important for inducing 

cell differentiation. Nowadays more and more special proteins, peptides and 

carbohydrates have been incorporated into artificial substrates to enhance cell 

adhesion, differentiation and proliferation and to promote new tissue fom1ation. '0 

Tissue engineering is a new and exciting area for research and of course medical 

advancement in patient care . Many challenges have yet to be met. Examples include 

maintaining sufficient space within the scaffold framework for prolific tissue 

development, a space-filling matrix that provides for localization of transplanted cells 

and a strategy to protect the transplanted cells from lack of essential nutrients. 1 

1.2 Hydrogels and Hydrogels in Tissue Engineering 

Hydrogels are polymers crosslinked through covalent chemical bonds and through 

intermolecular attractions such as ionic interactions, hydrogen bonds and hydrophobic 

interactions. Hydrogels should possess a three-dimensional structure similar to the 

macromolecular-based components of the body. These materials absorb water and 

swell readily without dissolving. 11 Hydrogels have been widely used as biomaterials 

because of their hydrophilic character and potential for biocompatibility in 

applications such as wound care products, dental and ophthalmic materials, drng 

delivery systems, elements of implants, constituents of hybrid-type organs, as well as 

in stimuli-sensitive systems. 12 Hydrogels have been used as scaffolds on which to 

· · 13 engineer new tissues. 

Hydro gels are hydrophilic polymer networks that may absorb from 10-20% up to 

thousands of times their dry weight of water. 14 There are two kinds of hydrogels. The 

first is named a "reversible" or "physical" hydrogel. The second is called a 

"permanent" or "chemical" hydrogel. When the networks are held together by 

molecular entanglements or secondary forces including ionic, H-bonding or 

hydrophobic forces, they belong to the physical hydrogel class. 15
'
16 Calcium alginate 

(1) is an example of this kind of gel that is crosslinked through ionic forces. The 
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interactions in these hydrogels are reversible; therefore by changing physical 

conditions such as the ionic strength, pH, temperature or by the application of stress 

these hydrogels can be dissolved or destroyed. 14 When the hydrogels are covalently­

crosslinked networks, they belong to the chemical hydrogel class. This kind of 

hydro gel can be generated by crosslinking water-soluble polymers or by converting 

hydrophobic polymers to hydrophilic polymers plus crosslinking them to form 

networks. 14 After crosslinking, hydrogels have an equilibrium swelling level in 

aqueous solutions. That swelling level depends largely on the crosslink density 

(estimated by the MW between crosslinks, Mc). 14 The hydrogels may be produced in 

different physical forms that depend on the end-use. Examples14 include: 

• Solid molded forms for soft contact lenses 

• Pressed powder matrices for oral ingestion 

• Microparticles for use as bioadhesive carriers or wound treatments 

• Coatings on implants, pills or capsules 

• Membranes or sheets for use as reservoirs in transdermal drug delivery 

patchs 

• Encapsulated solids for use in osmotic pumps 

• Liquids for gel formations on heating or cooling 

Many biomaterials have been used to fabricate hydrogels, including natural polymers, 

synthetic polymers and combinations of natural and synthetic polymers (Table 1.1 ). 14 

4 



Natural polymers and their derivatives: 

Anionic polymers: HA, alginic acid, pectin, carrageenan, chondroitin sulfate, 

dextran sulfate 

Cationic polymers: chitosan, polylysine 

Amphipathic polymers: collagen, gelatin, carboxymethyl chitin (2), fibrin 

Neutral polymers: dextran, agarose, pullulan 

Synthetic polymers: 

Polyesters: PEG-PLA-PEG (3), PEG-PLGA-PEG (4), PEG-PCL-PEG (5), 

PLA-PEG-PLA (6), PHB (7), poly(PF-co-EG) acrylate end groups (8), 

poly(PEG/PBO terephthalate) (9) 

Other polymers: PEG-bis-(PLA-acrylate) (10), PEG-g-poly(Aam-co-Vamine) (11), 

PAAm (12), poly(N[PAAm-co-AAc) (13), poly(NIPAAm-co­

EMA) (14), PY Ac (15), PVA (16), PNVP (17), poly(MMA-co­

HEMA) (18), poly(AN-coallyl sulfonate) (19), poly(biscarboxy­

phenoxy-phosphazene) (20), poly(GEMA-sulfate) (21) 

Combinations of natural and synthetic polymers: 

poly(PEG-co-peptides) (22), alginate-g-(PEO-PPO-PEO) (23), poly(PLGA-co­

serine) (24), collagen-acrylate (25), alginate-acrylate (26), poly(HPMA-g-peptide) 

(27), poly(HEMA/Matrigel) (28), HA-g-NIPAAm (29) 

Table 1.1 Some examples of polymers that are used in the preparation of hydrogels 

Hydrogels based on natural or synthetic polymers or a combination of both have 

found numerous applications in tissue engineering as well as in drug delivery. 17 Tissue 

engineering is a more recent application of hydrogels, in which they are used as 

extracellular matrices to repair and regenerate a wide variety of tissues or organs. 14 

Hydrogels that are designed for use as tissue-engineering scaffolds should contain 

pores large enough to accommodate living cells. They may be designed to dissolve or 

degrade away over a period of time. They may be designed to release growth factors 

and create pores into which living cells may penetrate and proliferate.17 There are 

some advantages associated with the use of hydro gels as matrices in tissue 

engineering. Firstly, the aqueous environment of hydrogels can protect cells and 

fragile drugs; secondly, good transport of nutrient to cells and products from cells is 
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possible; thirdly, hydrogels can be modified with cell adhesion ligands and fourthly, 

hydrogels can be implanted in vivo. The hydrogel should also be biocompatible at 

body temperature. Disadvantages existing for hydrogels in tissue engineering include 

handing difficulties, mechanical weakness and sterilization difficulties. 14
•
18 

1.3 Design Parameters for Hydrogels in Tissue Engineering 

Hydrogels serving as extra-cellular matrices for tissue engineering have many 

desirable requirements for appropriate function and the promotion of new tissue 

fom1ation. Physica l parameters such as degradation and mechanics, and biological 

parameters such as biocompatibi lity and cell adhesion, must be customized to suit the 

desired application. 

Biocompatibi lity is necessary for the successful culture of cells in the hydrogel. The 

hydrogels must be non-toxic and should be relatively inert and not interfere with cell 

functions. Biocompatibility is usually a function of the materials that are used to 

synthesize the hydrogels. The materials for ECMs should have the ability to be 

excreted from the body without damaging cells or leaving significant scaning. 

Polymers derived from natural sources usually demonstrate adequate 

biocompatibi lity, however synthetic polymers sometimes show significant negative 

responses from the body. Therefore some restrictions apply to the choice of synthetic 

polymers for tissue engineering. 17 

The gelling mechanism is controlled by the type and density of the cross-linking. 

Three types of gelling are common; ionic, covalent and inherent phase transition 

behaviour. Ionic cross-linking is a simple way to form hydrogels, however ions can be 

readily exchanged with other ionic molecules in aqueous environments leading to 

deterioration of the properties of the original hydrogels.19 Covalent cross-linking is a 

good way to elicit precise control over the density of the gel. Covalent cross-linking 

however can sometimes introduce toxicity or reduce the effectiveness of 

biodegradation of the hydrogel, and hence produce a negative effect for use in vivo. 17 

Use of phase transition behaviour of certain polymers is another way to form 

hydrogels. This involves changing the temperature near the lower critica l solution 
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temperature (LCST) to initiate the phase transition of a polymer solution to form a 

hydrogel. The LCST can be designed to be close to body temperature.20 

The mechanical properties of hydrogels mainly depend on the original rigidity of 

polymer chains and the type and density of cross-linking.22 Other mechanical 

properties relate to the creation and maintenance of a space for tissue development.2 1 

Degradation is another critical designable parameter in tissue engineering either for 

natural or synthetic hydrogels. Degradation can be due to hydrolysis or the action of 

enzymes. 17 Degradation rates and mechanical properties of cross-linked gels are 

usually coupled to each other, but sometimes those properties can be decoupled by 

intentionally introducing network defects. 17 

1.4 Hydrogels for Cell Immobilization 

The interactions of cells with hydroge ls s ignificantly affect their adhesion as well as 

migration and differentiation. 19 There are three main methods for cell immobilization 

in hydrogels; adhesion, matrix entrapment and microencapsulation.23 Each of them 

has different objectives, therefore selecting the right technique heavi ly depends on the 

intended application. 

1.4. J Adhesion 

Adhesion of cells to the polymer substrate can either be by surface adhesion to the 

hydrogel fi lms or by inclusion within hydrogel foams. The adhesion may be cell-type 

specific and dependent on the interaction of specific cell receptors with ligands 

displayed on the hydrogel surface.24 Immobilizing cells by adhesion is likely to 

stabilize cells for culture or analytical procedures. In addition to the general 

requirements for TE hydrogels, successful immobilization by adhesion depends on 

cell attachment to the hydrogel with the preservation of cell function. Many factors 

affect cell affinity and behavior on hydrogels. These include the chemical 

composition of the monomers and crosslinkers25 used as well the 

hydrophilic/hydrophobic26 and the surface properties of the hydrogels.27 Bioadhesive 

properties can be induced in hydrogels28
, for example by adding cell adhesive 

peptides, such as the arginine-glycine-aspartic acid (RGD) (30) sequence.29 Physical 
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properties of hydrogels also affect the cell adhesion; for example, altering pore size 

and network structure can modify cell adhesion.3° Collagen in nature is a part of the 

extracellular matrix. It is usually used in combination with other polymers that are 

popular as adhesion-based ECMs. This sort of hydrogel can assist in stabilizing cells 

and provide a growth template, especially for anchorage-dependent cell types. 3 1 

1.4.2 Matrix entrapment 

The difference between adhesion and matrix entrapment is seen in the way the cells 

are held by the hydro gel. Matrix entrapment depends on physical constraints of the 

cells within a hydrogel23 with an open three-dimensional network structure, such that 

the cells can sit inside properly. The hydrogels should allow efficient transport of 

nutrients, wastes, and other essential molecules via the bulk fluid. Thus matrix 

entrapment not only can be used for in vitro applications involving adhesion 

techniques but can also be used for in vivo studies to protect transplanted cell­

hydrogel complexes from mechanical and immunological damage.23 Matrix 

entrapment of hepatocytes in collagen was shown to preserve cell functions for much 

longer than standard culture methods, allowing extended in vitro metabolic studies of 

liver cells.32 

1. 4. 3 Microe11capsulatio11 

Microencapsulation surrounds single cells or small clusters of cells with a thin 

microporous semipermeable membrane. The semipermeable membrane allows the 

passage of oxygen, important nutrients and cellular products, but it prevents the 

ingress of immunoglobulins or immune cells responsible for transplant rejection. 33 

Diabetes is one of the most heavily investigated clinical example of 

microencapsulation and the subsequent transplantation of cells. 23 In addition to 

diabetes, microencapsulation has potential as a treatment for several other diseases 

and disorders such as Parkinson 's disease34 and liver failure. 35 A selection of existing 

hydrogels are listed in Table 1.2. 
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Method Hydrogel Cell type 

Adhesion Poly(vinyl alcohol) (15) Corneal epithelial 

cells 

Poly(2-hydroxyethyl methacrylate) Fibroblasts, 

(31) Chondrocytes 

Poly(N-vinylpyrrolidone-methyl Articular 

methacrylate-cellulose acetate Chondrocytes 

butyrate) (32) 

Poly(glycerol methacrylate )/collagen Neu rob lasts 

(33) Vascular 

Collagen/derrnatan sulfate (34) endothelial cells 

Matrix entrapment Collagen Hepatocytes, 

Esophagea l 

epithelial cells 

Agarose Erythrocytes, 

Pancreatic islets 

Alginate Tumor cells 

Microencapsulation Agarose Pancreatic islets 

Alginate-polylys ine-alginate (35) Pancreatic islets 

Alginate-poly lysine-alginate-poly Pancreatic islets 

(ethylene glycol) (36) 

Poly(2-hydroxyethyl methacrylate-co- PC- I 2, Pancreatic 

methyl methacrylate) (37) islets, Hepatocytes, 

Fibroblasts, 

Hepatoma cells 

Table 1.2 Hydrogels that have been used for cell immobilization23 
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1.5 Problems of Hepatocytes Outside the Organ and Specific 

Requirements for Hydrogels 

With its numerous different indispensable functions, the liver is one of the most 

important and complex organs in the body. First, it plays a role in glucose 

metabolism, converting galactose and fmctose to glucose and storing g lycogen in 

order to maintain glycemia. Second, the liver is the main organ for lipid metabolism, 

bei ng the major site of P-oxidation. It is also active in the metabolism of proteins, 

including urea formation to e liminate ammonia that is toxic for the central nervous 

system. Moreover, it has a secretory function, synthesizing bile acids for fat digestion 

and most of the plasma proteins like clotting factors and albumin. Finally, the liver 

plays a key role in the metabolism of endogenous and exogenous substances in order 

to faci li tate the ir excretion. These functions are carried out by the hepatocytes, 

epithe lial cells that represent 80% of the liver volume. 36 Therefore ma intaining a 

healthy liver is very important for humans. However, currently, many patients are 

suffering from loss of liver function. Nowadays liver transplantation is the most 

effective treatment. Donor shortage a nd the associated costly surgica l procedure are 

factors limiting its widespread use for patients who suffer from liver di seases. 

Therefore tissue engineering is a good target for fighting liver fa ilure. 

Nom1ally in tissue engineering, the li ver cells would be specifically isolated from the 

patients, and harvested into the particular extra-cellular matrix. However, there is an 

extremely significant problem for liver cells outside the organ and that is the 

hepatocytes w ill lose their cellular functions rapidly and have only limited viabili ty.37 

If cultured hepatocytes could survive and proliferate over long periods of time, such a 

culture system would permit extensive studies of the basic cellular phenomena and 

c linical investigations of liver diseases. The system could also serve to produce an 

artific ial organ to make up for the loss of liver function. The polymer scaffold should 

have abilities to prolong cellular function and viability of hepatocytes outside the 

body. Moreover hepatocytes are a type of anchorage-dependant cells that are known 

to rapidly lose their hepatic phenotype in vitro.38 Hepatocyte anchorage is a strict 

requirement for the survival of hepatocytes. 39 In order to culture these kinds of cells, 

scaffolds require specific interaction with extra-cellular matrix components, growth 
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factors and the cell surface receptors for survival. Therefore, the design and selection 

of polymer materials are crucial for this application of tissue engineering. Rat 

hepatocytes have been used in a study by Paul et al.40 Their results showed that rat 

hepatocytes adhered specifically to polyacrylamide gels containing galactose residues 

(Figure 1.2).40 
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Figure 1.2 Kinetics and sugar specificity of rat hepatocyte binding to polyacrylamide gels40 

Therefore it is of interest to incorporate galactose residues into polymer scaffolds to 

promote the cell adhesion. Recently many efforts have been made to develop 

biological substitutes based on liver cell and polymer matrices.41 Various polymers 

derived from natural and synthetic materials that contain galactose residues have been 

used for extracellular matrices designed for growing liver cells outside the human 

body. Many natural polymers have been used for extracellular matrix assembly, such 

as collagen, laminin and fibronectin because they have several globular domains that 

are specialized for binding to the cells.42
•
43 Many new materials have been synthesized 

to serve as ECMs to replace many of the functions of the natural ECM. Galactose­

carrying polystyrene (PS) (38) and poly(N-p-vinylbenzyl-4-o-13-D-galactopyranosyl­

D-gluconamide) (PVLA) (39) were reported as artificial ECMs that regulated the 

proliferation, differentiation, and morphology of hepatocytes.44
-4

6 Chitosan is another 

popular material for synthetic ECMs.47 It is biodegradable, non-toxic48 and has amino 

and hydroxyl groups which can be modified chemically. Galactose-containing 

carbohydrates could be covalently coupled with chitosan for the development of 

synthetic ECMs for adhesion of the hepatocytes. The result of hepatocyte adhesion to 
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a galactosylated chitosan (GC) (40)-coated polystyrene (PS) dish was 94.7% adhesion 

after 2h incubation whereas for a chitosan-coated PS control dish, the figure was only 

69.1 %, indicating galatose is important as a recognition signal for hepatocytes.47 

Alginate is a naturally derived polysaccharide from seaweed and is a particularly 

attractive biopolymer that has been extensively used for synthetic ECMs.49 It is 

biocompatible, hydrophilic and biodegradable under normal physiological conditions. 

However if alginate alone is used as an ECM, a mechanically unstable matrix is 

produced due to the exchange of crosslinked divalent cations with monovalent 

cations. 50 Unfortunately alginates lack the specific cell-recognition signals that 

promote the interaction of the anchorage-dependent cell s wi th the matrix. Ca-alginate 

(ALG) (1) gels reacted with galactosylated chitosan (GC) (40), through the 

e lectrostatic interaction of carboxylic groups of alginate with the amine groups of GC 

(40), to form highly porous, three-dimensional sponges. These sponges provided good 

hepatocyte anchorage sites and enhanced mechanical properties. High viabili ty of the 

hepatocytes was observed for the ALG (1)/GC (40) sponge. Only a few cells formed 

spheroids within the ALG (1) sponge, proving that introduction of the galactose 

moiety into the sponge provided hepatocyte-recognition signals for hepatocyte 

attachment.49 

1.6 Choice of Lactose to Build a Sugar-based Polymer Scaffold 

ln the study reported in thi s thesis, lactose was chosen to build the sugar-based 

polymer scaffold. Firstly lactose is a disaccharide that contains a galactose residue and 

a glucose residue (Figure 1.3). Therefore we can react the glucose residue e.g. via 

oxidation and acryloylation, and preserve the conformation of the galactose residue 

for liver cell recognition. Secondly lactose is a readily available commercial product 

produced in New Zealand. 
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Figure 1.3 The structure of lactose 

1.7 Hydrogels from Synthetic Polymers - Copolymer of Lactose and 

N-isopropylacrylamide 

Lactose has a bulky three dimensional mo lecular structure; therefore, we need to use 

another small active compound to co-polymerize with the bulkier lactose deri vati ves. 

This will help to reduce c rowding from too many lactose residues which could 

possibly lead to inactivity. We chose N-isopropylac rylamide as our copolymer 

component in the hydrogel. Poly(N-isopropy lacrylamide) PNIPAAm (41) is 

potentia lly very attracti ve for tissue engineering applications as it exhibi ts phase 

transition behaviour above its lower critical so lution temperature (LCST). 19 The 

LCST of PNIPAAm (41) in water is approximately 32°C and can be modified to 

match body temperature by co-polymerization.51 When the temperature of PNIPAAm 

(41) is above its LCST, the aqueous PNIPAAm (41) solutions will tum c loudy 

because hydrophobic groups in the polymer chain form insoluble aggregates.52 

However the PN IPAAm (41) will di ssolve again in water as the temperature goes 

be low its LCST. Adding different amounts of hydrophilic or hydrophobic monomers 

can change the phase behaviour of PNIPAAm (41). The copolyme rization of 

NIPAAm with more hydrophobic monomers decreases the LCST of PNIPAAm (41) 

copolymers, while more hydrophilic monomers tend to have the opposite effect on 

LCST_s3-57 

PNIPAAm (41) was used as model polymer for examining the use of lower c ritical 

phase separation systems in tissue engineering applications. Stile and his co-workers58 

used the phase behavior of PNIPAAm-based hydrogels in the development of 

injectable polymer scaffolds that support tissue formation. Loosely cross-linked 

PNIPAAm (41) and PNIPAAm-co-acrylic acid [PNIPAAm-co-AAc] (13) hydrogels 
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were synthesized for injectable hydrogels. The results showed both hydrogels were 

pliable and fluid-like at room temperature, but demonstrated a phase transition as the 

matrix wam1ed from room temperature to body temperature, yielding more rigid 

structures.58 Therefore these hydrogels were good for in situ stabilization. 

Most recently, PNIPAAm (41) was used to graft onto gelatin to form hydrogels to 

work as a them1oresponsive artificial extracellular matrix. 59
-
62 Bovine smooth muscle 

cells present proliferate well in PNIPAAm-gelatin (42) hydrogels with a high weight 

ratio of PNIPAAm (41) to gelatin.61 More studies were carried out to investigate how 

the viability and proliferation of cells entrapped in a three-dimensional hydrogel 

depended on the graft architecture, including graft chain density and graft chain length 

of the PNIPAAm-gelatin (42).62 

Therefore, the use of PNIPAAm (41) and its copolymers in tissue engineering would 

be very beneficial as they can easily be prepared in a mixed so lution of cells and the 

polymer at or below room temperature then injected into the des ired s ite. This will 

result in the formation of a solid cell polymer construc t as the gel warms to body 

temperature. N IPAAm has been copolymerized with acrylic acid, methacrylic acid, or 

butylmethacrylic acid, depending on the desired final applications.58
·
63

·
6

"' 

1.8 Objectives for this Study 

In order to understand more about cell adherence fac tors, cell behavior outside the 

human body and to extend the viabili ty of hepatocytes in vitro, we have incorporated 

many of the theories di scussed above to synthesize lactose-based copolymers. Figure 

1.3 shows the ideal resul t of hepatocytes bound within the polymer scaffold. 37 

scaffold 

Figure 1.4 Ideal scaffold for binding hepatocytes37 
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The aim of this study is the synthesis of a polymer scaffold of this type to serve as an 

ECM mimic for growing hepatocytes. The scaffold must contain galactose residues 

that can help to promote the adhesion, proliferation and viability of hepatocytes in 

vitro. Figure 1.5 illustrates this concept. 

6=Lactose 

Figure 1.5 Objecti ve hydrogel for ECM 
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Chapter 2: Preparation of monomers and synthetic 

polymers 

2.1 Oxidation of lactose 

According to the project plan, the monomer should contain galactose linked to an 

active double bond through the glucose residue. The key po int of having lactose in the 

monomer is that liver cells have a special recognition for galactose that will enhance 

the adherence of hepatocytes to the polymer surface. If the linkage between lactose 

and the active double bond is part of the glucose residue, the geometry of the 

ga lactose residue is maintained throughout the monomer synthes is and the 

po lymerization processes. The resulting polymer should then bind hepatocytes 

(Scheme 2.1 ). 

Monomer 

c:> 
hepatocyte 

scaffold 

Scheme 2.1. General plan for making lactosylated polymer 

Lactose is a reducing sugar; the reducing terminus (glucose) is a hemiacetal in 

equilibrium with small amounts of the aldehyde (open-chain) form. This is the logical 

position at which to perform chemical modifications on lactose to meet the objectives 

of this project. There are three ways to connect through the anomeric centre: firstly 
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using the hemiacetal directly to make a glycosidic bond; secondly doing a reductive 

amination to produce an amine; or thirdly doing an oxidation to form an ester or 

amide bond through the resultant carboxyl group. Due to the biological end uses 

envisaged for this polymer, the introduction of many charged or basic groups is not 

appropriate; rather a chemically robust, highly hydrophilic but neutral polymer is 

desired, and so it was decided to use amide bonds to link lactose and the 

polymerisable double bond. The synthesis therefore began with oxidation of the 

reducing terminus (glucose residue) of lactose, with the resulting acid group to be 

reacted with an appropriate amine bearing an active double bond (Scheme 2.2) . 

OH 

Galactos'fi~oH 

OH 

oxidation 
OH 

Galacto"fi~DH 

OH 0 

/ 

Scheme 2.2. Procedure for amide bond formation 

Oxidation is a characteristic reaction of the anomeric centre of reducing sugars, and 

many methods are available to achieve this. The best known ways are by reaction with 

a solution of silver ion in aqueous ammonia (Tollens' solution), or with cupric ion 

(Benedict 's or Fehling's reagent), however these are traditional ana lytical, rather than 

synthetic methods. Many synthetic methods have been reported to oxidize sugar 

hemiacetals. For example: Aoun et al. studied the e lectrocatalytic oxidation of sugars 

on silver-UPD single crystal gold electrodes in alkaline solutions. The sugars that they 

studied for this method included aldose-type monosaccharides (glucose, mannose and 

xylose) as well as reducing disaccharides (maltose and lactose). In their research one 

significant oxidation peak was obtained, however, no significant oxidation current 

was observed for disaccharides.65 Singh et al. used metals as catalysts to oxidize sugar 

hemiacetals.66 Firstly they used Ru(III) and Hg(II) as co-catalysts in the oxidation of 

D-galactose and D-ribose by N-bromoacetamide in perchloric acid. The balanced 

equation is given below: 
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C6H120 6 + 2CH3CONHBr + 2H20 

D-galactose NBA 

0 -ribose NBA 

D-lyxonic acid 

-------,)Ill,- HCOOH + 2CH3CONH2 + 2HBr + C3H703COOH 

D-erythronic acid 

Scheme 2.3. Oxidation eq uations of D-galactose and D-ribose 

Later they used Pd(II) and Hg(Il) as co-catalysts in the ox idation of D-mannose and 

maltose in acidic solutions of N-bromoacetamide.(reference). The ba lanced equation 

is given below: 

CsH1206 + 2CH3CONHBr + 2H20 

D-mannose NBA 

C12H22011 + 4CH3CONHBr + 5H20 

maltose 

R1= (CHOHl3CH20H 

PdCl2 / H+ I Hg(II) 

HCOOH + 2CH3CONH2 + 2HBr + R1COOH 

formic acid NHA arabinonic acid 

PdCl2 I H+ I Hg(II) 

2HCOOH + 4CH3CONH2 + 4HBr + 2R1COOH 

Scheme 2.4. Oxidation equat ions of D-mannose and maltose 

The reaction rates in these oxidations were affected by many factors, and many by­

products were produced during the reactions, making this route unsatisfactory for the 

cu rrent purposes. The potassium hypoiodite-methanol procedure has been developed 

as a s implification of existing methods by the e limination of several operations 

inherent in other techniques for carrying out the oxidation.67 The preparation of the 

potassium salt of gluconic acid in a s ingle operation has been rea lized by introduc ing 

methanol as the reaction solvent for the hypoiodite oxidation. The balanced equation 

is given below: 

12 + 30W + RCHO 

Scheme 2.5. Oxidation equation of potassium hypoiodite-methanol procedure 

Glucose, iodine, potassium hydroxide, and potassium iodide are all soluble in aqueous 

methanol. As the reaction proceeds, sparingly soluble potassium gluconate (43) 

precipitates and can be easily recovered by filtra tion. The general method has been 

adapted to the oxidatio n of other reducing sugars. 68 
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In the current study, lactose (which has relatively low solubility in water) was first 

completely dissolved in warm water, before a dark brown solution of iodine in 

methanol was added. Dropwise addition of a solution of potassium hydroxide in 

methanol was accompanied by the slow disappearance of the iodine colour, and 

(provided efficient stirring was maintained) by the deposition of a white crystalline 

product. The precipitate was filtered and washed with cold methanol and ether to 

remove the unreacted iodine and lactose, and recrystallised from a mixture of water 

and methanol. Crystalline potassium lactobionate (44) was obtained in high yield 

(79%) and exhibited the expected spectral properties. Thus, the 1H NMR spectrum of 

the product exhibited a doublet (J=7.8Hz) at 4.54ppm, assigned to l '-Hax and 

indicating retention of the galactose residue in its cyclic acetal (P-galactoside) fom1. 

On the other hand, no signals attributable to 1-H were observed, and the signal 

assigned to 2-H ( 4.16ppm) appeared as a small doublet (J=3Hz), indicating that the 

glucose ring was present in an open and oxidized form. The COSY spectrum showed 

strong clear correlations from 2-H around to 6-H, but none of these signals displayed 

the large coupling constants characteristic of the trans-diaxial relationships between 

protons in a glucopyranose ring. The correlations from l ' -H to 6 ' -H were also clear, 

but in this case the expected trans-diaxial relationships were apparent; thus 2 '-H 

(3.57ppm) exhibited reciprocal couplings to l '-H (J=7 .8Hz) and to 3'-H (J=l0Hz). 

3'-H (3.66ppm) also showed coupling to 4'-H (3.45Hz), the smaller coupling constant 

being consistent with the equatorial position of the 4 '-H proton. 

~~H \.O~ ~
6 

OH 
4 s OH 

HO , 2' , io 1 o-K+ 
3 OH1 z 

3 OHO 

(44) 

Further evidence for a successful oxidation was provided by the 13C spectrum, which 

showed one signal in the carbonyl region (178.Sppm) and one signal in the anomeric 

region (103.Sppm), assigned to C-1 and C-1' respectively. Finally, the IR spectrum of 

the product exhibited a strong absorption at 1604cm-' , assigned to carboxyl stretching, 

and the correct parent ion (M-1=357) was observed in the ES(-) mass spectrum. 
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Potassium lactobionate (44) was thus conveniently prepared, and isolated in a highly 

crystalline form, but direct reaction of this product with an amino group in aqueous 

solution is likely to result initially in the formation of ammonium sa lts, and because of 

the low reactivity of the carboxylate ion toward nucleophilic substitution, further 

reaction is unlikely to follow. However water-soluble carbodiimides such as EDC 

have been used to promote amide formation in mildly acidic aqueous solution, by 

reacting with the carboxylic acid and activating it toward nucleophilic substitution, as 

shown below. 

H 
0 

II 
R1-N=C=N-R2 + R3-C-OH 

I 
R1-N-C=N-R2 

I 
(EDC) 

R3-C-O 

II 
0 

0 

II H 
R3-C-N-R4 + 

A Urea 
R1 ____ CH3CH2 

R2 ____ (CH2lJN(CH3}2_HCI 

Scheme 2.6. EDC coupling reaction 

EDC reacts with a carboxylic acid to fom1 an active O-acylisourea intermediate, 

which is subsequently attacked by the incoming amino group in the reaction mixture. 

An EDC by-product is released as a soluble urea derivative after displacement by the 

nucleophile. The intermediate in this synthesis does not need to be isolated, and both 

steps take place at room temperature, to produce amides in good yie ld.69 

r n the current work the use of coupling reagents proved unsuccessful, giving only 

lactobionic acid (45) or one of its salts. The likely reason for this failure is that the 

carboxylic group is at the C-1 position of a glucose derivative. The hydroxy group 

attached at C-5 (and possibly at C-6) can compete with an "external" nucleophile 

group in attacking the acyl carbon atom, leading to a lactone (46) product. 
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OH OH 6 OH 

4 ~ ~OH OH 6 OH 
o· 5 OH EDCorTBTU 4 ~ 

HO 3' 2 1 HO 1 OK+ ------- 0 5 oti 
OH 3 2 OHO HO 3 2 1 HO - t ~ 

OH 3 2 OHa1 
(44) / 

/t~~~ ---Lt:~ / 
HO~~o~o 

OH 3 2 OH 

(46) 

Scheme 2.7. Coupling reaction from potassium lactobionate to lactone 

Although the lactone itself is effectively an "activated" intermediate, it is vulnerable 

to hydrolysis in situ, leading back to the starting materials. Although hydroxyl groups 

are generally less nucleophilic than amino groups, reactions with the EDC coupling 

reagent are best carried out at pH 4-5 (to prevent overly-rapid hydrolysis of the 

activated intermediate), and at this pH the amino group is partially unprotonated and 

therefore nucleophilic. Furthermore, the concentration of am ino groups in the dilute 

so lution is likely to be much lower than the effective concentration of the C-5 

hydroxyl at the reacting centre. Since the added amino group cannot effectively 

compete with the intramolecular reaction, it was decided to form lactobionic acid (45) 

then lactone (46), and then to react this species with the appropriate amino group. 

Lactobionic acid (45) 

Potassium lactobionate (44) was converted to the free acid by treatment with cationic 

ion exchange resin. The proton NMR spectrum of freshly prepared lactobionic acid 

indicated absence of starting material, but the presence of two new [3-galactoside 

products, both retaining the anomeric doublet at ca. 4.5ppm. One of the compounds 

was identified as the 8-lactone (46) (cyclic) form, on the basis of the appearance of a 

doublet at 4.21 ppm and a triplet at 4.09ppm, both exhibiting the large coupling 

constants (J=10.2Hz andJ=9.1Hz respectively) expected from ring protons in diaxial 

relationships about a cyclic system. A doublet of doublets observed at 4. I 6ppm was 

assigned to the lactobionic acid (45) (acyclic form) because it has small coupling 

constants (J=4.5Hz and J=3.2Hz). The intensities of these peaks varied in a manner 

consistent with the ratio of products in the mixture. 
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The lactone (46) to lactobionic acid (45) ratio in the original NMR sample was 

monitored over the course of nine days (Figure 2.1). 

90.0% 
80.0% 1----------=.. .. ::.--=--=.,;---=-~:::::~==~ 
70.0% 
60.0% 1----.-------------
S0.0% 
40.0% 1--~~-------------
30.0% i--------1----------------1 
20.0% 
10.0% 
0.0% ~-~-~-~-~-~--~~ 

~ lactobionic acid 

--- lactone 

Figure 2.1. Starting point - fresh lactobionic acid (45) in D2O 

As indicated, the sample of freshly prepared lactobionic acid (45) contained roughly 

fifty percent lactone (46) initially. Over the course of several days standing at RT in 

D20, the proportion of lactobionic acid (45) slowly increased to an apparent 

equilibrium figure of nearly 85 %. Since the product ratio was observed to change 

slowly in D20, the exact initial product ratio is in doubt, but the ratio of products 

obtained through further reactions on the lactone ( 46) preparation supports the 

presence of a mixture initially. This indicated that the lactobionic acid (45) - lactone 

(46) conversion was reversible, with the position of equilibrium favouring the free 

acid form. 

Lactone ( 46) 

Several solvents were used in attempts to strip water from solutions of lactobionic 

acid (45), and drive the equilibrium toward the lactone (46). Repeated evaporation of 

methanol from a lactobionic acid (45) solution resulted in a mixture that still 

contained significant amounts of the free acid, along with the corresponding methyl 

ester and lactone (46) forms (see Figure 2.2 below). The presence of a methyl ester 

was indicated by the appearance of a new doublet at 4.6ppm, with the small coupling 

constant (J=3.27Hz) expected for an acyclic system, assigned to 2-H and also a 3-
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proton singlet for OMe at 3.8ppm. 2-Methoxyethanol was investigated next, since its 

high boiling point ( l 23°C) was expected to improve solubilisation of the acid, but 

again mixtures of lactobionic acid (45), lactone (46), and ester were obtained. In 

order to avoid ester formation, tert-butanol was chosen. But although no t-butyl ester 

was observed in this case, the 1H NMR spectrum still indicated the presence of two 

compounds, the lactone ( 46) and lactobionic acid ( 45) . 

100~..r--.-- -,---,.----.---
900/4 

80°/4 

60°/c 
50°/c 
40°/c 
30°/c 
20°/c 
1001c 

0%,L---'--.&---'--'--------'-__.__ ____ .______. 
2-Methoxy Methanol t-Butanol 

ethanol 

D ester 

• 1actobionic acid 

D lactone 

Figure 2.2. Different percentage of lactone (46) in different solvents 

This graph indicates that t-butanol gave the highest percentage of lac tone ( 46) (80%) 

of these three different solvent systems; the other twenty percent was lactobionic acid 

(45), with no ester present. 2-Methoxyethanol gave 51 % lactone (46), 18% 

lactobionic acid (45) and 32% 2-methoxyethyl ester. Not surprisingly methanol, a 

primary alcohol with the lowest boiling point of the three, gave only 40% lactone 

(46), 47% lactobionic acid (45), and 13% methyl ester. The ratio of products in the 

latter mixture in D20 solution was monitored over several days (Figure 2.3). 

23 



90.QO/or----------------, 

80. 0% 
70.0% 
60. 0% 
50.0% 
40. 0% 
30.0% 
20. 0% 
10. 0% 
0. 0% 

~--...__~ -- -=•· • --....---_-_--.,.---_--
• • • 

~ lactone 
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Figure 2.3. Starting point - fresh lactone (46) in MeOH in D2O 

Once more, an equilibrium mixture of about 85% lactobionic acid (45) to 15% lactone 

(46) was established after about a week standing in 0 20 at RT (Figure 2.4). 

90.0°/o .----------------~ 
80.0% 
70.0% 
60.0% 
50. 0% 
40. 0% 
30.0% 
20. 0% 
10. 0% 
0.0%------~--~----~ 

day one day two day four day six day 
eight 

~ lactone 

-a- lactobionic acid 

Figure 2.4. Starting point - fresh lactone (46) in t-butanol in D2O 

In the case of the mixture produced from evaporation of t-butanol, no ester was 

present initially. Again, an equilibrium ratio of about 85% lactobionic acid (45) to 

15% lactone (46) was established. 
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In order to test amide formation with lactone (46), allylamine was chosen as a readily 

available volatile amine. Excess allylamine was added to a mixture of lactone (46) 

and lactobionic acid (45) in methanol solution and refluxed. (Scheme 2.8). 

OH OH OH ~OH OH OH 

~NH2 ~ 
HO C?io O ------HO o· OH H 

OH OH -o MeOH Reflux riO N~ 

r
HO~:~H OH l [HO~:~{: OH 1 

OH 10~ OH 10~ 

~~ ~~ 

Scheme 2.8. Reaction of allylamine with lactone ( 46) 

After completion of the reaction, excess allylamine was removed by evaporation, the 

products were the desired lactose-ally) amide (47) and unreacted lactobionic acid (45). 

The ally) peaks present at 5.95ppm, 5.16ppm and 5.05ppm all display multiple 

coupling patterns. In order to test the reactivity of this double bond, different methods 

were used to polymerize this compound. 

In aqueous solution, potassium persulfate was used as the initiator of radical 

polymerization. In organic solvent, AIBN played the same role. However, in the 

course of repeated attempts to effect the polymerization, the characteristic peaks due 

to the terminal double bond of the starting material were still present in the proton 

NMR spectrum of the reaction mixture, indicating that the radical polymerization had 

not taken place. 

or organic solvent , AIBN 

Polymerizable allyl compound 

Scheme 2.9. Polymerization of ally! double bond 

N-vinylpyrrolidone (NVP) was used as a test radical initiator for these reactions. 

Using the same reaction conditions, the reaction proceeded to completion, as 
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evidenced by the loss of double bond signals from the NMR spectrum of the crude 

product mixture. As a result, it was concluded that the double bond of the lactose-ally! 

amide (47) was not active enough to perform the polymerization under the conditions 

used above. Therefore the synthesis of a lactose acrylate was pursued, in the 

expectation that a monomer bearing this more reactive double bond would polymerize 

more readily. 

Ac1yloyl chloride, which readily undergoes nucleophilic substitution reactions, was 

selected as the acryloyl donor. To couple the acryloyl group to lactone (46), a 

diamine was to be used, to result in the formation of a lactose - actyloyl diamide. 

Firstly hexamethylenediamine was reacted with acryloyl chloride, but it proved 

difficult to accomplish mono-acrylation despite the use of various reaction conditions. 

The pKa of the amino groups of hexamethylenediamine are too similar to allow for 

regioselective reaction through careful control of pH. Ethylenediamine, on the other 

hand, has pKa's of 10.08 (20 °C) and 6.99 (20 °C), and therefore it is easy to control 

the mono-reaction of ethylenediamine by adjusting the pH (Scheme 2.10) . 

pH<? 

l 7<pH<10 

I\+ H2N N H3 

Scheme 2.10. Behaviour of ethylenediamine at different pH conditions 

At pH 7, one amino group will be protonated (and hence non-nucleophilic), while the 

other will remain uncharged and will react to give mono-acryloyl ethylenediamine. 
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2.2 Preparation of Monomer one (51) 

Preparation of mono-N-Boc-ethylenediamine ( 48) 

An eight fold excess of ethylenediamine was reacted with one equivalent di-tert­

butyldicarbonate in DCM. After the reaction was complete, water was slowly added 

and the mixture stirred for 15 minutes. The aqueous phase was separated. Water was 

added to the organic layer and the pH adjusted to 1.5 with concentrated HCI, stirred 

for a 10 minutes and the organic phase removed. DCM was added to the aqueous 

phase which was then adjusted to pH 12 with 28% NaOH, stirred for 10 minutes. The 

organic phase was then separated. Finally the water phase was extracted with DCM. 

The DCM phases were combined and dried over MgSO4. The solvent was evaporated 

under reduced pressure, and the residue was dried in vacuo. However after these 

purification steps the yield of mono-Boe-ethylene diamine was low, about 20%. 

Therefore the workup steps were deleted in future experiments and the reaction 

mixture was evaporated under reduced pressure after the reaction. The NMR and 

mass spectra indicated that the purity of mono-Boe-ethylene diamine was reasonable 

without the purification steps. 1H NMR spectrum showed that only one broad single 

hydrogen peak from amide at 5.15ppm, methylene group next to the amide exhibited 

broad doublet (J=5 .67Hz) at 3.1 lppm, because the special effects from bulky Boe 

group distort the original triplet and made the peaks broader. Another methylene 

group next to amino group displayed a normal triplet (J=5 .9Hz) at 2.74ppm. One 

single peak for the Boe group showed at l .39ppm. The integrals of each peak showed 

the right number of protons in this molecule, furthermore no other signals were 

observed in proton NMR spectrum. The IR spectrnm of this product exhibited strong 

absorptions at 3357.5cm-1and 1692.8cm-1
, that were assigned to N-H stretching and 

carbonyl stretching respectively. Finally the correct parent ion (M+ 1 =161) was 

observed in the ES(+) mass spectrum, and no parent ions were observed for ethylene 
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diamine and di-Boc-ethylenediamine. Therefore all these facts gave evidence that 

mono-Boe ethylenediamine (48) was successfully synthesized. 

Preparation of N-Acryloyl-N-Boc-ethylenediamine (49) 

J N~)-o+ 
H H 

(49) 

Mono-Boc-ethylenediamine (48) was reacted with acryloyl chloride in the presence of 

DIEA in an ice-bath. After the reaction finished, the mixture was washed by 0. 1 M 

HCI to get rid of unreacted compounds and DIEA. TLC (EtOAc) indicated three 

compounds in the mixture. Therefore the mixture was purified by column 

chromatography (SiO2, hexane/EtOAc). The first compound came out very quickly at 

50:50 (v/v) hexane :ethy l acetate, the second compound came out between 20:80 (v/v) 

and I 0:90 (v/v) hexane:ethy l acetate; the third one came out di rectly with ethyl 

acetate. The proton NMR spectrum confirmed that the second compound was N­

acryloyl-N-Boc-ethylenediamine (49), with Rr 0.448 (EtOAc). In the proton NMR 

spectrum, two broad s ingle hydrogen peaks of am ide showed at 6.59ppm and 

5.07ppm. The methylene of the double bond exhibi ted multiple peaks at 6.2ppm, CH 

of the double bond di splayed a doublet of doublets coupling pattern (J= l 0.3Hz, 

J= l .2Hz) at 5.65ppm. The methylene group next to acryloyl group showed a doub let 

of doublets coupling pattern (J=I I Hz, J=5.3 Hz) at 3.45ppm. The methylene group 

beside the Boe group showed a broad triplet coupling pattern (J=5.5 Hz) at 3.33ppm. 

The Boe group showed a single peak at I .44ppm. The IR spectrum showed new peaks 

at 3076.7cm-1 assigned to C-H stretching of alkene, at 1662.8cm-1 assigned to 

stretching of the carbonyl conjugated to the double bond, and at 1628.9cm-1 assigned 

to conjugated double bond stretching. N-H stretching and carbonyl stretching for the 

ester still presented at 330 l .6cm-1 and 1696.0cm-1
• Finally the correct parent ion 

(M+1=215) was observed in ES(+) mass spectrum. 
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Preparation of N-Acryloyl-ethylenediamine (50) 

0 

~N~NH2TFA 
H . 

(50) 

N-Boc-N-acryloylethylenediamine (49) was deprotected in a mixture of DCM and 

trifluoroacetic acid. TF A combines with the amino group to form a TF A salt. N­

Acryloyl-ethylene diamine (50) was usually obtained as a colorless oil. In the proton 

NMR spectrum, the protons from the double bond still showed at 6.24ppm and 

5.78ppm. The methylene group next to the acryloyl group exhibited a triplet coupling 

pattern (J=5.85Hz), and the methylene group beside the amino group showed triple 

coupling pattern (J=S. 78Hz). The singlet peak of Boe group had disappeared totally. 

The carbonyl stretching for the urethane (1696.0cm-1
) had disappeared from the IR 

spectrum. There was little other change in the IR spectrum from the starting material. 

Finally the correct parent ion (M+l=l 15) was observed in the ES(+) mass spectrum 

and the parent ion (M+ 1 =215) of N-Boc-N-acryloylethylene diamine (49) disappeared 

from the ES ( +) mass spectrum. 

Monomer one (51) 

OH OH OH 

HO~'fi;s-=~H ~ ~ 
OH 10~ "---/ Y' 

0 0 

(51) 

N-Acryloyl-ethylenediamine (50) was reacted with a mixture of lactone (46) and 

lactobionic acid (45) under DIEA basic conditions in MeOH. N-acryloyl­

ethylenediamine (50) can combine with TF A during the deprotection process making 

the free amino group non-nucleophilic. DIEA is added to release the amino group of 

N-acryloyl-ethylenediamine (50). After the reaction was completed the excess DIEA 

was removed by cationic ion exchange chromatography. However Monomer one (51) 

29 



was still mixed with lactobionic acid (45) as shown by the ES(-) mass spectrum with 

the parent ion of lactobionic acid ( 45) showing at 3 57 (M-1 ). Because the polarity 

between the monomer one (51) and lactobionic acid (46) was very similar, it was 

difficult to separate them by column chromatography (SiO2, 85:30:10 v/v, ethyl 

acetate: methanol: water). Reverse phase HPLC was used for the separation. 

Lactobionic acid (45) firstly came off the column at the 3.6% solvent B. Monomer 

one (51) started to elute at the 5% solvent B just after the lactobionic acid (45) peak 

had just returned to the baseline. The monomer one (51) elution was complete at the 

9% solvent B. 

The acryloyl double bond displayed at 6.24ppm and 5.77ppm in the proton NMR 

spectrum. l ' -H exhibited a doublet (J=7.85Hz) at 4.46ppm indicating retention of the 

galactose residue in its cyclic acetal form. The 2-H signal moved from 4.16ppm to 

4.31 ppm due to the formation of the amide bond next to 1-H that changed the 

chemical environment of 2-H and made it move to down field, but the doublet 

coupling pattern and coupling constant (J=2.7Hz) did not change much. Other protons 

on lactose were not affected by the addition of acryloyl ethylenediamine. However 

one new broad triplet signal appeared at 3.35ppm in the spectrum that can be assigned 

to the two methylene groups of ethylenediamine. The two methylene groups were 

next to amide groups and hence had similar environments and their chemical shifts 

were almost the same in the proton NMR spectrum. The two triplets overlapped 

together and produced a broad triplet in the proton NMR spectrum. 

The 13C NMR spectrum exhibited exactly seventeen carbon signals, and no TFA 

carbon peaks appeared in the spectrum. Two signals in the carbonyl region at 

174.6ppm and 168.Sppm confirmed two amide bonds existed in the molecule. Two 

signals in the unsaturated carbon region at 129.9ppm and 127.4ppm (DEPT carbon 

NMR spectrum) were assigned to CH and CH2 respectively. One signal in the 

anomeric region (103.4ppm) was assigned to 1 ' -C. Methylene groups of 6-C and 6-C' 

on lactose and two methylene groups of ethylene diamine were all separated by DEPT 

from other signals, 61.9ppm and 61.0ppm assigned to 6-C and 6-C'. Two methylene 

groups on diamine were recognized at 38.6ppm and 38.4ppm. Other carbon signals on 

lactose were all at the correct position in the carbon NMR spectrum, 80.9ppm for 4-C, 

75.3ppm for 5'-C, 72.4ppm 72.3ppm 71.4ppm 71.0ppm 70.4ppm for 2-C 2'-C 3-C 3'-
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C 5-C, 68.6ppm for 4 '-C. Finally the IR spectrum of product exhibited a strong 

absorption at l 657cm-1 that was assigned to the carbonyl stretching. The correct 

parent ion (M+l=455) was observed in ES(+) mass spectrum. 

2.3 Preparation of Monomer two (57) 

Lysine (52) 

(52) 

In order to investigate monomer construction from a different angle, lysine (52) was 

selected as the basic building block. Firstly lysine (52) has two amino groups in the 

molecule and has longer alkyl chain than ethylene diamine between the two amino 

groups that will exhibit quite different biological characteristics in the polymer. 

Secondly lysine (52) is a naturally occurring amino acid. Mammalian proteins are 

polyamides and their monomeric units are commonly selected from twenty different 

a-amino acids. Cells use the different a-amino acids to synthesize the proteins . 

Therefore putting an amino acid in a polymer should be of interest in tissue 

engmeenng. 

Preparation of N-Boc-L-lysine (53) 

(53) 

N-Boc-lysine (53) was synthesized via the formation of a metal complex. Firstly 

CuS04.5H20 was added to L-lysine.HCl in NaHC03 (2M) aqueous alkaline solution. 

The copper complex formed between a-amino group and carboxylic acid was then 
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treated with a di-tert-butyldicarbonate acetone solution to react with the free £-amino 

group. The t-f-(Boc )-L-lysine copper complex was isolated as a blue precipitate. The 

blue residue after fil tration was treated with water and 8-hydroxyquinoline then stirred 

at room temperature for 5 hours. The removal of the copper from the complex was 

monitored by the color change of the solution from blue to white. The mixture was 

filtered, the white so lid was dissolved in water and stirred for a day. This solution was 

fil tered again, and the filtrate was washed with ethyl acetate, then the aqueous layer 

was freeze dried in vacuo. A white solid was obtained . 

The 1H NMR spectrum of the product displayed a triplet (6. 131-Iz) at 3.70ppm that 

was assigned to the a-CH, the proton next to the a -amino group and carboxylic acid 

group. Therefore the signal exhibited at the most down fie ld position in the NMR 

spectrum and it was also next to a methylene group and displayed as a triplet in the 

spectrum. The signal at 3.07ppm, exhibited a triple t (J=6.68Hz) and was assigned to 

the methylene group that was next to the amine-Boe group . The COSY spectrum 

showed strong clear correlations between these protons in the molecule. A multiplet at 

1.85ppm was ass igned to the methylene group that was next to the CH (CH2CH), 

because this methylene group not only couples with the CH group but a lso the CH2 

group next to it, hence a multiplet coupling pattern. The signal at 1.53ppm was 

assigned to CH2CH2NHBoc, and due to its multiple coupling behaviour thi s signal 

displayed a multiplet as well. Integration indicated e leven protons at I .43ppm, that 

were assigned to the three methyl groups of the Boe group that exhib ited big sing let 

and one methylene group from the lysine backbone that showed multiplet overlapped 

with Boe signal. No other extra signals were observed in the spectrum and the 

integrals for each signal were correct. Fina lly the correct parent ions (M+ I =24 7, M-

l =245) were observed in ES (+) and ES(-) mass spectrum. 

Preparation of J\l°-Acryloyl-ff-Boc-L-lysine (54) 

(54) 
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One equivalent of N -Boc-L-lysine (53) was dissolved in a mixture of aqueous NaOH 

and CH3CN, 1.2 equiva lents of acryloyl chloride were added dropwise and the 

reaction stirred for 2hrs. After the reaction was completed, the solution was acidified 

to pH I and extracted with ethyl acetate three times. The excess acryloyl spec ies and 

unreacted N-Boc-L-lysine (53) remained in the aqueous phase. The product 1'11-

acryloyl-N -Boc-L-lysine (54) was isolated from the ethyl acetate phase. The ethyl 

acetate extracts were combined and dried over MgSO4_ The solvent was evaporated 

under reduced pressure to give a white solid. 

Preparation of 1'.f-Acryloyl-N -Boc-L-lysine-butylamide (55) 

~ 
~ yCONHBu 

0 (CH2)4 
I 
NHBoc 

(55) 

In order to link the lactone (46) through an amide bond, the Boe group had to be 

removed from l\l'°-acryloyl-N -Boc-L-lysine (54). However because the carboxylic 

acid group in the lysine (52) is unprotected, the £-amino group could in principle also 

attack that carbonyl carbon of lysine to form a seven-membered ring. This then 

would be instead of attacking the carbonyl carbon of the lactone (46). Even though the 

seven-membered ring is not favored for ring closure type, the chance still exists. 

Therefore the carboxy lic acid group was protected before deprotecting the £-amino 

group. At this stage, coupling reagents EDC and NHS were used w ith 11-butylamine as 

the nucleophile reacting with the carboxylic acid to form the amide bond. 

One equivalent 1'11-acryloyl-N -Boc-L-lysine (54) mixed with 1.1 equivalents of 

EDC.HCl and N-hydroxysuccinimide dissolved in DCM. Two hours later, n-butyl 

amine was added and reacted overnight. The solvent was removed by evaporation and 

the mixture purified by column chromatography (SiO2, hexane/EtOAc). The gradient 

phase started at 50:50 (v/v) hexane:ethyl acetate with the product e luting at 20:80 

(v/v) hexane:ethyl acetate. TLC in ethyl acetate gave a product Rr of 0.48. 
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The 1H NMR spectrum of the product exhibited a multiplet and a doublet of doublets 

(J=I0.05Hz and J=l.55Hz) at 6.25ppm and 5.67ppm, assigned to acryloyl double 

bond protons CH2 and CH respectively. The a-CH linked to the amino and carbonyl 

groups displayed a doublet of doublets (J=14.05Hz and J=7.8Hz) at 4.55ppm. The 

CH2 on the n-butyl backbone beside the amide group displayed a multiplet at 

3.2lppm. The CH2 on the lysine backbone next to the urethane gave a broad multiplet 

at 3.09ppm. Other methylene groups from the butyl and lysine backbones displayed a 

broad multiplet from 1. 56ppm to 1.26ppm, and a singlet at 1.44ppm, assigned to the 

Boe group. A triplet (J=7.3Hz) signal at 0.91ppm was assigned to methyl group from 

the butyl backbone. 

Further data for this molecule were provided by the 13C NMR spectrum, which 

showed three signals in the carbonyl region at 172.2ppm, 165 .8ppm and 156.1 ppm. 

Two signals displayed in the unsaturated carbon region at 130. 7ppm and 126. 5ppm, 

and were distinguished by the 13C DEPT spectrum and assigned to the CH and CH2 

carbons respectively. The C-(CH3)J from the Boe group displayed at 78.9ppm. The a­

CH of HNCHCO, the CH3 groups of the C-(CH3)J and the CH3 of CH2CH3 all 

displayed cleanly from other signals in the carbon DEPT NMR spectrum at 53.1 ppm, 

28.4ppm and 13.7ppm. With the help ofHMQC and DEPT, the CH2 ofCH2NHBoc, 

CHCONHCH2 and CHCH2 were distinguished from the other carbons of the 

methylene groups at 40.1 ppm, 39.2ppm and 32.3ppm. The last four carbon signals of 

CH2 displayed at 3 l .3ppm, 29.4ppm, 22.7ppm and l 9.9ppm. They were so close to 

each other that it was difficult to separate them. 

The IR spectrum of this product exhibited strong absorptions at 3287cm-', 1693.3cm-

1, l 650.2cm- 1 and l 624.9cm- 1 assigned to N-H stretching, carbonyl stretching of ester, 

carbonyl stretching conjugated with a double bond, and C=C stretching of conjugated 

double bonds respectively. Finally the correct parent ion (M+ 1 =356) was observed in 

the ES(+) mass spectrum. 
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Preparation of N°-Acryloyl-L-lysine-butylamide (56) 

(56) 

The Boe group was removed from fully protected lysine with a l : 1 (v/v) mixture of 

DCM and TFA. The 1H NMR spectrum showed that the single peak for the Boe group 

at l .44ppm had disappeared totally, and the multiplet peaks for the CH2 beside Boe 

group at 3.09ppm had moved to 3.00ppm and displayed as a triplet (J=7.35Hz). The 
13C spectrum produced only two signals in the carbonyl region (173.63ppm and 

l 68.47ppm). The signals for the Boe group (C-(CH3)3 and C-(CH3)3) at 78.9ppm and 

28.4ppm had disappeared . The methylene carbon (CH2) beside Boe (urethane) group 

at 40.1 ppm had moved to 39.05ppm. Finally the correct parent ion (M+ 1 =256) was 

observed in ES(+) mass spectrum, and parent ion (M+ 1 =356) disappeared. 

Monomer two (57) 

4' ~OH 1\13 
0=(12 

HO--..:~-::-:,:-.L-- OH ~ 8 NH 

3 
OHO~o 

HN 

17(16 
;18 
19 

(57) 

Next, the free £-amino group was reacted with the lactone (46). J-11-Acryloyl-L-lysine 

butylamide (56) was mixed with 1 equivalent mixture of lactone (46) and lactobionic 

acid (45) with DIEA in a MeOH solution overnight. DIEA provided basic reaction 

conditions to ensure that the amino group was free of TF A. After the reaction was 

complete, the solvent was evaporated. This crude product was checked by MS . The 
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ES(-) mass spectrum gave the expected parent ion (M-1=594) as well as the parent 

ion (M-1 =357) for lactobionic acid (45), which means lactone (46) reacted with N°'­
acryloyl-L-lysine butylamide (56) completely and lactobionic acid (45) did not get 

involved in the reaction. In other words, the product of Monomer two was still mixed 

with unreacted lactobionic acid (45). 

Reversed phase HPLC was again used to remove the lactobionic acid (45) from the 

product. As with the separation of Monomer one (51), the lactobionic acid (45) came 

out first and Monomer two (57) eluted later. This separation was more effic ient than 

the previous Monomer one (51) separation. This may be because the Monomer two 

(57) has more alkyl groups than Monomer one (51). This would make the polarity 

difference between Monomer two (57) and lactobionic acid (45) greater than that 

between Monomer one (51) and lactobionic acid (45). The final compound was a 

white solid. TLC in ethyl acetate, methanol and water (85: 30: 10 v/v) gave a product 

w ith Rrof0.4 8. The parent ion (M-1=357) of lactobionic acid (45) had disappeared 

in the ES (-) mass spectrum. 

The I H and 13C NMR spectra both confirmed the correct structure for th is molecu le. 

The acryloyl double bond displayed at 6.2ppm and 5. 7ppm in the proton NMR 

spectrum. The I ' -H exhibited a doublet (J=7.7Hz) at 4.5ppm indicating retention of 

the ga lactose residue in its cyclic acetal form. The signal of the 2-H moved from 

4. I 6ppm to 4.3ppm due to the formation of the new amide bond next to 1-H. This 

changed the chemical environment of 2-H and made it move down fi eld, but the 

doublet coupling pattern and coupling constant (J=2.76Hz) did not change much. 

Other protons on the lactose moiety were not affected by the addition of the N­

acryloyl-L-lysine n-butylamide (56) group. In other words, signals from those 

protons did not change in the spectrum. Most of the s ignals of N-acryloyl-L-lysine n­

butylamide (56) did not change in the proton NMR spectrum. The only one that did 

change was the CH2 beside the new amide bond that moved from 3.0ppm to 3.2ppm. 

With the help of COSY, 13C, DEPT and HMQC spectra, the other methylene groups 

of lysine (52) and butyl backbone could be separated, multiple signals at 3. 14ppm, 

l.73ppm, l.50ppm, l.42ppm, 1.34ppm, l.27ppm assigned to 16-H, 10-H, 8-H, 17-H, 

9-H, 18-H respectively. A triplet (J=7.35Hz) at 0.82ppm was assigned to the CH3. 
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The 13C spectrum displayed three signals in the carbonyl region at l 74.6ppm, 

174.4ppm and 169.0ppm that indicated a new amide bond fonned between the free 

amino group and lactone, and confirmed three amide bonds existed in the molecule. 

Two signals in the unsaturated carbon region at 129.1 ppm and 128.0ppm. DEPT 

carbon NMR spectrum gave evidence for separating them and assigning them to the 

CH and CH2 respectively. One signal in the anomeric region ( 104.3ppm) was 

assigned to I ' -C. Ten signals in the lactose region (from 8 l.3ppm to 6 l.6ppm), were 

assigned to the carbons from lactose. The remaining final nine signals in alkyl region 

(from 54.6ppm to 13.2ppm) were assigned to carbons from the lysine (52) and butyl 

backbones. The number of carbons in the molecule was exactly the same as number of 

signals in the carbon spectrum, therefore Monomer two (57) was synthesized 

successfully and was pure. 

2.4 Preparation of Monomer three (58) 

When working with the lactone (46) it was always mixed with lactobionic acid (45) , 

however potassium lactobionate (44) was readily purified as a crystalline solid. Use of 

this pure starting material to react with amino groups should simplify further product 

purification steps and increase the yields. When using potassium lactobionate (44) the 

main functional group is of course the carboxylic acid. Therefore coupling reagents 

such as EDC and DCC were considered. However, because the problem of the intra­

molecular ring closure reaction was preferred over "external" nucleophilic 

substitution, direct use of potassium lactonate (44) was thought to be unadvi sable. 

Therefore the hydroxyl groups of lactose were blocked to hopefully avoid this 

problem. Acetyl groups were chosen to block the hydroxyl groups of the carbohydrate 

group. 

Potassium lactobionic acid (44) was mixed with a solution of pyridine and acetic 

anhydride and reacted for four days. After the reaction was completed, the mixture 

was poured into a ice-cold saturated sodium chloride solution. Gummy lumps came 

out of solution. The lumps were dissolved in DCM and dried over MgSO4. The 

solvent was removed by rotary evaporator and dried in vacuo. The product was 

purified by column chromatography (SiO2. 50:50 (v/v), hexane: ethyl acetate). 
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Monomer three (58) 

(58) 

In the proton NMR spectrum, firstly, one doublet at 6.68ppm was noted in unsaturated 

proton region and represented one hydrogen (3-H) . Secondly, six singlets for the 

acetyl groups from 2.27ppm to l .99ppm were noted. In fact, potassium lactobionate 

(44) has eight hydroxyl groups, so there should have been eight single signals of 

acetyl groups in this range, and there should have been no signal at 6.68ppm. From 

these facts it can be concluded that a new compound formed during this reaction and 

this new compound must contain a double bond in the molecule. The only possible 

position to fom1 double bond was at 2-H, because carbonyl group makes the 2-H more 

acidic than normal, so it could be easily eliminated in presence of a base, such as 

pyridine, in the acylating solution. The initially formed acyl group at the 3-C atom 

would make a good leaving group for elimination with pyridine. Therefore the double 

bond fonned between 2-C and 3-C. Except for the now missing 3-C acetyl group, 

there still should have been seven acetyl groups in the molecule. The most likely 

possibility for the other missing acetyl group would be at the 5-C position, i.e. the 

intra-molecular ring closure reaction had occured instead of the acylation reaction. In 

this case, after elimination and ring closure, the new compound would have six acetyl 

groups in the molecule Schme 2.11 ). 

4, ~6 OAc ~A OA 6 0Ac 
~:B 4 ~ Ac0-'---- 0 --- 4 5 0 

3' 2' 0A 1' Ac 2 ::--0 Ac0 _o ~ \1 
c 3 0Ac 3' OAd

0 

2\----.:,.::::::-o 
3 0Ac 

(58) 

Scheme 2.11. Mechanism for the elimination reaction in the acetylation of lactobionic acid 
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Because the effects of acetyl groups in the molecule in the proton NMR spectrum, all 

signals shifted downfield. A doublet (J=2.33Hz) at 6.68ppm was assigned to 3-H, 

because it only coupled to 4-H. The equatorial 4 ' -H did not couple to 5 '-H and only 

weakly coupled to 3 ' -H giving a small doublet (J=2.6Hz). The signal at 5.23ppm 

displayed a large doublet of doublets (J=l 0.4Hz, J=7.93 Hz), assigned to 2'-H, 

because 2 ' -H is coupled to I '-Hand 3'-H and has trans-diaxial relationships with l ' ­

H and 3 '-H, and so produces a large doublet of doublets (J= 10.4ppm J=7 .93ppm). 

The I ' -H coupled only to the 2 '-H and displayed a doublet. From the COSY 

spectrum, the doublet signal (J=7.9Hz) displayed at 4.65ppm and was assigned to I' -

H. The 3 '-Hat 5.03ppm displayed a doublet of doublets (J=l0.4Hz, J=3.4Hz), 

because 3 ' -H has trans-diaxial relationship with 2 ' -H that gives a large coupling 

constant, and is equatorial and coupled with 4'-H to gave a small coupling constant. 

The COSY spectrum showed strong clear correlations from 3-H to 6-H. Because there 

is no hydrogen at 2-C due to the formation of the double bond, 3-H only coupled to 4-

H, so a doublet of doublets (J=9.4Hz, J=2.3Hz) at 4.70ppm was assigned to 4-H. 

This was because 4-H is not only equatorial to 3-H and gave a small coupling constant 

(J=2.3Hz), but it is also trans-diaxial with 5-H and gave a large coupling constant 

(J=9.4Hz). 5-H displayed a multiplet at 4.62ppm due to multiple coupling to 4 -H and 

6-HA and 6-H8 . After acetylation, the 6-position and 6 '-position hydrogens behave in 

the NMR differently. The acetyl groups instead of hydroxyl groups, where the C-O 

bonds between the acetyl group and oxygen rotate, produces two hydrogens located in 

different chemical environments. These two hydrogens display different signal s in the 

proton spectrum. Usually this coupling system is called an ABX coupling system. 

(Scheme 2.12) 

Scheme 2.12. ABX coupling system 
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When the hydroxyl groups are unprotected, these two hydrogens show no difference 

when the bond rotates. 5-H coupled to 6-HA and 6-H8 , a doublet of doublets 

(J=12.48Hz, J= 2.49Hz) at 4.36ppm was assigned to 6-HA. 6-Hs displayed a doublet 

of doublets as well, but it overlapped with other signals and could not be separated 

clearly from 4.26ppm to 4.13ppm. 6 '-HA displayed clearly a doublet of doublets 

(J=I I .35Hz, J =6.24Hz) at 4.12ppm. 6'-Hs displayed at the same range as 6-Hs from 

4.26ppm to 4.13ppm. Therefore signals of 6-H8 and 6'-Hs overlapped together and 

made them look like multiple signals. 5'-H coupled to 6'-HA and 6'-H8 showed a 

triplet (J=6.58Hz) at 3.97ppm. Six acetyl single peaks displayed clearly from 

2.27ppm to 1.99ppm. 

In the 13C spectrum, seven signals appear in the carbonyl region at l 70.36ppm, 

l 70.32ppm, l 70.06ppm, 169.64ppm, 169.36ppm, 168. I 8ppm and 157.67ppm. The 

first six carbonyl carbon signals were assigned to the acetyl groups, the last carbonyl 

carbon signal was assigned to 1-C. This carbonyl carbon signal confirmed the glucose 

ring was closed during the acetylation reaction. Two signals in the unsaturated carbon 

region at 137.3 7ppm and I 3 l.59ppm were assigned to 2-C and 3-C. One signa l in the 

anomeric region at I 02. ! 9ppm was assigned to I' -C. Eight s ignals showed from 

77. 91 ppm to 61. l 8ppm, represented the remaining carbons in the galactose and 

glucose rings. The last six signals from 20.84ppm to 20.20ppm were assigned to the 

methyl carbons of the acetyl groups. 

Glumer et al.70 also synthesised the same compound Monomer three (58). They used 

D-glucono-lactone as the starting material, which they reacted in anhydrous acetic 

anhydride and triethylamine at 0°C. Then they used one equiva lent of this sugar 

monomer to copolymerize with one equivalent of Sty, NVP, Y Ac respectively by free 

radical polymerization, using 2,2 ' -azoisobutyronitrile and dibenzoyl peroxide as 

initiators. The proton NMR spectra showed that the peaks of double bonds in the 

molecules all disappeared. Therefore it was decided to attempt this approach. The 

polymerizable acryloyl double bond is on the glucose. Hence polymerisation would 

be through the functionalised glucoses and the galactoses would remain pendant from 

the glucose backbone. In summary a polymer with pendant intact galactoses would 

result. 
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One equivalent of Monomer three (58) was co-polymerized with one equivalent of 

NVP in 2-methoxyethanol with "adzo88" as the initiator. The reaction was performed 

overnight. Next day a sample was taken to check proton NMR spectrum. The double 

bond peaks of Monomer three (58) still existed, but the double bonds of NVP had 

disappeared from the proton spectrum. These facts indicated that NVP had 

polymerised but Monomer three (58) had not polymerised with NVP. 

As an alternative to NVP, N-isopropylacrylamide was used to copolymerize with 

Monomer three (58) using the same initiator and solvent but a longer reaction time 

was used. After two days a sample was checked by proton NMR. The result was the 

same as for NVP. The proton spectrum showed that N-isopropylacrylamide had 

polymerised but Monomer three (58) did not co-polymerise with it, nor was the 

homopolymer of (58) formed under these conditions. 

These polymerisation conditi ons were the same as used for synthes ising the 

polyamine but they did not work for Monomer three (58). One reason for this might 

be that Monomer three (58) is a bulky molec ule and the double bond is "hidden" in 

the glucose ring. This would make free radical attack leading to polymerisation 

harder to ach ieve. 

2.5 Preparation of Synthetic Polymers 

Polyamine (59) 

The yields of pure Monomer one (51) and Monomer two (57) were usually very low 

after HPLC, thus amounts sufficient for polymerization studies were not obtained. 

However, crude monomers contained lactobionic acid (45) that directly affected the 

efficiency of polymerization, and usually gave acidic hydrogels, due to the existence 

of lactobionic acid (45). The liver cells like to grow in a neutral environment, hence 

the acidic environment of an hydrogel will accelerate the death of cell at the surface. 

In order to overcome these disadvantages, we selected another way to make the 

lactosylated polymer. This idea came from Motherwell et al.71 They designed 

"millipede" artificial enzymes. They used poly-allylamine for the backbone and 
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attached various combinations of carboxylic acids (some of which contained the well 

known active groups from the catalytic site of the enzymes) to form randomly 

functionalized polymers. Therefore instead of starting with the monomers, it was 

decided to make the polyamine (59) first and then graft the lactone (46) onto the 

polyamine backbone to achieve the lactosylated polymer. This approach would also 

allow, in addition to making similar polymers to the original target compounds, the 

possibility of grafting on many other small molecules. 

(59) 

In this study firstly, N-acryloyl-N-Boc-ethylenediamine (49) was polymerized to 

achieve a polyamine backbone. One equivalent N-acryloyl-N-Boc-ethylenediamine 

(49) was co-polymerized with one equivalent N-isopropylacrylamide. "Azo88" was 

used as the initiator and the solvent was 2-methoxyethanol. The polymerization was 

performed overnight at 80°C. After the polymerization was completed, the proton 

NMR spectrum showed the peaks of the double bonds had disappeared, and other 

peaks in the molecule broadened. It was therefore concluded that polymerization had 

taken place and appeared to have gone to completion. 

The polymer was dissolved in a 1: 1 mixture of DCM:TF A to give the Boc-polyamine. 

The polyamine (59) was purified by dialysis with periodic water changes. The proton 

NMR spectra confirmed the formation of the polyamine (59). One broad singlet signal 

at 3.86ppm was assigned to CHNH. The NHCH2 and CH2NH2 displayed broad 

singlet as well at 3.67ppm and 3.09ppm respectively. The alkyl (-CHi-) polyamine 

backbone displayed from 2.30ppm to l .30ppm, and the (CH3)i exhibited a broad 

singlet signal at 1.11 ppm. 
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In the 13C NMR spectrum, two signals in the carbonyl region displayed at l 77.33ppm 

and 175.16ppm. One signal at41.75ppm was assigned to NHCH. The CONHCH2 

and CH2NH2 displayed at 38.79ppm and 37.04ppm and the signal at 21.44ppm was 

assigned to the (CH3)2 However in carbon spectrum, carbon signals of CF3COOH 

also appeared. The quartet from 163.28ppm to 162.22ppm was assigned to 

CF3COOH, and CF3COOH displayed a quartet 120.68ppm to 1 l l.97ppm. The 

conclusion is thus that the polyamine (59) was in its TF A salt form. 

Lactosylated polyamine (60) 

6 OH 
4' 

0~5 OH H H HO-~~-.:L.--- HO 1 N N 

3 2 
OHO "--./ 

H 0 

\N 
(60) 

Having successfully synthesized polyamine (59), the next step was to graft on the 

Iactone (46) onto the polyamine (59). The polyamine (59) TFA salt was dissolved in 

methanol, DIEA was added to remove TFA and release free amino groups. Finally 

lactone (46) was added to the solution. The reaction was carried out for 24hrs at room 

temperature. After the reaction was complete, the solvent was evaporated under 

reduced pressure. This lactosylated polyamine (60) was purified by dialysis with 

periodic water changes. After 24 hours, the solution was freeze-dried in vacuo. The 

proton NMR spectrum proved the structure of lactosylated polyamine (60). In the 

spectrum all signals of lactone (46) became broader due to the formation of the 

lactosylated polymer (60). 1 '-H displayed a broad doublet at 4.53ppm, 2-H and 3-H 

exhibited broad singlet signal at 4.38ppm and 4. l 8ppm respectively. The remaining 

hydrogens of the lactone (46) and the NHCH showed multiple broad signals from 

3.95ppm to 3.50ppm. The signals at 3.45ppm and 3.00ppm were assigned to (­

NCH2CH2NH-). The signals from 2.28ppm to l.38ppm were assigned to the alkyl 

backbone. The broad single peak at 1.1 0ppm was assigned to the (CH3)2_ 
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Acryloyl polyamine (61) 

* 

(61) 

In order to produce a strong, viable hydrogel, the lactosylated polyamine (60) needs to 

be crosslinked. Therefore attachment of lactone (46) alone to the polyamine (59) 

backbone was not seen as sufficient. Grafting molecules that conta ined an active 

double bond was seen as a reasonable path to follow. Firstly, we used acryloyl 

chloride to introduce another neutral, strong amide bond into the polymer. Polyamine 

(59) and DIEA were di ssolved in DMF, and acryloyl chloride in DMF solution was 

added dropwise. The solution was initially cooled in an ice-bath for two hours, and 

then reacted at room temperature for one day. The product was purified by dialysis 

with periodic water changes. Finally the solution was freeze-dried and a white 

polymer as a foam was obtained. The attachment of the acryloyl double bond 

containing moiety was proven by proton NMR. New peaks appeared at 6.22ppm and 

di splayed broad multiple coupling pattern. These were assigned to the CH2 of 

acryloyl double bond. Another new peak showed a broad doublet at 5. 71 ppm and was 

assigned to the CH of the acryloyl double bond. The other peaks displayed were the 

same as for the pol yamine (59). Therefore the desired acryloyl polyamine (61) had 

been synthesized. Next crosslinking of this material was attempted. The above 

acryloyl substituted polyamine (61) was dissolved in water, and treated with N,N'­

methylene-bisacrylamide and ammonium peroxodisulphate. After degassing, TEMED 

was added and the hydrogel formed quickly. 
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Acryloyl lactosylated polyamine (62) 

4' 

(62) 

OH 0 

H H 
N~N 

H H 
N N 

/-("'-I 
0 

Since a hydrogel can be achieved from crosslinking the acryloyl polyamine (61), next 

it was decided to the attach lactone (46) and acryloyl chloride together on the 

polya mine (59). Firstly polyamine (59) and DIEA were dissolved in MeOH. The 

lactone (46) that was equivalent to half the amount of free amino groups on the 

polyamine (59) was added to the solution. The reaction was carried out overnight at 

room temperature. The reaction mixture was then purified by dialysis. This 

lactosylated polyamine (60) and DIEA di ssolved in DMF and acryloyl chloride in 

DMF solution was added dropwise. Initially this reaction proceeded in an ice-bath 

and then was left to react at room temperature for 2 days. The solution was dialyzed 

aga inst water (changed 8 times a day) for 2 days, and finally freeze-dried in vacuo. 

The structure of this lactosylated acryloyl polymer (62) was confirmed by proton 

NMR spectrum. All characteristic signals of acryloyl double bond and lactose were 

displayed at the correct positions in the spectrum. Therefore the desired acryloyl 

"lactosylated" polyamine (62) had been synthesized. This disubstituted polyamine 

(62) was dissolved in water, and treated with N,N'-methylene-bisacrylamide and 

ammonium peroxodisulphate. After degassing, TEMED was added. However, unlike 

the acryloyl polyamine (61), this acryloyl " lactosylated" polyamine (62) did not form 

a gel. The reasons for this are probably because the crosslinker was too short 

compared with the big lactose, and could not crosslink the two chains, therefore no 

gel formed. 
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Chapter 3: Conclusion and Future studies 

3.1 Conclusion 

In this study, three monomers were synthesized as the first stage in preparing 

polymers suitable as supports for hepatocyte growth. The monomers maintained the 

geometry of galactose in order to promote the adhesion, proliferation and viability of 

hepatocytes in vitro; two of them had a polymerizable double bond linked with lactose 

through amide bond at glucose residue and one contained the double bond in the 

glucose ring. 

OH OH OH 

HO~)\~OH H H 
OH N N~ 

OH "--../ II . 
0 0 

Figure 3.1. Monomer one (51) 

The attempted polymerization of Monomer one (51) was hindered by the presence of 

lactobionic acid (45) , so that Monomer one (51) did not readily fom1 a hydrogel. 

Although pure monomer could be isolated through HPLC, the yield was 

unsatisfactory. Therefore an alternative strategy was selected. Polyamine (59) was the 

core of this strategy. Because many free amino groups hung from the alkyl backbone, 

different pendant groups could be attached to the polymer backbone through amide 

bonds . One example was lactone (46) and the lactosylated polyamine (60) could be 

easily purified by dialysis to get rid of lactobionic acid ( 45). Fully lactosylated 

polyamine (60) and partially lactosylated polyamine (60) could be obtained by 

varying amount of lactone (46). Partially lactosylated polyamine (60) still contained 

free amino groups in the backbone, therefore glutaraldehyde was used to crosslink 

two free amino groups in different chains to give the crosslinked lactosylated 

polyamine. The crosslinked polyamine also obtained by using glutaraldehyde as 

crosslinker. This crosslinked lactosylated polyamine was cast as thin films for use in 

cell trials. 
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Figure 3.2. Monomer two (57) 

Monomer two (57) was another option. It not only contained lactose but also 

contained lysine (52). A natural amino acid as part of the polymer or hydrogel will 

always be of interest in tissue engineering. However Monomer two has not been 

polymerized or been submitted for any biological tests due to time constraints, but has 

on ly been characterized by NMR and MS. Monomer two still faced the same problem 

as Monomer one (the presence of lactobionic acid (45) in the preparation, and low 

recovery following HPLC purification). Therefore a graft polymer approach, as 

adopted for Monomer one, is probably the better choice for future work. 

Figure 3.3. Monomer three (58) 

Monomer three (58) had an activated double bond in the glucose ring, so in princ iple 

did not need any extra polymerizable double bond attached to it. However this double 

bond was not as reactive as desired, probably for steric reasons. The copolymerization 

with NVP and N-isopropylacryl amide did not succeed. 

In a conclusion, three monomers were successfully synthesized and characterized. 

The desired polymer scaffold-crosslinked lactosylate polyamine was also made, and 

found to perform well in initial cell trials. 
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3.2 Future studies 

The lactosylated polyamine (60) will be employed in full cell trials with several cell 

types, such as rat hepatocytes, nerve cells and stem cells. This is important because 

different cells have different affinities for different materials. 

Natural extensions to the current work include the preparation of polymers based on 

Monomer two (57) and on other re lated carbohydrate-amino acid conjugates, and the 

preparation of further derivatives of polyamine (59), dependant of course on the kind 

of cells required to interact with the polymer or hydrogel. Similar polymers 

incorporating glucose instead of lactose must be prepared, in order to prove that the 

galactose res idue makes a difference. This might be simply accomplished through the 

chemica l cleavage of the galactose residue off the lactosylated polymer. 

The incorporation of RGD sequences into the polymers, and the use of d ifferent 

crosslinking groups, should be investigated, in order to produce polymers with 

different or improved cell affinities. Where new materials have performed well as thin 

films , the preparation of three-dimensional sponge-like networks is desirab le. 
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Chapter 4: Materials, Methods and Experimental 

4.1 Materials 

Lactose, ammonium persulfate, N-butylamine, 8-hydroxyquinoline, hydrochloric acid, 

acetic acid, Amberlite IR-120 (H+), fuchsin ( 4-rosaline hydrochloride) were purchased 

from BDH Chemicals Ltd Poole England. Di-t-butyl dicarbonate was from Auspep 

Pty. Ltd. Australia. 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride 

and N-hydroxysuccinimide were from Acros Organics New Jersey USA. 

Ethy lenediamine came from Lancaster, England. Trifluoroacetic ac id was peptide 

synthesis grade and was obtained from Applied Biosystems. I, I ' -Azobis-

( cyclohexanecarbonitrile) and N-isopropylacrylamide were purchased from Aldrich 

Chemica l Company, Inc. USA. G lutaraldehyde and N,N,N',N'-tetramethyl­

ethylenediamine (TEMED) from Sigma Chemical Co. USA. Sodium borohydride and 

N-N-di-i so-propylethylamine (DIEA) were obtained from Riedel-de Haen, Germany. 

Potassium hydroxide, lysine.HCI , and CuSO4 .5H2O were from Merck Germany. 

Iodine was from AJAX Chemicals, Austral ia. Magnesium sulfate anhydrous (extra 

pure), sodium hydrogen carbonate, sodium hydroxide and sodium bisulfite were from 

Scharlau Chemie, Spa in . Periodic acid was supplied from Scientific Supplies Ltd 

Auckland. Methanol, diethyl ether, DCM, 2-methoxyethanol, acetonitrile, 2-

methylpropan-2-ol, pyridine, acetic anhydride, hexane, ethyl aceta te, DMF were 

ana lytical grade. Milli-Q water was used throughout this study unless stated 

othe rw ise. 

4.2 Methods 

4.2. l Method for estimating free amino groups in the polyamine and lactosylated 

polyamine products. 

4. 2. 1. l Polyamine 

Polymerization was started with equal amounts of N-iso-propylacrylamide and N­

Boc-N'-acryloylethylenediamine. After the copolymer had been deprotected and 

dialyzed, NMR was employed to prove the structure of the copolymer. The proton 

integrals from NMR spectrum indicated the ratio of these two compounds in the 
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copolymer was approximately 1: 1. Therefore the unit molecular weight in this 

copolymer was 227g/mol. 

4.2.1.2 Lactosylated polyamine 

After the lactosylated polyamine had been dialyzed, proton integrals from the NMR 

spectrum were used to obtain the percentage of lactone. As the polyamine's free 

amino group value had been determined as approximately 1: 1 with isopropyl group, 

the number of free amino groups left after lactosylation can be estimated. 

4. 2. 2 Measurement of the molecular weight of polya111i11e and lactosylated polyamine 

by FPLC 

FPLC conditions: 

Mobile phase: 0.05M Na/K phosphate buffer containing 0.15M NaCl, pH 7.0 

M w standards: ( l) phosphorylase b---M w=97,400 

(2) BSA---Mw=67,000 

(3) albumin, egg---Mw=45,000 

(4) trypsinogen---Mw=24,000 

(5) a lpha-lactalbumin---Mw= 14,200 

Void volume determination: Blue Dextran 2000 

FPLC---Flow rate: 0.5ml/min 

Injection volume: 50µ1 

Chart speed: 0.2cm/min 

UV detection: 214nm 

Polyamine concentration: 5mg/ml 

Lactosylated polyamine concentration: 5mg/ml 

4. 2. 3 Qualitative measurement of lactose 

The colorimetric assay used for measuring polysaccharides was based on the periodic 

acid/Schiffs stain method. This method describes an easy and sensitive colorimetric 

method for measuring polysaccharides that are oxidized by periodate. This method is 

divided into two parts: firstly, preparation of the Schiff s reagent, and secondly, the 

coupling of the oxidized polysaccharides to the Schiffs base. Schiffs reagent is 

prepared by dissolving 0.05g of pure Fuchsin (4-rosaline hydrochloride) in 50ml of 
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distilled water, adding 2ml of saturated sodium bisulfite solution. This solution, after 

sitting for 1 hr was treated with 1 ml of concentrated hydrochloric acid and allowed to 

stand overnight. This reagent is practically colorless and very sensitive. Periodate 

solution was prepared by adding 1 0µI of 50% periodic acid to 10ml of 7% acetic acid 

solution. The concentrations of polyamine and lactosylated polyamine were 50µg/ml. 

The test was carried out as follows : 0.1 ml periodate solution was added to 1 ml sample 

solution and the mixture placed in a water-bath at 3 7°C for two hours. Then 0.1 ml 

Schiff's reagent was added and held in the water-bath at 37°C for 30mins. A positive 

result is the formation of a violet-purple solution. 

4.2.4 General experimental methods 

Nuclear magnetic resonance spectra were recorded on Bruker 400 Ultrashield TM and 

Bruker 500 Ultrashield TM, as indicated. Samples were prepared as D2O and CDCIJ 

solutions in 5mm sample tubes. Proton spectra were referenced to the residual H20 

and CHC13 signal at 4.78ppm and 7.28ppm. The subscripts A and Bare used to 

distinguish between the upfield and downfield signals of an ABX system. 

Mass spectra were recorded on a Micromass ZMD single quadrupole electrospray 

mass spectrometer. Samples were ionized by electron spray. 

IR spectra were recorded on NICOLET 5700 FT-IR. Samples were prepared as KBr 

discs. 

Reverse phase HPLC was performed on a Shimadzu system: Shimadzu Liquid 

Chromatograph LC-6A with a SCL-6A controller. The following refer to the 

separation details used: solvent A: 98% water, 2% acetonitrile, 0.1 % TFA, solvent B: 

10% water, 90% acetonitrile, 0.1 % TF A, gradient 0% B -> 20% B over 45min. 

Thin-layer chromatography was preformed with silica gel (Silica 60 AC. C 40-

63µm) , developed in the solvent system indicated. 
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4.3 Experimental 

4. 3.1 Synthesis of lactone ( 46) 

4.3.1.1 Potassium lactonate (44) 

Iodine (8.53g, 80.Smmol) was dissolved in methanol (120ml) at 40°C and added to 

lactose (6.0lg, 17.6mmol) in warm water (25ml) at 45°C. A 4% potassium hydroxide 

solution in methanol (200ml) also at 45°C was then added dropwise with stirring until 

the colour of iodine disappeared. The solution was then cooled in an ice-bath. The 

precipitated crystalline product was filtered, washed with ice-cold methanol and then 

ice-cold ether. The crude product was obtained as a white solid ( 1 0g). The crude 

product was dissolved in water and recrystallized from methanol at 40°C to yield 

white crystals, 5.30g (79 %) of potassium lactonate (44). 

4' 
HO~,..-.--~\ 

3' 2' OH 1' 

6 OH 

'?J~o-K' 
3 

2
oHO 

(44) 

NMR o (S00Hz, D2O) 4.54ppm (lH, d J=7.8Hz, l ' -H), 4.16ppm (I H, d J=3.0Hz, 2-

H), 4.09ppm (lH, dd J=S.3HzJ=3.0Hz, 3-H), 3.98ppm (lH, tri J =5.3Hz, 4-H), 

3.96ppm (1 H, m, 5-H), 3.90ppm (lH, br d J=3.4Hz, 4'-H), 3.85ppm (2H, dd J=3.3Hz 

1=12.lHz, 6-H), 3.83-3.68ppm (2H, 111, 5'-H 6'-H), 3.66ppm (lH, dd J = l0.0Hz 

J=3 .5Hz, 3' -H), 3.57ppm (lH, ddJ=10HzJ=7.8Hz, 2'-H) 

NMR 13C (S00Hz, D2O) 178.Sppm (1-C), 103 .Sppm (1 ' -C), 81.7ppm (4-C), 75.4ppm 

(5'-C), 72,6ppm, 72.4ppm, 72.3ppm, 71.8ppm, 71.6ppm, 71.2ppm (2'-C, 3'-C, 2-C, 

3-C, 5-C), 68.7ppm (4'-C), 61.9ppm, 61.lppm (6'-C, 6-C) 

ES (-) Mass spectrum 

Mw=396.38g/mol 

Parent ion (M-K+) =357.14 
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IR(KBr) 

Vo-H3389.3cm-', Vc-H 2934.9cm-1
, 2903 .9cm-1

, Vc=o1604.4cm-1
• 

4.3.1 .2 Lactobionic (acid) lactone (46) 

Potassium lactonate (44) (5.30g) was converted to the free acid by stirring the 

aqueous solution (20ml) with 10g of' Amberlite' resin IR-120 (H+) for l0min. The 

solution was filtered and the filtrate freeze-dried in vacuo. The product, lactobionic 

acid (45) was obtained as an impure white solid 4.59g (92 %). 

HO 3' 2' 1' i~OH 
OH 3 2 OHO 

(45) 

NMR o (400Hz, D 2O) inter alia 4.49ppm (IH, d J=7. IHz, 1 '-H), 4.48ppm (lH, d 

J=2.9Hz, 2-H), 4.16ppm ( lH, dd J=4.5Hz J=3 .2Hz, 3-H), 4.0-3.Sppm (10H, m, 4-H, 

5-H 6-H 2'-H 3'-H 4'-H 5'-H and 6'-H) 
' ' ' ' ' ' 

IR (KBr) 

Yo-H 3420.3cm-1
, Vc=o l 729.7cm-1

• 

Lactobionic acid (45) (4.59g, 12.8mmol) was dissolved in 2-methoxyethanol (100ml). 

The solution was di stilled at l 20°C until most of the solvent was removed; the 

remaining solvent was evaporated under reduced pressure and the residue dried in 

vacuo to yield a white solid, impure lactobionic acid lactone (46) in 4.0lg yield (92 

%). 

NMR o (400Hz, D20) inter alia 4.45ppm (lH, d J=7 .8Hz, 1 '-H), 4.36ppm (lH, ddd 
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J=9.0Hz J=3 .3Hz J=2.6Hz, 5-H), 4 .2 lppm (lH, d J = l0.2Hz, H-2), 4.09ppm (lH, tri 

J=9. 1Hz, 3-H), 4.0-3.Sppm (9H, m, 4-H, 6-H, 2'-H, 3'-H, 4 ' -H, 5' -H, and 6'-H) 

IR (KBr) 

Vo-1-1 341 3.lcm-1
, Vc=o 1733.0cm-1

• 

4.3.2 Synthesis of Monomer 011e (51) 

4.3.2. l Mono-Boe-ethylene diami11e (48) 

Ethylene diamine (1.00ml, 15.0mmol) was dissolved in 10ml DCM. A solution of d i­

tert-butyldicarbonate (436mg, 2.00mmol) in 10ml DCM was added dropwise w ith 

stirring. The mixture was stirred for 1 hour with cooling in a water bath at ambient 

temperature. The solvent was evaporated under reduced pressure. The residue was 

dried i11 vacuo. Colorless oi l was obtained and used without further purification 

(440mg). 

NMR o (400Hz, CDCh) 5.15ppm (I H, br s, N H); 3.1 lppm (2H, br d J=5.67Hz, 

CH 2NH); 2.74ppm (2H, t J=5.9Hz, H2NCH2); l.39ppm (9H, s, t-Bu). 

IR (KBr) 

V -1-13357.Scm-1
, Vc-H2976.9 cm-1 and 2932.5 cm-1

, Vc=o l 692.8 cm-1
• 

ES ( +) Mass spectrum 

Mw= l 60.22g/mol 

Parent ion (M+l) = 160.96 
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4.3.2.2 N-Boc-N '-acryloylethylene diamine (49) 

The crude N-Boc-ethylene diamine (48) (440mg) was dissolved in 15ml DCM and the 

solution cooled in an ice-bath. DIEA (514µ1 , 3.00mmol) was added, followed by 

acryloyl chloride (162µ1 , 2mmol) . The mixture was warmed to room temperature and 

stirred under a drying tube for 3 hours. The colorless solution was washed with 0.1 M 

HCI twice, the organic phase dried with MgS04, and the solvent was evaporated 

under reduced pressure. The residue was dried in vacuo. N-Boc-N' -acryloyl-ethylene 

diamine (49) was obtained as a white solid, 350mg (l .64mmol, 82%). The white solid 

was purified on a silica column with a mobile phase gradient from 50%: 50% ethyl 

acetate:hexane to 100% ethyl acetate. The final product was a white solid, 200mg 

(0 .93mmol, 57%). 

JN~)--0+ 
H H 

(49) 

NMR ('; (S00Hz, CDC'3) 6.59ppm (I H, br s, OCNH), 6.2ppm (2H, m, CH2=CH), 

5.65ppm (lH, dd J=l 0.3Hz J = l.2Hz, CH2=CH), 5.07ppm (IH, br s, HNCOO), 

3.45ppm (2H, dd J=5 .3Hz J=l 1 Hz, OCHNCH2), 3.33ppm (2H, br t J=S.SHz, 

H2CNHCOO), l .44ppm (9H, s, t-Bu). 

ES(+) Mass spectrum 

Mw=214.26g/mol 

Parent ion (M+l) =214.89 

TLC (Ethyl acetate) RF0.448 

IR (KBr) 

V -H3301.6 cm-1
) , Vc-H3076.7 cm-1

, Vc-H2978.6 cm-1 and 2932.2 cm- 1
, Vc=o 1696.0 
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4.3.2.3 N-Acryloyl-ethylene diamine (50) 

N-Boc-N'-acryloylethylene diamine (49) (350mg, l.64mmol) was dissolved in 20ml 

of a 50: 50 mixture of trifluoroacetic acid and DCM, and the solution stirred for 

30min. The solvent was removed under reduced pressure and dried in vacuo, giving 

N-acryloylethylene diamine (50) with TF A salt as a white oil 340. 7mg (1.50mmol, 91 

%). 

0 

~N~NHTFA 
H 2. 

(50) 

NMR o (500Hz, MeOH) 6.24ppm (2H, m, CH2=CH); 5.78ppm (lH, dd J=9.55Hz 

J=l.85Hz, CH2=CH); 3.57ppm (2H, t J=5 .85Hz, HNCH2); 3. l 7ppm (2H, t J=5.78Hz, 

CH2NH2). 

ES ( +) Mass spectrum 

Mw= I 14.15g/mol 

Parent ion (M+l) =114.92 

IR 

-I cm . 

4.3.2. 4 Monomer 1 (51) - from the reaction of N-acryloylethylene diamine (50) with 
lactobionic acid lactone (46) 

N-Acryloyl-ethylene diamine (50) TFA salt (340.7mg, l.50mmol) was dissolved in 

20ml MeOH. DIEA (0.50ml, 3.00mmol) and the lactone (46) (510mg, l.50mmol) 

were added, and the solution stirred at room temperature under a drying tube 

overnight. The solution was evaporated to dryness in vacuo. The residue was 

dissolved in 20ml water, mixed with 'Arnberlite' resin IR-120 (H+) resin (1 Og) for 

30min to remove DIEA. The resin was removed by filtration and the filtrate was then 
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freeze-dried. The monomer one (51) was obtained as a white solid (470mg). The 

monomer one (51) was purified by reverse phase HPLC (310mg). 

t\:: OH 

HO~'?j~OH H H 
OH N N~ 

OH "-------./ II . 
0 0 

(51) 

NMR ~ (500Hz, D20) 6.24ppm (2H, m, CH2=CH), 5. 77ppm (1 H, dd J=9.95Hz 

J =0l .4Hz, CH2=CH), 4.46ppm (JH, d J=7.85Hz, 1 '-H), 4.3 lppm (I H, d J=2.7Hz, 2-

H), 4.09ppm (lH, tri J =3.38Hz, 3-H), 3.89ppm (lH, tri J =5.37Hz, 4-H), 3.85ppm 

(JH, 111, 5-H), 3.83ppm (IH, dJ=3. 15Hz, 4'-H), 3.78ppm (2H, dd J= 12Hz J=3.2Hz, 6-

H), 3.73- 3.62ppm (3H, 111, 5'-H 6'-H), 3.58ppm (JH, dd J=I0Hz J=3.35Hz, 3' -H), 

3.49ppm (I H, 111, 2'-H), 3.35ppm (4H, br tri J=3.8Hz, HNCH2CH2NH) 

NMR 13C (500Hz, D20) 174.6ppm, 168.8ppm (C=O), 129.9ppm (CH2=CH), 

127.4ppm (CH2=CH), 103.4ppm (1 '-C), 80.9ppm (4-C), 75.3ppm (5 ' -C), 72.4ppm, 

72.3ppm, 71.4ppm, 71.0ppm, 70.4ppm (2'-C, 3'-C, 2-C, 3-C, 5-C), 68.6ppm (4 '-C), 

6 l.9ppm, 61.0ppm (6 ' -C, 6-C), 38.6ppm, 38.4ppm (HNCH2CH2 H) 

ES(+) Mass spectrum 

Mw=454.43g/mol 

Parent ion (M+ 1) =455.10 

IR (KBr) 

Vo-H.N-11 3377.8cm·1, Vc;o l 657.4cm·1. 

4.3.3 Synthesis of Monomer two (57) 

4.3.3.1 N-Boc-lysine (53) 
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Lysine.HCI (lg, 5.48mmol) was dissolved in 10ml of aqueous 2M NaHCO3, 10ml 

aqueous CuSO4.SH2O (0.685g, 2.74mmol) and another NaHCO3 (0.46g) was added, 

and then a solution of di-tert-butyldicarbonate (l.62g, 7.43mmol) in 7ml acetone was 

added. The mixture was s tirred for 24hr at room temperature. MeOH (6ml) was added 

into the solution, stirred for another 24hr. Water (10ml) and ethyl acetate ( 10ml) were 

added, the mixture was stirred evenly and filtered. The blue solid was obtained 

(3.08g). The blue solid (3.08g) was dissolved in 120ml water and 8-hydroxyquino line 

(2.1 mg, 14.43mmol) was added, the mixture was stirred for 5hr at room temperature. 

The mixture was filtered, the white solid was dissolved in another 60ml water and 

stirred for a day. The solution was filtered again, and the aqueous was washed with 

ethyl acetate (2* I 00ml). The aqueous phase was frozen and dried in vacuo. White 

solid was obtained, l.043g (4.24mmol, 77.4% ). 

(53) 

NMR 6 (S00Hz, D2O) 3.70ppm ( I H, tri J=6. I 3Hz, CH), 3.07ppm (2H, tri J=6.68Hz, 

CH2NHCO), l .85ppm (2H, 111, CHCH2), 1.53ppm (2H, 111, CH2CH2NHCO), l .43ppm 

(9H, s, t-Bu), l .39ppm (2H, 111, CHCH2CH2). 

ES(+) and ES(-) Mass spectrum 

Mw=246.30g/mol 

Parent ion (M+l ) =247.12 

Parent ion (M-1) =245.08 

4.3. 3. 2 N°"-Ac,y/oy/-N-Boc-buty/amide-L-/ysine (55) 

Lys(Boc) (53) (1.00g. 4 .07mmol) was dissolved in a mixture of 10ml of aqueous IM 

NaOH and 10ml CH3CN. Acryloyl chloride (396µ1 , 4 .88mmol) was added dropwise 

to the solution. The mixture was stirred at room temperature under a drying-tube for 

two hours. The solution was acidified to pH l with IM HCI, and extracted with ethyl 
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acetate (3x10ml). The ethyl acetate phases were combined and dried with MgSO4. 

The solvent was evaporated under reduced pressure. The residues were dried in 

vacuo, and white solid J/1-Acryloyl-N-Boc-L-lysine (54) was obtained (1.09g, 

3.62mmol). Yield was 89 %. 

The crude white solid (54) (1 .09g, 3.62mmol) was dissolved in 1 Om! DCM, N­

hydroxysuccinimide (458.3mg, 3.98mmol) and EDC.HCI (763.4mg, 3.98mmol) were 

added. The solution was stirred at room temperature under a drying-tube for 2hrs. 

Then 11-butylamine (400~LI, 3.98mmol) was added to the solution directly, stirred at 

room temperature under a drying-tube over night. The solvent was evaporated to 

dryness under reduced pressure. A white solid was obtained (0.83g, 2.33mmol). Yield 

was 64 %. The white solid was purified by silica gel chromatography; the mobile 

phase was hexane and ethyl acetate. The product was a white solid, 0.33g (40%). 

~ 
~ yCONHBu 

0 (CH2)4 
I 
NHBoc 

(55) 

NMR <> (500Hz, CDCl3) 6.25ppm (2H, m, CH2=CH) , 5.67ppm (IH, dd J=10.05Hz 

J=l.55Hz, CH2=CH), 4.55ppm (IH, dd J=14.05Hz J=7.8Hz, CH), 3.21 ppm (2H, 111 , 

CHCONHCH2), 3.09ppm (2H, m, CH2NHBoc), l .85ppm (2H, m, CHCH2), l .56-

1.26ppm (8H, m, CHCH2CH2CH 2, CH2CH2CH3), l .44ppm (9H, s, t-Bu), 0.92ppm 

(3H, tri J=7.3Hz, CH3). 

NMR 13C (500Hz, D 20) 172.2ppm, 165.Sppm, 156. lppm (C=O), 130.7ppm 

(CH2=CH), 126.Sppm (CH2=CH), 78.9ppm (C-(CH3)3), 53.lppm (HNCHCO), 

40.lppm (CH2NHBoc), 39.2ppm (CHCONHCH2), 32.2ppm (CHCH2), 28.4ppm (C­

(CH3)3), 13.7ppm (CH2CH3), 31.3ppm, 29.4ppm,22 .7ppm, 19.9ppm 

(CHCH2CH2CH2, CH2CH2CH3). 

IR (KBr) 

VN-H 3287cm-', Vc-H 3055.7cm-1
, Vc -H 2960.Scm-1 and 2933.9cm-1

, V c=o 1693.3cm-1
, 

V c=o 1650.2cm-1
, Vc=e 1624.9cm-1

• 
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TLC (ethyl acetate) RF0.48 

ES(+) Mass Spectrum 

Mw=355.47g/mol 

Parent ion (M+ I) =356. 13 

4. 3. 3. 3 l'fl-- Acry /oy l-11-buty/amide-L-lysi11e (56) 

,l\P- Acryloyl-N-Boc-butylamide-L-lysine (55) (330mg) was dissolved in a mixture of 

10ml DCM and 10ml CF3COOH, stirred at room temperature for 30min. The solvent 

was evaporated under reduced pressure and dried in vacuo. 

(56) 

NMR o (500Hz, D20) 6.30ppm (2H, m, CH2=CH); 5.80ppm ( I H, dd J= I 0.151-lz 

J = l.2Hz, CH2=CH); 4.29ppm ( IH, dd J =8.65Hz J=5 .8Hz, CH); 3.2 lppm (2H, 111 , 

CONHCH2), 3.00ppm (2H, tri 1=7. 351-Iz, NH2CH2); l.87-l.66ppm (4H, 111, CHCI-12, 

NH2CH2CH2); l.49-l.4lppm (4H, 111, CHCH 2CH2, CONHCH2CH2), l.29ppm (2H, 

111 , CH 2Cl-I3), 0.87ppm (31-1, tri J =7.38Hz, CH3) 

NMR 13C (500Hz, D20) l 73.63ppm I 68.47ppm (C=O), 129.22ppm (CH2=CH), 

128.26ppm (CH2=CH), 54.0lppm (CH), 39. I 5ppm 39.05ppm (CONHCH2, 

NH2CH2), 30.51 ppm 30.40ppm (CHCH2CH2, CONHCH2CH2) , 26.24ppm 22.13ppm 

(CHCH2, NH2CH2CH2), 19.29ppm (CH2CH3), 12.91ppm (CH3) 

ES(+) Mass spectrum 

Mw=255.36g/mol 

Parent ion (M+l) =256.10 
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4.3.3.4 Monomer 2 (57) - from the reaction ofN'1-acryloyl-butylamide-L-lysine (56) 
with lactobionic acid (45) lactone (46) 

1'f-- Acryloyl-butylamide-L-lysine (56) ( 482mg) was dissolved in 20ml MeOH, DIEA 

(0.32ml, 1.89mmol) was added, followed by the mixture of lactobionic acid (45) 

lactone (46) ( 428.4mg, 1.26mmol). The mixture was stirred at room temperature 

under a drying-tube overnight. The solution was evaporated under reduced pressure 

and dried in vacuo. Impure monomer two (57) (200mg) was purified by reverse phase 

HPLC. The final product was obtained as a white solid (140mg). 

(57) 

NMR ~ (400Hz, D20) 6.2ppm (2H, m, 14-H), 5.7ppm (lH, de/ J =10.1Hz J=1.5Hz, 

13-H), 4.5ppm (lH, cl J =7.7Hz, l ' -H), 4.3ppm (lH, d J =2.76Hz, 2-H), 4.2ppm (lH, 

dd J =8.44HzJ=5.8Hz, l 1-H), 4.lppm (lH, t J =3.34Hz, 3-H), 3.92ppm (lH, tri 

J=5.4Hz, 4-H), 3.88ppm (lH, m, 5-H), 3.86ppm (IH, d J=3.26Hz, 4 ' -H), 3.82ppm 

(2H, ddJ=11.9HzJ=3.2Hz, 6-H), 3.74- 3.70ppm (3H, 111 , 5'-H, 6'-H), 3.62ppm (lH, 

dd J=IOH z J=3.4Hz, 3-H), 3.51ppm (lH, dd J=9.9Hz J =7. 7Hz, 2-H), 3.20ppm (2H, 

tri J=6.87Hz, 7-H), 3.14ppm (2H, m , 16-H), l.73ppm (2H,m , 10-H), l.50ppm (2H, m , 

8-H), 1.42ppm (2H, m, 17-H), 1.34ppm (2H, m, 9-H), l.27ppm (2H, m, 18-H), 

0.82ppm (3H, tri J=7.35Hz, 19-H) 

NMR 13C (400Hz, D20) 174.6ppm, 174.4ppm, 169.0ppm (C=O), 129. lppm (13-C), 

128.0ppm (14-C), 104.3ppm (l ' -C), 81.3ppm (4-C), 75 .6ppm (5 ' -C), 72.74ppm, 

72.72ppm, 71.7ppm, 71.3ppm, 70.7ppm (2-C, 3-C, 2' -C, 3'-C, 5-C), 68.9ppm (4 ' -C), 

62.Sppm and 61,6ppm (6-C, 6'-C), 54.6ppm (11-C), 39.6ppm and 39.3ppm (7-C, 16-

61 



C), 31.2ppm and 3 l.0ppm (10-C, 8-C), 28.6ppm (17-C), 23.0ppm (9-C), 18.9ppm 

(18-C), I 3.2ppm (19-C) 

ES (-) Mass spectrum 

Mw=595.42g/mol 

Parent ion (M-1 ) =594.26 

TLC (Ethyl acetate/MeOH/ H2O=85/30/ 10 v/v) RF0.48 

4.3.4 Synthesis ofM011omer three (58) 

Potassium lactobionic acid (44) (1 .00g, 2.65mmol) was dissolved in 7ml ice-cold 

pyridine, acetic anhydride (7ml) was added and the solution stirred for four days. The 

solution was poured into ice-cold saturated aqueous sodium chloride solution, and a 

gummy material came out of solution. The mixture was fi ltered, the gummy lumps 

were collected then dissolved into DCM and dried over magnesium sul fate. The 

organic solution was evaporated under reduced pressure. The residues were dried in 

vacuo. The silica column was used to purify the compound; the mobile phase was 

hexane and ethyl acetate. The product was obtained as a white solid 800mg 

(1.59mmol, 60.1 %). 

4' 
AcQ-...:J.-~~--- 0 

(58) 

6 OAc 

3 2 OA;o 

NMR o (400Hz, CDC13) 6.68ppm ( lH, d J=2.33Hz, 3-H), 5.40ppm (lH, d J =2.6Hz, 

4 '-H), 5.23ppm (lH, dd J = I0.4ppm J =7.93ppm, 2' -H), 5.03ppm (lH, dd J= l0.4Hz 

J =3.4Hz, 3'-H), 4.70ppm (lH, dd J=9.4Hz J-2.3Hz, 4-H), 4.65ppm (lH, d J=7.98Hz, 

l '-H), 4.62ppm (lH, m, 5-H), 4.36ppm (IH, dd J = 12.48Hz J=2.49Hz, 6-HA), 

4.26ppm-4.13ppm (2H, m, 6-H8 6'-H8), 4.12ppm ( lH, dd J=l l.35Hz J =6.24Hz, 6 '­

HA), 3.97ppm ( IH, tri J=6.58ppm, 5'-H), 2.27ppm 2. 18ppm 2.15ppm 2.09ppm 

2.07ppm 1.99ppm (18H, s, OCH3) 
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NMR 13C (400Hz, CDCIJ) 170.36ppm 170.32ppm 170.06ppm 169.94ppm 

169.36ppm 168.18ppm (COCH3), 157.67ppm (1-C), 137.37ppm 131.59ppm (2-C 3-

C), 102.19ppm (1'-C), 77.91ppm 71.04ppm 70.43ppm 69.90ppm 68.37ppm 

66.7lppm 61.47ppm 61.18ppm (4-C, 5-C, 6-C, 2 ' -C, 3' -C, 4'-C, 5'-C, 6' -C), 

20.84ppm 20.60ppm 20.52ppm 20.49ppm 20.4 lppm 20.20ppm (COCH3) 

4 .. 3.5 Synthetic Polymer 

4.3.5.J Polymerization of N-acryloylethy lene diamine lactone (Monomer 1) (51) 

The Monomer one (SJ) (681 mg, 1.50mmol) and N-isopropylacrylamide (168mg, 

1.50mmol) were dissolved in I 0ml water and the solution was deoxygenated by 

bubbling N2 for 30mins. Ammonium persulfate (60mg) and TEMED (570mM/L, 

2.6ml) were added, and the mixture stirred at room temperature for 24hr. The solution 

was dialyzed for two days against water with 8 changes per day. 

(60) 

NMR o (400Hz, D20) 4.53ppm (br d, l ' -H), 4.38ppm (br s, 2-H), 4. I 8(br s, 3-H) , 

3.95ppm- 3.50ppm (br 111 , Lactone-H and NHCH), 3.45ppm (br s HNCH2CH2NH), 

3.00ppm (br s, HNCH2CH2NH), 2.28- l.38ppm (br, Alkyl backbone); I. I 0ppm (br 

s, (CH3)2). 

4.3.5.2 Copolymer of N-acryloylethylene diamine (50) and N-isopropylacrylamide 

N-Boc-acryloylethylene diamine (49) (300mg, l.4mmol) was dissolved in 7ml of 2-

methoxyethanol and N-isopropylacrylamide (159mg, 1.4mmol) was added to this 

solution. Nitrogen gas was bubbled through the solution for 30min to deoxygenate it, 
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then azo88 (6mg, 1.3 % w/w %) was added as the free radical initiator, and the 

solution stirred at 90°C under N2 overnight. The solution was evaporated under 

reduced pressure, and the residue dissolved in 20ml of a 50:50 mixture of 

trifluoroacetic acid and DCM and stirred at room temperature for 30min. The solvent 

was removed under reduced pressure, and the residue dried in vacuo. The crude 

polyamine was dialyzed for two days against water with 8 changes per day. The 

solution was freeze-dried in vacuo. 

(59) 

NMR <> (400Hz, D20) 3.86ppm(1H, br s, CHNH); 3.67ppm(2H, br s, NHCH2); 

3.09ppm(2H, br s, CH2NH2); 2.30- l.30ppm(6H, br, Alkyl backbone); 1.1 lppm(6H, 

br s, (CH3)2). 

NMR 13C (500Hz, D20) 177.33ppm and 175.16ppm (C=O), 41.75ppm (NHCH), 

38.79ppm (CONHCH2), 37.04ppm (CH2NH2), 21.44ppm ((CH3)2) 

FPLC: molecule weight range from 14,200 to 24,000g/mol 

Schiff's reagent test: negative 

4. 3. 5. 2.1 Lactosylated polyamine (60) 

Polyamine (59) (200mg) that contained approximately 0.9mmol free amine groups 

was dissolved in 10 ml methanol with DIEA (150µ1, 0.9mrnol) and the lactone (46) 

(150mg, 0.44mmol). The solution was stirred at room temperature under a drying 

tube for 24hr. The solution was evaporated to dryness, and the residue was dialyzed 

against Milli-Q water for 24hr with periodic changes of water. Finally the solution 

was freeze-dried in vacuo. 
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6 OH 

0~50HH H HO-...:._-:,:~:...-- HO 1 N N 

3 2 "---./ 

4' 

OH 0 
~ 0 

\ 
(60) 

NMR <> (400Hz, D20) 4.53ppm (brdJ=6.7Hz, l ' -H), 4.38ppm (brs, 2-H), 4. 18(brs, 

3-H), 3.95ppm- 3.50ppm (br m, Lactone-H and NHCH), 3.45ppm(br s 

HNCH2CH2NH), 3.00ppm(br s, HNCH2CH2NH), 2.28- l .38ppm (br, Alkyl 

backbone); l. l 0ppm (br s, (CH3)2). 

FPLC: molecule weight range from 14,200 to 45,000g/mol 

Schiff's reagent test: positive 

4. 3. 5. 2. 2 Acryloyl-polyamide (61) 

Polyamine (59) (200mg, 0.88mmol) was dissolved in 20ml DMF and the solution was 

cooled in an ice bath. DIEA (306ul, I. 79mmol) was added. Acryloyl chloride (72u l, 

0.88mmol) in 5ml DMF was added dropwise to the cold solution, and the solution 

wanned to room temperature and stirred under a drying tube for 24hr. The solvent 

was evaporated under reduced pressure. The residue was dialyzed against water for 2 

days with 8 changes per day. The so lution was freeze-dried. A so lid wh ite polymer 

was obtained. 

(61) 
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NMR o ( 400Hz, D20) 6.22ppm ( br m, CH2=CH), 5. 71 ppm ( br d, CH2=CH), 

3.86ppm(br s, CHNH); 3.38ppm(br s, NHCH2); 3.09ppm(br s, CH2NH); 2.30-

l.30ppm(br, Alkyl backbone); 1.1 lppm(br s, (CH3)z). 

Acryloyl-polyamide (61) was dissolved in water (1.20ml), and N, N'-methylene­

bisacrylamide (19mg, 0.13mmol) and ammonium peroxodisulphate (50mg, 0.22mmol) 

were added. The solution was deoxygenated by bubbling N2 for 30min, followed by 

adding TEMED (300ul, 2.00mmol). The gel fom1ed quickly. 

4.3.5.2.3 Lactosylated Acryloyl polymer (62) 

Polyamine (59) (200mg, 0.88mmol) was dissolved in 20ml MeOH, DIEA (210ul, 

l .20mmol) and lactone (46) (253mg) were added, the solution was stirred at room 

temperature under a drying tube for 24hrs. The solution was evaporated under reduced 

pressure to dryness, and the residue was dialyzed against water for 2 days with 8 

changes per day. The solution was freeze-dried in vacuo. The residue was then 

dissolved in 25ml of water and the solution cooled in an ice-bath. DIEA (342ul , 

2mmol), Acryloyl chloride (82µ1, lmmol) was added, the solution warmed to room 

temperature and stirred for 48hr. The solution was dialyzed for 2 days with 8 changes 

per day, and the solution then freeze-dired in vacuo. 

H H 
N N 
~ 

(62) 
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NMR o (400Hz, D20) 6.22ppm (br m, CH2=CH), 5.71ppm (br d, CH2=CH), 

4.53ppm (br d J=6.7Hz, l '-H), 4.38ppm (br s, 2-H), 4.18(br s, 3-H), 3.95ppm-

3.50ppm (br m, Lactone-H and NHCH), 3.45ppm-3.00ppm(br s HNCH2CH2NH), 

2.28- 1.38ppm (br, Alkyl backbone); 1. lOppm (br s, (CH3)2). 

4.3.6 Preparation of Films and Sponges 

4. 3. 6.1 Procedure for the preparation of Film from polyamine (59) 

Polyamine (59) (4mg) that contained free amino groups (0.0176mmol) was dissolved 

in 40~LI water and acetic acid (8µ1) was added. Glutaraldehyde-methanol solution 

(40µ1, 8.8x10-3mmol) was added and the solution thoroughly mixed. The bottom of 

each of eight wells of a cell culture plate was coated with I 0µI of the solution and 

then the plate was shaken gently for 24 hours. The thin films became red. The plate 

was placed into a methanol-water solution and NaBH4 was added. After 12 hours the 

thin films became white. The films were washed as follows: 0.1 M Na OH solution for 

2 hours, distilled water ten changes for 24 hours, methanol. The films were then air­

dried. 

4. 3. 6. 2 Procedure for the preparation of'Film ji-0111 lactosylated polyamine (60) 

Lactosylated polyamine (60) (2mg) that contained free amino groups (0 .0025mmol) 

was dissolved in 40µ1 water and acetic acid (4µ1) was added. Glutaraldehyde­

methanol solution ( 40µ1 , l .25x 1 o-3mmol) was added and the solution thoroughly 

mixed. The bottom of each of eight wells of a cell culture plate was coated with I 0µI 

of the solution and then the plate was shaken gently for 24 hours. The thin films 

became yellow. The plate was placed into a methanol-water solution and NaBH4 was 

added. After 12 hours the thin films became white. The films were washed as 

follows: 0. lM NaOH solution for 2 hours, distilled water ten changes for 24 hours, 

methanol. The films were then air-dried. 

4. 3. 6. 3 Procedure for the preparation of Sponges from lactosylated polyamine(60) 

Partially lactosylated polyamine (50mg, 0 .063mmol free amino groups), i.e. some 

pendant free amino groups, was dissolved in 1ml water and acetic acid (5µ1) was 
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added. The solution was mixed and placed in the freezer until it froze solid, then it 

was transferred to the freeze drier. The residual round, white tablet was placed into a 

suitably sized vial. Acetonitrile (1ml) and glutaraldehyde (128µ1, 2.5% CH3CN 

solution) were added, and the vial was placed on a shaker and shaken gently 

overnight. The tablet (now yellow) was treated with NaBH4. After the reduction the 

tablet became white again indicating that the reduction had finished. The tablet was 

washed with 0.1 M NaOH solutions once for 2hours and then with Milli-Q system 

water for another 2 days with 8 changes per day and finally freeze-dried i11 vacuo. 
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Appendix: Initial Cell Trial Results 

Cell trials were performed by on-campus collaborators (Ms L Green and Associate 

Professor K Pedley, Institute of Food Nutrition and Human Health). The trials 

involved growing cells for 1 day on control (plastic) surfaces, or on thin polymer 

films spread over the control surface, and examination of cell numbers and 

morphology by bright field (visible light) and fluorescence microscopy. 

A.I HeLa cell trials (bright field) 

Initial cell trials were with the HeLa cells, which are robust human epithelial cells. 

This cell line does not closely model hepatocytes, but provides an indication of the 

overall cyto-compatibil ity of the substratum. Acceptable surfaces support cell 

proliferation to form a confluent layer of flattened cell s (Figure A. I ). 

Figure A.1. Confluent layer of He La cells growing on a control (plastic) surface 

HeLas were found to grow very poorly on the "bare" polyamine (59). After 24hrs 

incubation, very few viable cells were visible under bright field microscopy (Figure 

A.2). In contrast, HeLas grew readily on the lactosylated polyamine (60) (Figure A.3). 
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Figure A.2. HeLa cell trial on polyamine thin film (polymer film on the right, control surface 

on the left) 

Figure A.3. HeLa cells growing on lactosylated polymer (60) thin film 
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6.2 HeLa cell trials (fluorescence) 

BCECF is a carboxylated derivative of fluorescein. The methyl ester form of BCECF 

is readily absorbed into cells, where the action of esterases causes hydrolysis to the 

free acid form, which cannot permeate the cell membrane. Fluorescence therefore 

accumulates only in viable cells that have sound membranes and active esterases 

present, and so BCECF has found widespread use as an indicator of cell viability. 

Figure A.4. Fluorescence microscopy of Hela cells 011 polyami11e film (59) (polymer film 

011 left, control surface on right) 

Polyamine (59) was strongly fluorescent following treatment with BCECF (Figure 

A.4), presumably through salt or amide formation between the free amino groups of 

the polymer and the acid groups of the dye. This made it difficult to detect cells on the 

polymer surface. The lactosylated polymer (60) presents fewer amino groups and 

hence produced much weaker background fluorescence (Figure A.5.). Many viable 

cells are visible on the polymer surface, in agreement with the observations from 

bright-field microscopy. 
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Figure A.5. Fluorescence microscopy of Helas on lactosylated polymer (60) thin film 

(polymer on left, control surface on right) 

Thus it is clear that HeLa cells did not accept the polyamine (59) thin film as a 

substratum, but with the lactosylated polymer (60) the polymer surface was preferred 

over the control surface. 

6.3 HepG2 cells trials 

The lactosylated polymer (60) was further trialled with HepG2 cells, which are cells 

from human liver tumours and therefore provide a closer approximation to hepatocyte 

behaviour. These cells prefer to form ball-like colonies. 

It was found that HepG2 cells grew readily on the lactosylated polymer (60) . 

Furthermore, the clumps broke up and the cells spread out in a monolayer over the 

surface (Figures A.6 and A.7), indicating that the cells prefer contact with the 

substratum over cell-cell contacts. 
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Figure A.6. Bright-field microscopy of HepG2 cells on lactosylated polymer (60) thin film 

(polymer bottom left , control surface top right) 

Figure A.7. Bright-field microscopy ofHepG2 cells on lactosylated polymer (60) thin film 
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