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Figure 5-51 Viability of 
human dermal fibroblasts 
cultured in serum-free media 
for 24 hours on glycerol 
methacrylate polymers 
containing varying 
concentrations of MacGR(4-
Bbs)GDS. Results shown are 
the mean of 3-6 replicates and 
errors show the standard 
deviation divided by the 
number of replicates. 
Polymers were deprotected 
with 0.05 Ilmol dm-3 GST and 
5001lM GSH in PBS and O.SmJ 
per sample or incubated with 
50,000 human dermal 
fibroblasts suspended above 
the polymers in a co-culture 
basket for 0,1 or 3 days 
(deprotection solution was 
replaced daily). Viability of 
cells was assessed (F002, 
passage 6) via the MTT assay 
and compared to values 
obtained for TCP. 
Significance was analysed via 
the Student's non-paired T­
test, each peptide containing 
polymer was compared to the 
peptide-containing control 
that had not been pre-treated 
(0 indicates p<0.01 and * 
indicates p<O.05). 
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The adhesion and viability of cells on hydrogels containing 10f,lmollg of 

MacGR(4-Bbs)GDS was not significantly affected by pre-treatment with either 

cells or GST for 1 or 3 days. Previous analysis of hydro gels containing lOf,lmollg 

of this peptide showed a significant increase in cell number and viability when 

pre-treated with GST (see Figure 5-46, pi 03). It appears that in this case the non­

treated peptide containing polymer promotes maximal cell response that cannot 

be improved by incubation with either cells or GST. This maximal cell response 

appears to be -60% of the TCP control, which is much lower than that observed 

previously of -130% of the TCP control. This experiment was conducted with 

human dermal fibroblasts from a different source as there were not sufficient 

cells from the previous cell source to continue with. It is possible that this new 

primary cell source is not as responsive to RGD inclusion as the previous cell 

source. In addition the passage number may have had an effect on the relative 

adhesion and viability of cells as it is known that integrin expression declines 

with passage number. However this experiment was carried out with cells of 

passage number 6 whereas the previous experiment was carried out with cells of 

passage number 9 and consequently the reverse situation would have been 

predicted with this experiment showing higher cell responses c.f. TCP. 

The adhesion and viability of cells on hydrogels containing 1 f,lmol/g was 

significantly increased by pre-treatment with non-contacting cells but the extent 

of the improvement was not as great as that gained from treatment with GST. 

The pre-treatment of the non-peptide containing polymer with non-contacting 

cells did not affect the viability of cells later seeded on the polymers. However 

the pre-treatment of TCP with non-contacting cells significantly increased the 

numbers and viability of cells later seeded on these surfaces. This is believed to 

be due to the non-contacting cells producing proteins that are adsorbed to the 

surface of the TCP but do not adsorb onto the glycerol methacrylate hydrogel 

surface. The peptide-containing glycerol methacrylate hydrogels should have a 

similar protein adsorption profile to the non-peptide containing controls but the 

presence of the peptide may have an effect on the ability of charged proteins to 

adsorb onto the surface. As the adhesion of cells to the polymers containing 

IOf,lmol/g of peptide was not improved by pre-treatment with non-contacting 

cells it can be assumed that all the glycerol methacrylate hydrogels do not adsorb 

proteins regardless of whether a peptide is present. This would imply that the 
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increase In cell adhesion and viability to the polymers containing 

ll..lmol/g of peptide that had be pre-treated with non-contacting cells wa due to 

the deprotection of the peptide by oluble cell product such as GST. 

1.1.2Passage Number 

The results from the prevlOUS experiment on the deprotection of the 

peptide by non-contacting cell were urprising as the relative number and 

viability of cells adhered to the peptide containing hydrogels were much lower in 

comparison to TCP than previously reported. It wa decided to investigate the 

effect of primary cell passage number on the reported cell number and viability. 

120 ~-------------------------------------------' 

o 

GE-O 

GE-S-O.I-3 

o GE-S-I-3 

• GE-S-1O-3 

P6 P12 

Passage Number 

Figure 5-52 Viability of human dermal fibroblasts cultured in serum-free media for 24 
hours on glycerol methacrylate polymers containing varying concentrations of MacGR(4-
Bbs)GDS. Results shown are the mean of 3-6 replicates and errors show the standard 

·deviation divided by the number of replicates. Polymers were deprotected with 0.05mg/ml 
GST and 500 JlI1101 dm'] CSH in PBS and 0.5ml per sample for 3 days (deprotection 
solution was replaced daily). Viability of cells was assessed (F002, passage 6 or passage l2) 
via the MTf assay and compared to values obtained for TCP. Significance wa ana lysed via 
the Student's non-paired T-test, each peptide containing polymer was compared to the non­
peptide containing control (0 indicates p<O.Ol and * indicates p<0.05). 

At passage number 6 there is a small increa e in cell number and viability 

to hydrogels as the peptide concentration increa es. The viability of cells adh red 

to hydrogel wa ignificantly greater than on the non-peptide containing 

polymer when the peptide concentration wa greater than l~rnol/g. The 

maximum cell response obtained was -52% of the TCP control. The viability f 
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cells adhered to glycerol methacrylate hydrogels without peptide was 

approximately 30% of the TCP control. 

At passage number 12 there is a large increase in cell number and 

viability to hydrogels as the peptide concentration increases. The viability of 

cells adhered to the hydrogels is significantly greater than on the non-peptide 

containing control when the peptide concentration is greater than 1 Jlmol/g. The 

maximum cell response obtained was -110% of the TCP control. The viability of 

cells adhered to glycerol methacrylate hydrogels without peptide was 

approximately 16% of the TCP control. 

The effect of increasing primary cell passage number appears to decrease 

the non-specific cell adhesion to non-peptide containing controls and to increase 

the effectiveness of ROD incorporation over a critical ROD peptide 

concentration threshold. These results are similar to those observed by Jeschke et 

al (see section 3.3.2.1) and it seems that the adhesion of cells to ROD-containing 

materials increases with increasing passage number although this is probably 

limited by a critical passage number above which the cell adhesion would 

dramatically decline. It is possible that the expression of the integrin that is 

responsible for the adhesion of these cells is up-regulated by increasing passage 

number as it has been shown that some integrins are up-regulated by increasing 

passage number (see Figure 3-13, p54). Alternatively the presence of the ROD 

peptide could promote the up-regulation of integrins that normally decline in 

expression as passage number increases. The state of the integrins could also be 

affected such that the amount of integrins present remains constant but are 

present in a more active conformation or state. 
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5.6.10 Histology 

To investigate whether the presence of the RGO peptide had influenced 

the amount of cell spreading and F-actin organisation, cells were cultured on 

hydrogels containing peptide in various concentrations that had been deprotected 

for 3 days with GST/GSH. Cells were fixed after 30mins, 1,2,4 or 24 hours after 

seeding to investigate the progression of the cell spreading and focal contact 

formation. The cell nuclei were stained blue with OAPI and F-actin was stained 

green with FITC-phalloidin. 

As can be seen in Figure 5-53 (pI03) cells adhere and start spreading on 

TCP within the first 30 minutes after seeding seeding. Spreading increases over 

time up to 4 hours after seeding and, during this time, the area that the F -actin 

network around the cells covers increases. At 4 hours after seeding the F -actin 

network forms an orthogonal shape covering a large area surrounding the cell 

nucleus and show signs of actin filament formation. At 24 hours after seeding the 

F-actin has become highly organised and shows highly regulated f-actin fibres 

within the cell and long fillipodia extending out from the cell. 
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Figure 5-53 Adhesion of human dermal fibrobla ts (F002, pa age 6) in erum fr media to 
tissue culture pIa tic after A) 30 minutes, B) 1 hour, C) 2 hours, 0) 4 hour and E) 24 hour, 
Blue repre ents cell nuclei (OAPI) and green repre ents F-actin (FIT -phallodin), 
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Figure 5-54 to Figure 5-59 on the following pages (p 1 03-1 03) show the 

cell attachment to poly(GMMA-co-EGDMA-co-MacGR(4-Bbs)GDS) hydrogels. 

In these images the numbers of cells per unit area may not be representative of 

the entire surface of the polymer but the morphology of the cells is representative 

of the cells that could be found. 

As expected from phase contrast microscopy and MTT assay results, cells 

did not adhere well to the hydrogel without peptide both in terms of cell number 

and F-actin organisation. There was little evidence of F-actin surrounding the 

cells at any of the time points except as a rounded area directly surrounding the 

nucleus showing the cells were not spread. After 24 hours culture the cells 

remaining on the polymer had formed into small clusters as shown in Figure 

5-54, p 103 image D. 

On hydrogels containing 0.1 J.,lmol/g of the peptide there were no cells that 

could be found at the 30 minute time point. However at later time points greater 

numbers of cells could found on the polymer surface than on the negative control 

indicating that this low level of peptide concentration was able to promote cell 

adhesion but that that integrin binding took greater than 30 minutes to become 

effective. These images are shown in Figure 5-55, pl03. There was slight 

evidence of an F-actin network surrounding the cells at the later time points of 4 

and 24 hours but this was much less extensive than for TCP. The F-actin 

surrounding the cells on these hydrogels were in a "spiky" conformation with 

tendrils extending out from the cell nuclei rather than forming an orthogonal 

shape surrounding the nucleus as featured on TCP. The cells on these surfaces 

were usually found in small clusters, which was also observed by phase contrast 

microscopy in section 5.6.2.1 (pl03, GMMA Polymers containing Long Peptide 

Sequence). Image C shows a defect in the structure of the polymer, probably 

caused by rapid swelling or shrinkage when changing the solvent from synthesis 

conditions to cell culture conditions. 
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Figure 5-54 Adhesion of human dermal fibroblasts (F002, pa age 6) in serum fr e m dia to 
poly(GMMA-co-EGDMA) hydrogels after A) 30 minute, B) 1 hour, C) 4 hour and D) 24 
hour . Blue repre ents cell nuclei (DAPn and green represents F -actin (FIT -phallodin). 
Note: no cells were found at the 2 hour time point and 0 no picture i repre ented here. 
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Figure 5-55 Adhesion of human dermal fibroblasts (F002, passage 6) in serum free media to 
poly(GMMA-co-EGOMA-co-MacGR(4-Bbs)GOS) hydrogels containing O.l,...moVg of 
peptide and having been pre-treated with 3 days deprotection with GST/GSH. Cells were 
fixed after A) 1 hour, B) 2 hours, C) 4 hours and 0) 24 hours. Blue represents cell nuclei 
(OAPI) and green represents F-actin (FITC-phallodin). Note: no cells were found at the 30 
minute time point and 0 no picture is represented here. 
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At a peptide concentration of 1 ~mol/g there are still very few cells that 

can be found after 30 minutes of culture as shown in Figure 5-56, p 103. Cells 

show little evidence of an F-actin network up to 4 hours after seeding but at this 

time point some cells shows extensions of the F-actin network from the nucleus 

in the "spiky" conformation observed on the hydrogels containing 0.1 ~mol/g of 

peptide. After 24 hours of culture the F-actin network has formed a more 

traditional network surrounding the nucleus but this is much less extensive than 

that found with cells on TCP. 

At a peptide concentration of 1O~mollg some evidence of an F-actin 

network can be seen at the early stages of cell adhesion and spreading after 1 

hour and 2 hours as shown in Figure 5-57, p103. After 4 hours this has developed 

into the same "spiky" conformation as observed with lower peptide 

concentrations. After 24 hours cells appear to have clustered together and created 

F-actin bridges between neighbouring cells. In these cells the F-actin network 

appears to have formed into a thin linear or broad linear shape. Once again the 

surface area covered by F -actin is much reduced compared to TCP. When the 

hydrogels with lO~mol/g of MacGR(4-Bbs)GDS were not deprotected with GST 

prior to cell culture the F -actin network was less developed than when the 

peptide was deprotected with GST as shown in Figure 5-58, pl03. At the early 

stages after cell seeding there was little evidence of any F -actin network 

formation. At 4 and 24 hours after cell seeding there is some evidence of F-actin 

formation but this was much less extensive than when the peptide had been 

deprotected. The F -actin again showed a "spiky" conformation especially 24 

hours after cell seeding. 
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Figure 5-56 Adhe ion of human dermal fibroblasts (F002, pas age 6) in serum free media to 
poly(GMMA-co-EGOMA-co-MacGR(4-Bbs)GDS) hydrogels containing IllmoVg of peptide 
and having been pre-treated with 3 days deprotection with G T/G H. ell were fixed after 
A) 30 minutes, B) 1 hour, C) 2 hour, 0 ) 4 hour and E) 24 hour. Blue represent cell nuclei 
(OAPI) and green represent F-actin (FITC-phallodin). 
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Figure 5-57 Adhesion of human dermal fibrobla t (F002, pas age 6) in serum free m dia to 
poly(GMMA-co-EGDMA-co-MacGR(4-Bbs)GDS) hydrogel containing 10~moVg of 
peptide and having been pre-treated with 3 days deprotection with G T/G H. ell wer 
fixed after A) 30 minutes, B) 1 hour, C) 2 hours, 0 ) 4 hour and E & F) 24 hour. Diu 
represents cell nuclei (OAP I) and green represents F -actin (FIT -phallodin). 
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Figure 5-58 Adhc ion of human dermal fibrobla t (F002, pa age 6) in erum fr e media to 
poly(GM IA-co-EGDMA-co-MacGR(4-Bbs)GDS) hydrogels containing \()~mol/. of 
peptide and not pre-treated. Cells were fixed after A) 30 minutes, 8 ) l hour, ) 2 hour , 0 
4 hour and E) 24 hours. Blue represents cell nuclei (DAPI) and green r pr F-actin 
(FITC-phallodin). 
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The F -actin organisation of cells of passage number 12 was also 

investigated on hydrogels containing IOJ.lmol/g of peptide that had been 

deprotected with GST for 0, 1 or 3 days. The cells were fixed and stained after 4 

hours of culture. Cells of passage number 12 on TCP looked identical to cells of 

passage number 6 on TCP but the cells of passage number 12 on RGD­

containing hydrogels had a much greater surface area covered by F-actin 

compared to the respective polymers cultured with cells of passage number 6 as 

shown in Figure 5-59, pl03. The morphology of the F-actin network was again 

"spiky" as shown with cells of passage number 6 but the surface area covered 

and the number of extensions was much greater. The surface area of the polymer 

covered by the F-actin network appears to increase with increasing amount of 

deprotection. This would imply that, whilst the cell culture as assessed by MTT 

assay was not improved by increasing peptide deprotection time, the cell area 

and / or the F-actin network organisation could be improved by increasing 

peptide concentration through increasing peptide deprotection time. 
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Figure 5-59 Adhesion of human dermal fibrobla ts (FI833, pa sage 9) in serum free media 
to A) TCP or poly(GMMA-co-EGDMA-co-MacGR(4-Bbs)GOS) hydrogels containing 
IOJlmoVg of peptide and pre-treated with B) 0 GST, C) I day GST/GSH or D) 3 day 
GST/GSH. Cells were fIXed after 4 hours culture and the nuclei were stained blue with 
OAP! and F -actin was sta ined green with FITC-phallodin. 
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The "spiky" conformation of the cells on polymers containing RGD is 

probably due to strong integrin binding being made at point contacts. The 

remainder of the hydrogel is resistant to protein adsorption and cell contact. Thi 

leads to the formation of actin filaments spanning from the cell nucleus to areas 

of RGD-integrin point contact and not spread in the entire area surrounding the 

cell nucleus . This would also explain why greater numbers of extensions are seen 

when the RGD concentration is increased. Similar "spiky" F-actin organisation 

patterns have been observed in other systems utilising RGD where the substrate 

is highly hydrophilic such as PEG, HEMA81
, hydroxyapatite210 and PEG/PEO l1 4

. 

Figure 5-60 Rhodamine phalloidin staining for F-actin microfilament bundles in NtH 3T3 
fibbroblasts seeded on PS grafted with GRGDSY using varying amounts of EGAP 
combined with FI08. (c) 1 % EGAP (2.6x102 peptides/cm2). The size bar corresponds to 62 
!lm. Reproduced from Neff et alt•

1I4 

t Reproduction of Figure 6c from ' eff, J. A., Tresco, P. A. & Caldwell, K. D. Surface 
Modification for the Controlled Studies of Cell-Ligand Interactions. Biomateria/s 20, 2377-2393 
(1999)" with the permission of Elsevier Ltd. 
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6 Conclusions & Future Work 

The aims of this research were to investigate the effects of inclusion of 

RGD peptides on the ability of biomaterials to support cell attachment, viability 

and normal functions for the purposes of tissue engineering. In particular the 

goals were to determine whether the use of RGD-peptides in a non-integrin 

selective manner was of value in comparison to and in conjunction with the 

strategy of promoting protein adsorption. The hypotheses were that the peptide 

would be effective at increasing the cell attachment and viability on substrates 

with low native abilities but be ineffective at increasing the attachment and 

viability of cells on substrates with a high native ability. Hydrogels synthesised 

from glycerol methacrylate, butyl methacrylate and ethylene glycol 

dimethacrylate were shown to have varying native abilities to attach and sustain 

cells and be suitable targets for RGD incorporation studies. The most appropriate 

method of synthesising the hydrogels was found to be as a thin film formed on 

the surface of PET by UV initiation due to considerations of handling and scale 

of reactions. 

It was speculated that the extent of the improvement and the point at 

which the intrinsic level of the ability of a substrate to adhere cells cannot be 

improved would be affected by the concentration of the peptide. This set the 

requirement that for effective comparison of substances the peptide concentration 

should be identical in substrates of different compositions. A review of current 

literature showed that controlling the peptide concentration by a modification 

synthesis method would be difficult due to alterations in coupling efficiencies 

under varying conditions including the nature of the substrate being modified. To 

keep the concentration of the peptide constant in all materials a copolymerisation 

method of incorporating RGD was selected. Protection for the side chains of 

RGD sequences during polymerisation appears to be a requirement for 

controlling the effective concentration of active moieties as lack of protection 

reduces the effectiveness of the peptide. 
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The copolymerisation of an RGD sequence containing standard peptide 

protecting chemistry with methacrylates was investigated. Linear polymers of 

glycerol methacrylate acetonide ester were shown to be deprotected by the same 

conditions required to deprotect the peptide (95% TF A, 4hours) with I ittle side 

chain hydrolysis. Hydrogels synthesised with ethylene glycol dimethacrylate 

were shown to be unstable towards TF A and the cross-linker was replaced with 

divinylbenzene. Hydrogels were synthesised containing the protected peptide but 

the TF A treatment was found to fracture the hydrogels to such an extent that they 

were unsuitable for cell culture purposes. 

The use of enzymatically cleavable protecting groups for the side chains 

of arginine was investigated. Arginine derivatised with the 4-bromobenzyl 

sulphonyl (4-Bbs) protecting group on the side chain was synthesised and 

purified. The removal of 4-Bbs by Glutathione-S-Transferase (GST) was 

investigated and it appeared that the reaction was first order with respect to both 

the GST concentration and the concentration ofthe amino acid. It was also found 

that the reaction reached equilibrium after 24 hours at 37°C. The equilibrium 

position and hence the extent of deprotection depended on the protecting group 

utilised for the amine tenninus of the arginine. It was found that 87% 

deprotection was achieved when Z was used but only 23% deprotection was 

achieved when Fmoc was used as the N-tenninus protecting group. It was hoped 

that, when the peptide was immobilised in a solid, the deprotection reaction 

would be driven to completion by the heterogeneous nature of the reaction. 

Peptides containing the enzymatically cleavable protected arginine were 

synthesised and utilised to make a library of polymers with glycerol methacrylate 

and butyl methacrylate. In serum-containing media glycerol methacrylate based 

polymers containing RGD either with or without a spacer ann were shown to 

promote increased cell spreading at higher concentrations of RGD (1-1 OJ,.lmol/g) 

but the viability assays showed no significant increase in cell number and 

activity. Under the same conditions no differences between peptide containing 

butyl methacrylate hydrogels and non-peptide containing controls could be 

discerned by both visual methods and viability assay based methods. To 

detennine whether the peptide had been fully deprotected after 24 hours reaction 

with GST the behaviour of cells on RGD-containing materials after 0, 1 and 3 

days deprotection with GST was examined. There were no significant differences 
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between the cell behaviours on materials that had been deprotected for 1 and 3 

days. However there were also no significant differences between the polymers 

containing peptide that had not been deprotected and those that had. It was found 

that serum-containing media possessed the ability to deprotect the arginine side 

chain of the peptide, probably due to GST or other enzymes in the fetal calf 

serum. 

In serum-free culture concentrations of 1 or lO)..lmol/g of peptide (with 

and without a spacer ann) in glycerol methacrylate hydrogels after 1 days GST 

treatment promoted significant improvement in cell viability and cell spreading. 

The presence of a spacer arm is not necessary for RGD to be effective in random 

cross-linked polymers that are synthesised from small monomeric units. It would 

be interesting to see whether the spacer arm was necessary in block polymers 

synthesised from oligomeric glycerol methacrylate units such as utilised in the 

research by Sun et a1 192
• There was no significant alteration in both the cell 

spreading and the cell viability on butyl methacrylate hydrogels when any of the 

peptides were incorporated at any of the concentrations tested. It seems likely 

that the native ability of the BMA gels to promote cell adhesion and viability 

puts these materials above the non-improvement point where RGD is effective 

with the peptide-integrin affinity tested and the concentrations utilised. However 

there are some concerns over the continued presence of the 60J..lm coating during 

cell culture as the coating could have become detached during washing 

procedures. 

The analysis of cell culture on glycerol methacrylate materials that had 

been subjected to different length of time of GST deprotection showed that for 

large concentrations (I O)..lmol/g) maximal cell adhesion occurred after 1 days 

deprotection and further deprotection (3-5 days) did not increase the effect of the 

RGD peptide. For an intermediate concentration (1J..lmol/g) of peptide in glycerol 

methacrylate hydrogels the number and viability of cells cultured on the 

polymers were linearly dependent on the number of days deprotection. Low 

concentrations of peptide «0.1 J..lmol/g) did not promote an increase in cell 

number or viability even after 5 days deprotection with GST. At the 10J.lmollg 

concentration of peptide the cell number and viability was increased over the 

non-peptide containing control, therefore either the peptide has a non-integrin 
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specific effect on the ability of the polymer to adhere cells or the peptide has 

been deprotected by the culture conditions. 

To investigate whether peptides were deprotected by culture conditions 

glycerol methacrylate hydrogels containing the protected peptide sequence 

without a spacer arm were incubated with non-contacting cells in co-culture 

baskets. The adhesion and viability of cells on hydrogels containing Illmol/g was 

significantly increased by pre-treatment with non-contacting cells. A significant 

improvement in cell adhesion and viability was also observed for TCP after pre­

treatment with non-contacting cells, which is likely to be due to the adsorption of 

cell derived proteins. No improvement was observed for non-peptide containing 

controls, which is assumed to be due to lack of ability of the glycerol 

methacrylate hydrogels to adsorb cell derived proteins. The adhesion and 

viability of cells on hydrogels containing 10llmollg was not significantly 

increased by pre-treatment with non-contacting cells however under the same 

conditions no improvement was observed from pre-treatment with GST either. 

This is assumed to be due to a maximum cell response derived from peptide 

deprotection when cells were seeded on non-treated and treated polymers alike. 

From the non-improvement after pre-treatment with non-contacting cells on the 

polymers with high peptide concentration it can be concluded that no protein 

adsorption occurs on any glycerol methacrylate hydrogels regardless of the 

peptide concentration. Thus the improvement in the hydrogels containing 

Illmol/g of peptide after pre-treatment with non-contacting cells is due to 

deprotection of the peptide by soluble cell derived products e.g. GST. 

The promotion of cell adhesion and viability to GMMA hydrogels 

containing RGD peptides was more clearly observed at higher passage numbers 

as the relative cell adhesion and viability was reduced on TCP but maintained on 

the peptide-containing hydrogels. Consequently the results of cell culture on 

GM MA hydrogels containing lO~mol/g ofRGD gave 120% for passage 12 but 

only 60% for passage 6 when expressed as a % of the TCP control via the MTT 

assay. 
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The staining of cells on glycerol methacrylate hydrogels containing 

MacGR(4-Bbs)GDS showed the shape of the F-actin network on the peptide­

containing hydrogels was "spiky" compared to the orthogonal shape shown on 

TCP. It also showed that that the F-actin network was much less developed and 

covered a smaller area on the hydrogels compared to TCP. Cells of passage 

number 12 produced an F -actin network with a larger surface area than cells of 

passage number 6. 

It was shown that the incorporation of the vinyl containing peptide into 

GMMA hydroge!s was low and that the immobilised amounts of peptide were in 

the order of 13-32% that of the nominal peptide concentration. The percentage of 

input peptide that was immobilised was dependent on the input concentration and 

decreased with increasing peptide concentration. Swelling of the hydrogel in 

aqueous media meant that the concentration of the peptide was further diluted 

over a larger volume to give effective peptide concentration of 6-13% that of the 

nominal peptide concentration. The deprotection of the arginine side chain was 

not completely achieved by treatment with GST and consequently the active 

peptide concentration is lower than the immobilised peptide concentration. The 

actual amount of deprotected, active peptide could not be determined as the 

peptide was deprotected by cells, both by cells seeded on the surface and by non­

contacting cells in co-culture baskets. Significant improvements in cell adhesion, 

spreading and viability were observed in GMMA polymers with nominal 

concentrations over 1 J..lmollg, which is equal to or less than O.013J..lmollg active 

concentration. Maximal cell adhesion, spreading and viability was observed on 

GMMA polymers with nominal peptide concentrations of 10J.lmol/g, which is 

equal to or less than 0.13 J..lmol/g active concentration. Assuming an integrin 

penetration depth of 10nm these results would correspond to significant 

improvements in cell adhesion, spreading and viability at less than 0.013 

pmol/cm2 and maximal cell adhesion, spreading and viability at less than 0.13 

pmol/cm2
• 

In contrast no improvement in cell adhesion, viability or spreading was 

observed on BMA hydrogels containing any of the peptide concentrations tested 

(up 10J..lmollg nominal concentration). This may be due to decreased active 

peptide concentration compared to the GMMA polymers via reduced 

incorporation efficiency or reduced deprotection efficiency. Alternatively the 
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lack of improvement in BMA hydrogels may be due to the need for larger 

concentrations of peptide to promote cell adhesion or because protein adsorption 

masks the peptide and prevents integrin binding. The active peptide 

concentration as perceived by cells cannot be determined and so the reason for 

the non-improvement in cell adhesion and viability on incorporation of this 

peptide in BMA hydrogels also cannot be determined by this study. This 

unfortunately means that several of the questions posed in the hypotheses are 

unable to be answered. This is a limitation of this method of producing RGD­

modified polymers. However the fact that the peptide utilised promotes maximal 

levels of cell adhesion and viability at concentrations lower than those reported 

in many other studies shows that the protection strategy has preserved the 

activity of the peptide that has been lost in other polymerisation methods. In 

addition the bulk derivatisation means that inaccuracies in determining the depth 

of modification have been eliminated, which is probably why the peptide 

concentration required for maximal cell adhesion is lower than that reported for 

substrates synthesised by modification procedures to polymers. Therefore this 

strategy has some advantages but it could be improved by finding alternative 

enzymatically cleavable protecting groups that can be removed with 100% 

efficiency. Benzyl sulphonamides with electron withdrawing groups ortho/para 

to the sulphonyl are known to be removed by GST and using a substituent that is 

more electron withdrawing that benzene and using more substituents should 

make the removal more effective. A likely candidate for high deprotection 

efficiency would be the 2,4,6-trinitrobenzyl sulphonyl group. As well as the 

removal of arginine side chain residues with GST the protection of other side 

chains followed by enzymatic removal should be possible. Protection of 

carboxylic acid side chains such as those that are found in glutamic acid and 

aspartic acid could be achieved with by esterification. Enzyme catalysed 

hydrolysis of esters is a well documented technique and it should be possible to 

find an enzyme I ester combination that could be utilised as a protection strategy 

for RGD peptides. Ideally the removal of all protecting groups could be achieved 

in one step with a enzyme cleavage cocktail. 
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Whilst the strategy of usmg enzyme deprotection to achieve 

copolymerisable RGD peptides has been successful and produced materials that 

may be suitable for tissue engineering where the peptide has improved cell 

adhesion, spreading and viability it has not been possible to study the effect of 

peptide concentration in different substrates. The effect of varying peptide 

concentration when immobilised against backgrounds of different abilities to 

adsorb proteins would be a valuable contribution to background knowledge for 

tissue engineering. The easiest method to perform this investigation would be to 

modify polymers containing carboxylic group with RGD peptides via N­

hydroxysuccinimide activation. The immobilisation of the peptide into different 

substrates would probably give different concentrations for the same input 

concentration. However utilisation of a large range of input concentrations 

followed by determination of the peptide concentration should result in polymers 

of different compositions but similar peptide concentrations being available for 

comparison. In addition the investigation should look at the cell adhesion, 

viability and other functions at various time points and utilise different primary 

cell types, which are weaknesses ofthe current investigation. 
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7 Materials and Methods 

7.1 Monomer Synthesis 

7.1.1 Synthesis of GMAc 

o 

Figure 7-1 2-methyl-acrylic acid 2,2-dimethyl-[I,3]dioxolan-4-ylmethyl ester (GMAc) 

Solketal was purchased from Sigma-Aldrich and was mixed with toluene 

and then rotary evaporated at 70°C for I hour to remove toluene, water and other 

impurities before use. All other reagents were purchased from Sigma-Aldrich 

and used without further purification. Dry solketal (leq) and (1.6eq) of 

triethylamine (TEA) was mixed with DCM, placed under nitrogen and cooled to 

O°e. Methacryloyl chloride (1.2eq) was added drop wise and reaction was left 

overnight before being quenched with H20. The organic phase was separated and 

DCM removed by rotary evaporation. The crude GMAc was purified by 

distillation under high vacuum (b.p. = 44°C) and stored and -8°C until use. A 

typical reaction used 330g (2.5 mol) solketal, 400g (4.0 mol) triethylamine and 

310g (3.0 mol) methacryloyl chloride with 1 L DCM and I L H20. Purity of the 

product was determined by 1 H NMR. 

lH NMR: 8 1.25 (3H, s, -C8H3), 1.35 (3H, s, -C9H3), 1.85 (3H, s, -C1H3), 

3.70 (lH, m, _C5(H)H_), 3.95 (IH, m, -C5(H)H-), 4.10 (2H, cl, J=5.SHz, -C7H2-), 

4.25 (lH, m, _C6H_), 5.50 (IH, s, =C4HAHB), 6.05 (lH, s, =C4HAHB) 

7.2 Polymer Synthesis 

7.2.1 Materials 

Glycerol methacrylate was purchased from Melrob Service Ltd, UK and 

used without further purification. Butyl methacrylate was purchased from Sigma-
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Aldrich and purified by distillation under reduced pressure prior to use. 

Azobisisobutironitrile (AIBN) was purchased from Sigma-Aldrich and re­

crystallised from methanol prior to use. All other reagents were purchased from 

Sigma-Aldrich and used without further purification. 

7.2.2 Linear Polymer Synthesis 

Linear polymers of 2-methyl-acrylic acid 2,2-dimethyl-[ 1 ,3]dioxolan-4-

ylmethyl ester and butyl methacrylate were synthesised in an ampoule using the 

freeze-pump-thaw method. The monomer or monomers were mixed with IPA or 

methanol and 1 wt % of AIBN. The solution was then placed in an ampoule and 

frozen with liquid nitrogen. The ampoule was evacuated under high vacuum and 

then the solution was allowed to thaw. This was freeze-pump-thaw process was 

repeated 3 times and then the ampoule sealed whilst under vacuum. The ampoule 

was then placed in a water bath at 60°C for 20-24 hours. The contents of the 

ampoule precipitated into diethyl ether, re-dissolved in ethanol and then re­

precipitated into diethyl ether. A typical reaction involved 3.01 06g of GMAc, 

0.3105g of AIBN and 50ml of IPA. 

7.2.3 Hydrogel Synthesis by Thermal Initiation 

Solutions of monomers (glycerol methacrylate, butyl methacrylate), 

cross-linker (ethylene glycol dimethacrylate) and 1 wt % AIBN were placed in a 

sealed container with propan-2-01 (1: 1 mass: volume) and purged with nitrogen 

for a minimum of 20 minutes. The solutions were syringed into moulds and then 

placed in an oven at 60°C overnight. Stock solutions were made up as per Table 

5-1 and were used for all hydrogels made by thermal initiation. 

Polymer GMA BMA EGDMA AIBN IPA 
Mass / g Mass / g Mass / g Mass / g Volume / ml 

100% GMA 22.5694 0 1.1356 0.2250 22.5 
75%GMA, 0.1910 19 
25% BMA 14.2864 4.7673 0.9668 
50%GMA, 0.2789 28 
50% BMA 13.9376 13.9948 1.3974 
25%GMA, 0.3001 30 
75% BMA 7.3848 22.1425 1.4743 
100% BMA 0 20.8981 0.5229 0.2099 20 

Table 7-1 Stock solutIOns used to make bydrogels syntheSised by thermal intitiation. 
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7.2.4 Hydrogel Synthesis by UV Initation 

All UV curing was conducted in a Dymax bond box with a medium 

pressure mercury lamp. The intensity of this system has been determined to be 

30mM/cm2 at 400nm at a distance of 3mm below the reflector. 

Method 1: 

Stock solutions of monomers and cross-linkers (as shown in Table 7-2) 

were mixed with a solution of 1 wt % initiator (2-hydroxy-2-

methylpropiophenone) in IPA were purged with nitrogen for a minimum of 20 

minutes. The solution was syringed into a mould, placed in a dymax bond box 

and irradiated with ultraviolet light for 40 seconds on each side and turned 3 

times (total irradiation time 160 seconds) 

Method 2: 

Solutions of monomers (GMMA, BMA, LMA, HEMA, DMAEM or 

styrene), cross-linker (EGDMA or DVB) and 1 wt % initiator (2-methyl-4'­

(methylthio )-2-morpholinopropiophenone (MMP), 2,2-dimethoxy-2-

phenyl acetophenone (DPP), 2-chlorothioxanthen-9-one (CTX) 2-hydroxy-2-

methylpropiophenone (HMPP) or a 50:50 blend of diphenyl(2,4,6-

trimethylbenzoyl) phosphine oxide (DPO) and HMPP) in a 50:50 mixture of 

glycerol and ethanol were placed in a multiwell plate. The multi-well plate was 

placed inside a box with a quartz window. The box was placed under vacuum 

and then nitrogen repeatedly. After a minimum of 3 cycles the box was placed in 

a Dymax bond box where it was irradiated with ultraviolet light for a maximum 

of 5 minutes (200 seconds) 

Method 3: 

Solutions of monomers (GMMA, BMA or combinations thereof), 2.5 

weight % cross-tinker (EGDMA) and 1 wt % initiator 2-methyl-4'-(methylthio)-

2-morpholinopropiophenone (MMP), 2,2-dimethoxy-2-phenylacetophenone 

(DPP), 2-chlorothioxanthen-9-one (CIX) 2-hydroxy-2-methylpropiophenone 

(HMPP) or a 50:50 blend of diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide 

(DPO) and HMPP) were dissolved in methanol and purged with nitrogen for 20 

minutes in a covered vessel. Typically large scale stock solutions of monomers 

and cross-linkers (as shown in Table 7-2) were made up and stored at -8°C until 

use when they were warmed up to room temperature and weighed before a 

solution of 1% vollvol or weight/vol initiator was added at a ratio of 1 ml per g of 
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monomer solution. The solutions were syringed onto a sheet of material and 

drawn down the sheet using a 60 micron K-Bar. The sheet was then placed a box 

with a quartz window. The box was placed under vacuum and then nitrogen 

repeatedly. After a minimum of 3 cycles the box was placed in a Dymax bond 

box where it was irradiated with ultraviolet light for a maximum of 5 minutes 

(200 seconds). 

GMA BMA EGDMA 
Polymer Mass / g Mass / g Mass / g 
100%GMA 49.2333 0 1.2483 
75 % GMA, 
25% BMA 46.9695 15.6486 1.5654 
50%GMA, 
50% BMA 40.3614 40.317 2.0472 
25% GMA, 
75% BMA 25.4892 76.6554 2.5353 
100% BMA 0 45.0109 1.1249 ... Table 7-2 Stock solutions of monomers used for UV IDltlated polymerisations. 

7.3 Polymer Reactions 

7.3.1 Reaction of Linear Polymers with TFA 

The dried linear polymers of GMAc and BMA produced in section 7.2.2 

were dissolved in neat TF A (20 ml/g) and stirred for 1 or 4 hours at room 

temperature and pressure. A typical reaction used 1.2041g of poly(GMAc) and 

24ml of TF A. The reaction mixtures were precipitated in diethyl ether, filtered, 

re-dissolved in methanol and then re-precipitated into diethyl ether again before 

being dried and analysed by NMR. 

7.3.2 Reaction of Cross-linked Polymers with TF A 

Disks with a diameter of 1.5 cm were cut from sheets of thermally cured 

polymers synthesised by the protocols mentioned in section 7.2.3. The disks were 

washed three times with ethanol and half the disks were dried in a vacuum 

dessicator. Swollen disks had excess ethanol blotted from the surface before 

being placed in TF A (20 ml/g approx.) whereas dried disks were placed directly 

into TFA (20 mllg exact). The disks were allowed to react with the TFA for 4 

hours before they were removed with tweezers and rinsed with ethanol. All disks 

were then washed three times with ethanol. 
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7.4 Amino Acid Synthesis 

7.4.1 Materials 

All reagents were purchased from Sigma-Aldrich and used without 

further purification. 

7.4.2 Synthesis of Z-Arg(4-Bbs) 15 

HO 

4 

5 

Br 

N-Carbobenzoxy-L-Arginine (Z-Arg, leq) was dissolved In 3M 

NaOH(aq) (5ml / g) and acetone (I5ml / g) and then cooled to O°e. 4-

bromobenzyl sulphonyl chloride (3-4eq.) was dissolved in acetone (5ml I g) and 

added drop wise. A typical reaction used S.0388g Z-Arg-OH, 12.2241g 4-

bromobenzyl sulphonyl chloride, I5ml of 3 mol dm-3 NaOH(aq) and a total of 

I25ml acetone. The reaction continued for 2 hrs at O°C followed by 2 hrs at RT 

during which time the pH was monitored and kept at pH 9 or above. The final 

reaction mixture was acidified to -pH 6.5 with saturated citric acid solution and 

the acetone removed by rotary evaporation. Deionised water (I Oml Ig) was added 

and the solution further acidified to -pH3 before the product was extracted into 
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ethyl actetate. The organic fractions were combined, washed with water and 

brine and then reduced in volume to approx. 3ml /g. The product was 

precipitated into ice cold diethyl ether and then left to solidify at -8CC before the 

solvent was decanted off and the final traces of solvent removed under high 

vacuum. 40-50% yield). 

IH NMR: 6 1.55 (2H, m, -C4H2-), 1.80 (2H, m, -C3H2-), 2.15 (2H, rn, -

C5H2-), 3.20 (2H, broad s, _NbH_ / _NaH_) 3.35 (lH, broad s, _NdH_), 3.75 (lH, 

broad s, _NCH_), 4.15 (IH, m, _C2H_), 5.10 (2H, m, -C I2H2-), 7.20-7.40 (5H, m, 

aromatic H's), 7.65-7.80 (4H, m, aromatic H's). 

13C NMR: 627.1 (C\ 29.9 (C\ 36.9 (C\ 40.7 (C2), 110.6 (C I2), 120.7 

_ 129.9 (aromatic C's, C7
-

IO + C I3-16
), 144.2 (Cl I), 157.3 (C6

), 174.5 (Cl). 

Elemental Analysis; C: 42.74, H: 4.97, N: 9.36, Br: 15.44, S: 6.46 

(expected C: 45.6, H: 4.18, N: 10.6, Br: 15.20, S: 6.08). 

HPLC-MS ES+: elution time 16.53 minutes (5% ACN: 95% H20 cont. 

0.1 % TF A to 100% ACN gradient over 25 minutes, Omnisphere 5 C 18 column 

250 x 4.6 mm), mass peaks; 530, M(8I Br13C)H+ (25%); 529, M(8I Br)H+ (100%); 

528, MC9Br13C)H+ (23%); 527, MC9Br)H+ (92%). 
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7.4.3 Synthesis of Boc-Arg(4-Bbs) 

HO 

Br 

N-Boc -L-Arginine (Boc-Arg, leq) was dissolved in 3 mol dm·3 NaOH(aq) 

(5mllg) and dioxane (tOml/g) and then cooled to O°e. 4-

bromobenzylsulphonylchloride (3-4eq.) was dissolved in 1,4-dioxane (5mllg) 

and added drop wise. The reaction continued for 2 hrs at O°C followed by 2 hrs at 

R T during which time the pH was monitored and kept at pH 9 or above. The 

final reaction mixture was acidified to -pH 6.5 with saturated citric acid solution 

and the solvent removed by rotary evaporation. Deionised water (IOml /g) was 

added and the solution further acidified to -pH3 before the product was extracted 

into ethyl actetate. The organic fractions were combined and the product was 

extracted in 5% Na2C03. The aqueous fractions were combined, acidified to pH 

3 and then the product was extracted back into ethyl acetate. The ethyl acetate 

fractions were combined, reduced to -5% of the original volume and the product 

was precipitated into diethyl ether. The final white solid was filtered and dried 
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under vacuum. A typical reaction used 5.0093g of Boc-Arg-OH, 11.0123g of 4-

Bbs-CI, 25 ml of3 mol dm-3 NaOH(aq) and a total of75ml dioxane. 

IH NMR: 8 l.45 (9H, s, -C I3H3), 1.50-1.90 (4H, m, -C3H2- / -C4H2-), 

2.05 (2H, m, -C5H2-), 3.15 (2H, broad s, _NbH_ / _NaH_ ) 3.35 (1H, broad s, -

NdH_), 3.75 (lH, broad s, _NCH_), 4.10 (lH, m, _C2H_), 7.55-7.80 (4H, m, 

aromatic H's). 

13C NMR: 8 26.6 (C\ 28.7 (C 13), 30.1 (C3
), 48.0 (C\ 57.8 (C2

), 81.2 

(C I2), 127.8 (CID), 128.9 (C8), 132.8 (C\ 133.0 (C9
), 155.2 (Cl I), 165.0 (C6

), 

175.9 (Cl). 

Elemental Analysis; C: 38.44, H: 4.81, N: 10.97, Br: 15.73, S: 6.46 

(expected C: 41.38, H: 5.11, N: 11.36, Br: 16.20, S: 6.50). 

HPLC-MS ES+: elution time 15.60 minutes (5% ACN: 95% H20 cont. 

0.1 % TF A to 100% ACN gradient over 25 minutes, Omnisphere 5 C 18 column 

250 x 4.6 mm), mass peaks; 496.3, M(8I Br13C)H+ (17%); 495.3, M(8I Br)H+ 

(95%); 494.3 MC9Br13C)H+ (23%); 493.3, MC9Br)H+ (100%). 
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7.4.4 Synthesis ofH-Arg(4-Bhs) 

HO 

Br 

7.4.4.1 Removal ofZ from Z-Arg(4-Bbs) with PdlH£ 

Z-Arg(4-Bbs) (1.0566g) was dissolved in methanol (20 ml) and 200mg of 

palladium supported on carbon was added, the flask was then repeatedly 

degassed and purged with nitrogen. A hydrogen atmosphere was introduced and 

the reaction was allowed to stir overnight. The product was precipitated into 

ether and analysed by HPLC-MS. 

7.4.4.2 Removal ofZ from Z-Arg(4-Bbs) with HBr/AcOH 

Z-Arg(4-Bbs) was dissolved in HBr/AcOH (20mllg) and allowed to react 

at room temperature for 2 hours. The volume of liquid was reduced to -10% by 

distillation under reduced pressure and the product was precipitated into diethyl 

ether. H-Arg(4-Bbs) was triturated with 3 x 100ml diethyl ether to remove traces 

of HBr/AcOH. A typical reaction used 3.081Og of Z-Arg(4-Bbs) and 60ml of 

HBr/AcOH. 
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7.4.4.3 Removal of Boc from Boc-Arg(4-Bbs) with TFA 

Boc-Arg( 4-Bbs) was dissolved in TFA (20mllg) and allowed to react at 

room temperature for 2 hours. The volume of liquid was reduced to -10% by 

distillation under reduced pressure and the product was precipitated into diethyl 

ether. H-Arg(4-Bbs) was triturated with 3 x 100ml diethyl ether to remove traces 

ofTFA. A typical reaction used 3.0981g of Boc-Arg(4-Bbs) and 60ml ofTFA. 

IH NMR: b 1.15 (2H, t, -C3H2-, J=7.5Hz), 1.65 (2H, s, -C4H2-), 1.95 (2H, 

s, -C5H2-), 2.95 (2H, broad s, _NbH_ / _NaH_ ) 3.15 (1H, broad s, _NdH_), 3.55 

(lH, broad s, _NCH_), 4.05 (IH, m, _C2H_), 7.85-8.05 (4H, m, aromatic H's). 

\3C NMR: b 26.6 (C\ 27.3 (C\ 48.5 (C\ 51.7 (C2
), 125.5 (C IO), 127.7 

(Cs), 128.7 (C\ 131.2 (C\ 156.7 (C6
), 170.9 (Cl). 

Elemental Analysis; C: 34.51, H: 4.36, N: 13.11, Br: 20.54, S: 8.0 I 

(expected C: 36.65 , H: 4.36, N: 14.25, Br: 20.32, S: 8.15). 

HPLC-MS ES+: elution time 15.60 minutes (5% ACN: 95% H20 cont. 

0.1 % TF A to 100% ACN gradient over 25 minutes, Omnisphere 5 C 18 column 

250 x 4.6 mm), mass peaks; 496.3, M(SI BrI3C)H+ (17%); 495.3, M(8I Br)H+ 

(95%); 494.3 MC9Br\3C)H+ (23%); 493.3, MC9Br)H+ (100%). 
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7.4.5 Synthesis of Fmoc-Arg(4-Bbs) 

17 

HO 
17 

aNH 

H~Ar 
0==0 

7 

Br 

H-Arg(4-Bbs)-OH (2.49g, 5.65mmol) was dissolved in 6% aqueous 

sodium carbonate (21 ml) and the solution was cooled to O°C. A solution of 9-

fluorenylmethyl succinimidyl carbonate (fmoc-CI),(1.92g, 5.66mmol) in dioxane 

(lOml) was added drop wise and the reaction left to stir for Ih with the ice bath 

removed. The solution was diluted with water (lOOml) and washed with ether (2 

X 50ml) before acidification with saturated citric acid solution (30ml). The 

solution was extracted with ethyl acetate (3 X 100ml) and the combined extracts 

were washed with water (X 2), before drying over MgS04. The dried solution 

was concentrated in vacuo and the desired product precipitated by the addition of 

diethyl ether (3.3g, 89%). 

IH NMR: 8 1.30 (2H, m, -C4Hl-), 1.60 (2H, m, -C3Hl-), 2.15 (2H, m, -

CSH1-), 3.25 (2H, broad s, -NbH_ / -NaH_) 3.30 (IH, broad s, _NdH_), 3.70 (lH, 

broad s, _NCH_), 4.05 (lH, m, -C2H_), 4.20 (lH, m, -C13Hl-), 4.35 (2H, d, 
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JcI2_c13=6.9Hz, _C I2H l _), 7.20-7.40 (6H, m, aromatic H's), 7.65-7.80 (4H, m, 

aromatic H's), 7.95 (2H, d, aromatic H's). 

l3C NMR: cS 29.9 (C\ 31.5 (C3), 45.3(C\ 55.0 (C\ 67.7 (C I2), 127.1 -

133.0 (aromatic C's, C7
-

IO + C13
-
19

), 144.2 (Cl I), 157.3 (C6
), 174.5 (Cl). 

Elemental Analysis; C: 51.86, H: 4.39, N: 9.03, Br: 14.81, S: 6.10 

(expected C: 52.69, H: 4.42, N: 9.10, Br: 15.73, S: 6.46). 

HPLC-MS ES+: elution time 15.60 minutes (5% ACN: 95% H20 cont. 

0.1 % TF A to 100% ACN gradient over 25 minutes, Omnisphere 5 C 18 column 

250 x 4.6 mm). Mass peaks; 619.2, M(8IBr13C2)H+ (9%); 618.2, M(8I BrI3C)H+ 

(32%); 617.2, M(8I Br)H+ (100%); 616.2 MC9BrI3C)H+ (29%); 615.2, MC9Br)H+ 

(86%). 

7.4.6 Synthesis of Fmoc-ADDA 

2 4 8 12 
HO 

o )t 
o 

14 

19 18 
12-aminododecanoic acid (ADDA) was suspended in a 10% Na2C03 (aq) 

solution and cooled to O°C. 1 eq of Fmoc-CI in dioxane (I OmI per g) was 

added273 . The reaction was allowed to wann up to room temperature and stirred 

for 4 hours. The dioxane was removed by rotary evaporation and water (50ml per 

g of ADDA) was added. The solution was acidified to pH 3 by addition of 

concentrated HCL. The product (Fmoc-ADDA) was extracted into ethyl acetate 

that was then dried with magnesium sulphate and the solvent removed to give the 

crude product. This was re-crystallised from acetonitrile to form the pure 

product. A typical reaction used 5.0675g of 12-aminododecanoic acid and 

6.1505g of Fmoc-CI with 125ml of 10% Na2C03 (aq) and 50ml of dioxane. 
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IH NMR: () 1.25-1.60 (18H, m, -CH2-, C3
-

11 alkyl H's ), 2.15 (2H, s, -

C2H2-), 2.35 (2H, t, JcII-CI2=6.25Hz, -C I2Hz-), , 3.20 (lH, m, _NaH_), 4.20 (lH, 

m, -C I5H2-), 4.35 (2H, d, JCI5-CI4=6.25Hz, -CI4H2-), 7.25-7.80 (8H, m, aromatic 

H's). 

13C NMR: () 24.9-34.0 (C2-11 alkyl C's), 41.9 (C I5), 47.2 (C I2), 68.1 (C I4), 

119.9 -127.6 (aromatic C's, C7
-

IO + C13-1
\ 141.3 (C\3), 145.3(CI). 

Elemental Analysis; C: 72.18, H: 8.29, N: 2.96 (expected C: 74.47, H: 

8.26, N: 3.10). 

HPLC-MS ES+: elution time 18.3 minutes (5% ACN: 95% H20 cont. 

0.1 % TF A to 100% ACN gradient over 25 minutes, Omnisphere 5 C 18 column 

250 x 4.6 mm). Mass peaks; 452.8, MH+ (100%); 453.8, M(13C)H+ (25%). 

7.5 Synthesis of Peptide Sequences 

7.5.1 Materials 

All amino acids were purchased from Merck Biosciences and used 

without further purification. 1-(Mesitylene-2-sulfonyl)-3-nitro-l H-l ,2,4-triazole 

(MSNT), 2-( 1 H-Benzotriazole-l-yl)-I, I ,3,3-tetramethyluronium 

hexafluorophosphate (HBTU), N-Hydroxybenzotriazole H20 (HOBt), 

Benzotriazole-I-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate 

(PyBOP). 4-dimethylaminopyridine (DMAP) and diisopropylcarbodiimide (DIC) 

were purchased from Merck Biosciences. All other reagents were purchased 

from Sigma-Aldrich. 

7.5.2 Resin Loading 

Established protocols for estimating the initial resin loading were found 

to be unsatisfactory so the following protocol was developed. 

Samples of the resins were removed and washed with absolute alcohol 

then dried in vacuum oven at RT for a minimum of 24hrs. 10mg aliquots of the 

resin were weighed into a 10ml volumetric flask and the volume made up with 

20% piperidine in DMF. The samples were left for a minimum of 4 hours with 

periodic shaking. Readings of the absorbance at 290nm were taken at 20 minute 

intervals to ensure the deprotection was complete. The equation below was used 

to determine the approximate loading of the resin. 

Loading in mmol per gram = Absorbance / (weight in mg * 0.525) 
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7.5.3 Deprotection and Monitoring 

Fmoc protecting groups were removed with 20% piperidine in DMF for 3 

minutes and then 7 minutes using fresh reagents during which time the resin was 

agitated using N2 gas. The deprotection was assessed by use of the picryl sulfonic 

acid test. A few resin beads were removed, washed with DMF and then 

suspended in fresh DMF. Two drops each of picryl sulfonic acid solution and 

10% diisopropylethylamine (DIPEA) in DMF were added and colour allowed to 

develop for 5 minutes. The solvent was decanted off and the resin washed with 

DMF. A dark red indicated the presence of free amines and showed the 

deprotection process was complete. The effectiveness of coupling reactions were 

also assessed using the picryl sulfonic acid test whereby the lack of red colour 

showed the completeness of the coupling step. 

7.5.4 Protected Peptides 

Protected peptide sequences were synthesised using the rink acid labile 

resin (0.6-0.8mmol /g capacity) with Fmoc protected amino acids. 

7.5.4.1 Resin Loading 

The resin was swelled in DCM for a minimum of 24hrs prior to use and 

placed under nitrogen before coupling the first amino acid. Excess DCM was 

removed from the resin and 5eq of the amino acid, 5eq of MSNT, 3.75 eq of 

methyl imidazole and DCM (10ml per g of resin) were mixed together under 

nitrogen and then added to the resin. The coupling was allowed to proceed for 1 

hour before the resin was washed with DCM x 3, DMF x 3, DCM x 3 and MeOH 

x 3. The resin was dried and the resin loading estimated using the procedure 

above. 

7.5.4.2 Chain Elongation 

Fmoc deprotections were carried out as per the protocol in section 7.5.3 

above. Subsequent amino acids were coupled to the growing sequence using 

standard PyBOP protocols of 5 eq. of the amino acid, 4.geq. PyBOP, 5eq. HOBt, 

10eq. DIPEA and tOml DMF per gram of resin. The coupling reaction was 

allowed to proceed for 30mins upon which time it was tested by the picryl 

sulfonic acid test described previously. If the test showed partial red colouring 

the reaction was allowed to proceed for a further 30mins before being tested 
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again. If the test was still showing partial free amines the resin was washed and 

the procedure repeated with fresh reagents. 

7.5.4.3 Cleavage of Peptide from Resin 

The resin was washed with DCM and then 1% TF A in DCM (I Oml per g 

of resin) was added. The mixture was agitated by N2 gas for 2 minutes and the 

solution was run into 10% pyridine in methanol (2ml per g of resin). This was 

repeated a further nine times and then the resin was washed with DCM then 

methanol. The extracts were combined, reduced in volume and precipitated into 

ice-cold hexane. 

7.5.5 Non-Protected and Partially-Protected Pep tides 

Peptides without protecting groups or with just the 4-bromobenzene 

sulphonyl protecting group on the arginine were synthesised using a Wang resin 

with a nominal resin loading of 1.1 mmol/g and Fmoc amino acid protection. 

7.5.5.1 Resin Loading 

The resin was swelled in DMF for a minimum of 24hrs prior to use and 

placed under nitrogen before coupling the first amino acid. A symmetrical 

anhydride was made by dissolving 10eq of the first amino acid in dry DCM, 

cooling to O°C and adding 5eq of DIe. The reaction was stirred for 20minutes 

and then the DCM was removed by rotary evaporation. The symmetrical 

anhydride was dissolved in DMF (1 Oml per g of resin) and added to the resin 

from which excess DMF had been removed. 0.1 eq of DMAP was added to the 

resin and allowed to react for 1 hour. 

7.5.5.2 Chain Elongation 

Fmoc deprotections were carried out as per the protocol in section 7.5.3 

above. Subsequent amino acids were coupled to the growing sequence using 

standard HBTU protocols of 5 eq. of the amino acid, 5eq. HBTU, 5eq. HOBt, 

lOeq. DIPEA and 10ml DMF per gram of resin. The coupling reaction was 

allowed to proceed for 60mins upon which time it was tested by the picryl 

sulfonic acid test described previously. If the test showed partial red colouring 

the resin was washed and the procedure repeated with fresh reagents. 
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7.5.5.3 Cleavage of Peptide from Resin 

The resins were washed with DCM and methanol and dried prior to 

cleavage to remove all traces of DMF. Peptides were cleaved from the resin 

using a cleavage cocktail of 95% TF A, 2.5% water and 2.5% triisopropylsilane 

(TIS) (10 ml per g of resin) for I hour. The resin was washed with 1 x cleavage 

cocktail,3 x DCM and 3 x ACN. The solvents and TFA were stripped off in a 

distillation type procedure and the peptide was precipitated into diethyl ether. 

The products were isolated by centrifugation of the solidldiethyl ether mixture 

then filtration of the solid followed by re-precipitation from methanol into 

diethyl ether and centrifugation. The final solid was filtered and dried under 

vacuum for 24 hours before being stored at -8°C until use. 

7.5.6 Analysis and Purification of Peptide Sequences 

All HPLC analyses were done using a Waters 2690 separation module 

with a Waters 996 photodiode array detector and an Omnisphere 5 C 18 column 

(250 x 4.6 mm) unless otherwise stated. A gradient of 95% water (containing) 

0.1 % trifluoroacetic acid): 5% acetonitrile to 100% acetonitrile over 25 minutes 

was employed. A Micromass Platform LCZ mass spectrometer was used to 

analyse the traces. Peptides that were determined to have a purity of less than 

90% after precipitation from diethyl ether were purified by preparative reverse 

phase HPLC. 

7.5.6.1 Fully protected peptides 

MacGR(Pbf)GO(tBu)S(tBu) 
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HPLC-MS ES+: elution time 11.81 minutes (5% ACN: 95% H20 cont. 

0.1 % TF A to 100% ACN gradient over 25 minutes, Omnisphere 5 C 18 column 

250 x 4.6 mm). This analysis was performed on a Varian Star HPLC machine. 

923.1 MH+ (100%); 924.1 M( I3C)H+ (42%). 78% purity by integration of peaks 

generated by detector at 254nm before preparative HPLC, 91 % purity after 

purification. 

o 0 yo/\_~O 

'···l' 
'~It" '~I~yl::y. OH 

J 
HN~NH MacAddaGR(Pbf)GD(tBu)S(tBu) 

~(L' 
HPLC-MS ES+: elution time 11.81 minutes (5% ACN: 95% H20 cont. 

0.1% TFA to 100% ACN gradient over 25 minutes, Omnisphere 5 C18 column 

250 x 4.6 mm). This analysis was performed on a Varian Star HPLC machine. 

1120.8 MH+ (100%); 1121.8 M( I3C)H+ (55%). 91% purity by integration of 

peaks generated by detector at 254nm. 

7.5.6.2 Partially Protected peptides 

J A~J M acGR(4-Bbs)GDS 

,~ ~Ay~) '" 
HO 

MacGR(4-Bbs)GDS: HPLC-MS ES+: elution time 11.65 minutes (5% 

ACN: 95% H20 cont. 0.1 % TF A to 100% ACN gradient over 25 minutes, 

Omnisphere 5 C 18 column 250 x 4.6 mm). Mass peaks; 781.1, M(81 Br\3C2)H+ 

(12%); 780.1, M(8I BrI3C)H+ (39%); 779.1, M(8I Br)H+ (100%); 778.1 
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MC9Br13C)H+ (31 %); 777.1, MC9Br)H+ (92%). 93% purity by integration of 

peaks generated by diode array. 

o ~~t~\~~\o" 
HN 

A MacAddaGR(4-Bbs)GDS 
HN NH 

I 

Br 

0 50

, 

MacAddaGR(4-Bbs)GDS: HPLC-MS ES+: elution time 15.67 minutes 

(5% ACN: 95% H20 cont. 0.1 % TF A to 100% ACN gradient over 25 minutes, 

Omnisphere 5 C18 column 250 x 4.6 mm). Mass peaks; 978.3, M(81 Br13C2)H+ 

(17%); 977.3, M(81 BrI3C)H+ (48%); 976.3, M(81 Br)H+ (100%); 975.3 

MC9Br13C)H+ (39%); 974.3, MC9Br)H+ (81 %). 64% purity by integration of 

peaks generated by diode array before preparative HPLC, 96% purity after 

puri fi cati on. 

7.6 Investie;ation of GST deprotection 

7.6.1 Materials 

All materials were purchased from Sigma-Aldrich and used without 

further purification. 

7.6.2 Determination of GST Deprotection by Sulphite Assay 

Solutions containing 500~M of reduced glutathione (GSH), 0.05-

0.5mg/ml glutathione-S-transferase (GST) and 0-500~M of protected arginine 

derivatives were produced from stock solutions of the relevant compounds and 

made up to lml with lO~mol dm-3 potassium phosphate buffer (PPB, pH 7.4). 

GSH stock solutions were made up weekly and stored at 3-4°C, GST stock 

solutions were made up in Sml batches and frozen in aliquots until use. 

The solutions were incubated at the relevant temperatures for a set 

amount of time upon which they were analysed immediately by the methods 

detailed below. 
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An assay for sulphite formation utilising pararosaniline/formaldehyde as 

used by Zhao et al. and published by Leinweber et al. was also utilised to detect 

the removal of the protecting group274,275. A stock solution of 0.3035g of 

pararosaniline HCL dye was made up with 10ml of ethanol. 1.6ml of this 

solution and 4.4ml of concentrated sulphuric acid were combined and made up to 

100ml with ultra-pure water. O.4ml of 40% aqueous formaldehyde was added 

along with 200mg of activated charcoal to form the assay solution, which was 

made fresh each day. 

500~1 of each Z-Arg( 4-Bbs) incubation with GST or sulfite standard was 

added to 200~1 of saturated Hg(II)CI(aq) solution and centrifuged to precipitate 

the insoluble GSH. 250~1 of the supernatant was added to 1 ml of the assay 

solution in a disposable cuvette. The colour was allowed to develop for 15 

minutes exactly before being read at 570nm. 

Sulphite standards each containing 500~mol dm-3 of GSH, of 0, 50, 100, 

200, 500 and I 000 ~mol dm-3 of sodium sulfite were prepared and formed a 

linear correlation graph. 

7.6.3 Determination of GST Deprotection by HPLC 

The enzyme incubation solutions were made up as before (section 7.6.3) 

except that O-IOOO~mol dm-3 of a reference amino acid was also included. The 

reference amino acid was incorporated from a stock solution made up with 

methanol or acetonitrile. 

All HPLC analyses were done using a Waters 2690 separation module 

with a Waters 996 photodiode array detector and an Omnisphere 5 C 18 column 

(250 x 4.6mm). A gradient of 95% water (containing) 0.1 % trifluoroacetic acid): 

5% acetonitrile to 100% acetonitrile over 25 minutes was employed with a 25min 

downwards gradient included where enzyme was present to wash the enzyme 

from the column. The amino acids were detected using a photodiode array from 

200 to 320nm. The concentration of the arginine derivative amino acid was 

determined by integrating the peak areas and using the ratio of peak areas to 

determine the concentration from a calibration chart. The calibration charts were 

formulated using 0, 20, 40, 60, 80, 100, 200, 300, 400 and 500~M solutions of 

the amino acid with 50, 100, or 1 OOO~M of the reference amino acid and 

500mmol dm-3 ofGSH. 
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7.7 Peptide-Containing Hydrogel Synthesis 

7.7.1 Synthesis of polymers 

Stock solutions of the peptides were made with methanol to a 

concentration of 10 picomoles / ml. These stock solutions were diluted with 

methanol to form solutions with concentrations of 1, 0.1 and 0.01 pmol/m!. Stock 

solutions of monomers, cross-linker and 1 wt% initiator were made up and stored 

at -8°C in the dark until use. Peptide and monomer stock solutions were 

volumetrically measured (volumes adjusted for density) and combined 

immediately prior to use. Thermally cured polymer sheets were synthesised as 

described in section 5.3.3 and UV cured polymer thin-films were synthesised as 

described in section 5.1.2. 

7.7.2 Enzyme Deprotection of Peptides 

Disks of polymers were cut out and placed into 24 well plates in a sterile 

culture hood. The disks were washed three times with ethanol and three times 

with PBS. A stock solution of GST 1 mg/ml and GSH 10mmol dm·3 in PBS was 

made up and then filter sterilised. The stock solution was diluted by a factor of 

20 with sterile PBS resulting in a final concentration of GST 0.05mg/ml and 

GSH 500 flM. The final enzyme-containing solution was added to wells 

containing polymers (0.5 mllwell) and these were placed in an incubator at 37°C 

and 5% C02 for a set time period. After the enzyme incubations were complete 

the polymers were washed three times with PBS and twice with serum free 

media prior to cell culture. 

7.8 Cell Culture 

All materials were obtained from Sigma-Aldrich UK. Deionised water 

was used throughout. Dulbecco's modified eagles media (DMEM) supplemented 

with 2xlO-3 mol L-1 glutamine, 0.625 flg mrl amphotercin B, 100 I.U. ml 

penicillin and 100 flg mrl streptomycin was routinely utilised for all 

experiments. In addition where serum containing media was utilised 10% v/v 

fetal calf serum was added. 
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7.S.1 Cell Maintenance 

Fibroblasts were obtained from human skin obtained from patients 

undergoing elective surgery who gave informed consent for skin not required for 

their treatment to be used for research (as detailed in reference276
). Skin was 

placed in 0.1 % trypsin w/v overnight before the epidermis was peeled from the 

dermis. This dermis was washed in phosphate-buffered saline (pH 7.2), finely 

minced and then placed in 0.5% collagenase-A at 37°C for 16 h. Cells were then 

cultured in DMEM media supplemented with 10% v/v neonatal calf serum, 2x 1 0-

3 mol L-1 glutamine, 0.625 mg mrl amphotercin B, 100 i.u. ml penicillin and 100 

mg mrl streptomycin. Cells were passaged routinely using 0.02% (w/v) EDTA 

and used for culture on polymers between passage numbers 5 and 12. 

7.S.2 Cell Culture on Polymers 

Cells were harvested at -90% confluency by incubating with trypsin until 

cells were detached. Serum-containing media was added to neutralise the trypsin 

and the cell suspension was centrifuged and the media containing trypsin was 

decanted. After harvesting cells were suspended in the appropriate media (either 

serum free or containing 10% FCS). The concentration of cells was determined 

by mixing 20J.lL of the cell suspension with 20J.lL of tryphan blue and counting 

the number of live cells in a known volume using a haemocytometer. The cell 

suspension was diluted to give an appropriate volume that would contain 100,000 

cells (20-40J.lL). This volume was applied to each well containing polymer or 

control substances and the cells were allowed to adhere for 20 minutes. After this 

time 1 ml of the appropriate media was applied to the wells and the cells were 

incubated for a set time period after which time the cells were photographed 

through a phase contrast microscope and/or analysed via the MTT assay. 

7.8.3 Competition with Soluble RGD 

A solution of 1 mg/ml GRGDS in serum-free media was prepared. After 

24 hours of cell culture as described above the media was removed from all 

wells. 0.5ml of GRGDS containing media was added to half of the wells and 0.5 

ml of serum free media was applied to the other half of the wells as a control. 

Photographs of the cells were taken at 0, 15, 30, 45 and 60 minutes after the 

application of the GRGDS-containing media through a phase contrast 
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mIcroscope. After 60 minutes the cells were analysed by the MTT assay as 

described below. 

7.8.4 Incubation with Non-Contacting Cells 

Cells were harvested at -90% confluency by incubating with trypsin until 

cells were detached. Serum-containing media was added to neutralise the trypsin 

and the cell suspension was centrifuged and the media containing trypsin was 

decanted. After harvesting cells were suspended in serum free media. The 

concentration of cells was determined by mixing 20llL of the cell suspension 

with 20llL of tryphan blue and counting the number of live cells in a known 

volume using a haemocytometer. The cell suspension was diluted to give an 

appropriate volume that would contain 100,000 cells (20-40IlL). This volume 

was applied to a co-culture basket suspended in a well above a polymer or 

control substances and the cells were allowed to adhere for 20 minutes. After this 

time 1 ml of the appropriate media was applied to the wells and the cells were 

incubated for a set time. After this time the co-culture baskets were removed and 

the polymers were sterilised with ethanol to kill any cells that had migrated onto 

the surface. The surfaces were washed x 3 with ethanol and then normal cell 

culture was performed on the polymers as per section 7.8.2. 

7.8.5 MTT Assay 

Cells were washed with PBS and then 1 ml of MTT solution was added 

(0.5 mg MTT / ml PBS) to each well. The cells were incubated at 37°C and 5% 

CO2 for 40 minutes. The MTT solution was removed and 300llL of ethoxy 

ethanol was added to each well to solubilise the formazan colour formed by the 

assay. lS0llL of ethoxy ethanol was removed from each well and placed in a 96 

well plate. The absorbance at 540 nm was read using a Dynatech MRSOOO plate 

reader with a reference wavelength of 630nm. 

7.8.6 Histology 

After a set time point (30mins, 1,2,4 or 24 hours) cells were washed with 

PBS and then fixed for 10 minutes with 10% formalin in PBS. The cells were 

washed with PBS x 3 and then 0.1 % triton was added for 10 minutes to 

permeabilise the cell membranes. The cells were again washed with PBS x 3 and 
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then 250J..lI of 4' ,6-diamidino-2-phenylindole dihydrochloride (DAPI) solution 

(300nM in PBS) was added for 20 minutes. Following a further 3 PBS washes a 

solution of FITC-phalloidin (0.5J..lg/ml in PBS containing 1% methanol) was 

added for 5 minutes. After a further 3 PBS washes the cells were observed 

visually using epi-fluorescence microscopy using an ImageXpress® automated 

cellular imaging and analysis system (DAPI Aex = 358 nm, Aem = 461 m; FITC 

Aex = 490 nm, Aem = 523 nm; Axon Instruments, CA, USA). 
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