















































































































































































































































































































































































































































































































































































































































7.4.2 Effect of VEGF- and Heparin-Bound RRR Hydrogel on Tube Formation
The final investigation in this study was to determine the effect of the VEGF- and
heparin-bound PNDRRR hydrogel on two other aspects of angiogenesis, migration and

tube formation.

Cell migration can be either random or directional. Directional endothelial cell
migration occurs through three major mechanisms: haptotaxis, the migration towards a
gradient of immobilised ligands; mechanotaxis, migration due to mechanical forces; and

chemotaxis, migration towards a gradient of chemoattractive stimulus®

. Analysis of
endothelial cell migration is generally carried out by a wound healing assay’>® or by a
variation of the method developed by Boyden®*®, commonly referred to as the Boyden
chamber. It is well known that soluble VEGF is able to induce endothelial cell
migration in a concentration-dependent manner, but this process is a balance of many
growth factors and integrin-stimulated signals, and therefore different cells and different

30 Mastyugin et al®®' demonstrated human

conditions may lead to varying results
umbilical vein endothelial cell migration due to VEGF, and showed that migration was
inhibited by the known VEGFR tyrosine kinase inhibitors PTK787 and AAL993.
Shamloo et al**? reported that HUVECs chemotax towards VEGF from 18-32 ng/ml
VEGF and that the steepness of the VEGF gradient was shown to influence directional
migration, whereas Barkefors et al’®® found that migration of endothelial cells occurred

at stable gradients of 0-50 ng/ml over a distance of 400 um.

The effect of chemotaxis on endothelial cells has also been observed for surface-density
gradients. HUVEC attachment is affected by a RGDS peptide gradient on PEG
hydrogels®®, and bovine aortic endothelial cells (BAECs) migrated on a surface-bound
fibronectin gradient®®. Liu et al**® showed migration on material with immobilised
VEGF and fibronectin. Gradients of both proteins stimulated directional migration and
an increased effect was observed for the two combined in a 24-hour cell culture
experiment. It has also been reported that endothelial cells guide outgrowing capillaries

in response to the gradients of VEGF in retinal angiogenesis®®’.

Angiogenic factors spatially affect the direction of tube formation during angiogenesis.

This is well demonstrated by organ culture assays and in vivo assays. Popular methods
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include the subcutaneous implantation of a polymeric material containing an angiogenic

factor followed by analysis of the vessel growth into the plug of material®?®

, and the
chick chorioallantoic membrane (CAM) assay*>’, in which angiogenic factors can be
placed on the CAM through a window in the eggshell. The angiogenic stimulator will
then typically cause a radial rearrangement of blood vessels towards the implant and an
increase of vessels around it. VEGF-induced angiogenesis in the CAM assay in vivo, as

well as inhibition by anti-angiogenic factors, was nicely demonstrated by Benndorf et
a1368.

It was hypothesised that VEGF released from the PNDRRR hydrogel would produce a
VEGF gradient, and therefore may cause cell migration and spatially influence tube
formation in an angiogenesis assay. A method to analyse both migration and tube
formation simultaneously, whilst maintaining the simplicity of an in vitro experiment
and minimising the effect of external factors, was designed to compare the effect of the
VEGF- and heparin-bound PNDRRR hydrogel and the PNDRRR hydrogel alone
(Figure 7.16). For this investigation the hydrogels were prepared as described
previously in Chapter 4, and VEGF and heparin were bound as previously described in
Section 7.2. After the final PBS wash the hydrogels were placed in 1 ml of serum-
starved medium (1% serum) and allowed to equilibrate. Meanwhile, a layer of Matrigel
was allowed to set in the wells of a 48 well plate before careful addition of one disc of
hydrogel to each, avoiding disruption of the Matrigel layer. The cells, starved overnight
prior to the experiment in 1% serum medium, were then randomly seeded into the well.
The 48 well plate was then incubated at 37°C for six hours before the cells were imaged

by light microscopy.

The addition of a polymer disc covering one quarter of the area of a well meant that it
was not possible to analyse the tube formation in the standard quantitative method.
Instead, the effect of the polymer plus heparin and VEGF was compared qualitatively to
the polymer alone and a control Matrigel well. Within each experiment, three repeats of
each environment were carried out and the entire experiment was carried out in

triplicate.
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Figure 7.16: Schematic of experiment to determine effect of VEGF released from hydrogel on
endothelial cell differentiation. Studies were carried out in serum-starved medium (1% FCS) on

growth-factor reduced Matrigel.
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Figure 7.17: Stitched light microscopy images of PNDRRR hydrogel discs on growth factor-
reduced Matrigel. Top image: VEGF- and heparin-bound PNDRRR hydrogel. Bottom image:
PNDRRR hydrogel alone (near to well edge). Images show networks of endothelial cells forming
around the VEGF- and heparin-bound PNDRRR hydrogel where disc has been shifted slightly to
the left.
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Previously it was shown that culture of endothelial cells on Matrigel alone leads to the
formation of an EC network with tubes forming in random directions (Figure 7.15). The
images in Figure 7.17 show PNDRRR hydrogel alone (bottom image) and VEGF- and
heparin-bound PNDRRR hydrogel (top image) in wells coated with GF-reduced
Matrigel. In both cases, the hydrogel itself is visible in the centre of the image (labelled
to show the edge of the hydrogel) with endothelial cells present on the Matrigel
surrounding it. Culture of endothelial cells on GF-reduced Matrigel in the presence of
VEGF- and heparin-loaded PNDRRR hydrogel led to a significant spatial arrangement
of the EC network, such that the EC network formed radially around the hydrogel
(Figure 7.17 (top)). In this image, the hydrogel has shifted slightly to the left, revealing
the tube formation that had occurred. For this VEGF- and heparin-bound PNDRRR
hydrogel, a higher presence of endothelial cells was also observed directly surrounding
the material than in other areas of the well. This effect was clearly observable after six
hours of culture for all nine repeats carried out. Such an effect was not observed for the
control PNDRRR hydrogel with no VEGF and heparin present, with random tube
formation observed throughout the well in this case (Figure 7.17 (bottom)). These
results suggest that VEGF is released by the VEGF- and heparin-bound PNDRRR
hydrogel in such a way as to produce a VEGF gradient, thus resulting in EC migration
towards the source. It is also shown that tube formation is spatially affected by VEGF
release. Tube formation is observed radially around the VEGF- and heparin-bound
PNDRRR polymer, but not in direct contact with the hydrogel. This is a positive result
for a potential wound healing application, as it is hypothesised that the material could be

removed without seriously damaging the healing tissue or new capillary network.

A similar spatial effect was previously reported by Tufro®®® for mouse glomerular
endothelial cell response to avascular metanephric kidneys from rat embryos and
VEGF-coated agarose beads to confirm that VEGF directs angiogenesis. In this case,
EC networks were previously formed for 24 hours on collagen I gel before addition of
either the kidney or the VEGF-loaded beads. Co-culture with the kidney induced spatial
rearrangement of the EC network, with cells directed towards the explant. The effect
was observable within 48 hours, at which time a network extending 1373 + 44.6 um
radially surrounded each explant. The presence of anti-VEGF neutralising antibodies
minimised migration. A similar spatial rearrangement was also observed for VEGF-

coated Affi-Gel blue agarose beads in the same study.
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7.5 Discussion of Angiogenesis Assay Results

Endothelial cell proliferation studies of VEGF- and heparin-bound hydrogels revealed
that the most significant stimulatory effect was achieved with the PNDRRR hydrogel.

This material was therefore selected for further analysis as an angiogenesis stimulator.

In this final study of VEGF- and heparin-bound PNDRRR hydrogels, a simple in vitro
cell culture study on GF-reduced Matrigel was used to determine the effect of the
VEGF- and heparin-bound hydrogel on migration and tube formation. The PNDRRR
hydrogel alone had little effect on tube formation. The tubes present were randomly
distributed and networks present did not extend above a few tubes. On the other hand,
the VEGF- and heparin-bound PNDRRR hydrogel had a significant spatial effect on
tube formation, with a relatively well-formed network of tubes present radially around
the hydrogel in all repeats. Visual comparison of the two wells also shows increased

tube numbers in the well with the VEGF- and heparin-bound PNDRRR hydrogel.

Comparison of these results with other growth factor releasing materials is complicated
due to the different in vitro and in vivo assays employed to analyse angiogenesis. Also,
although the bioactivity of VEGF and proliferation of endothelial cells was often
analysed in comparable growth factor delivery systems, only a small number of the
growth factor delivery systems discussed in Section 5.3 provide information on the
effect of the delivery system on angiogenesis. The chick chorioallantoic membrane
assay was utilised by Kanczler et al*® to show that increased numbers of blood vessels
surrounded their VEGF-encapsulated poly(D,L-lactic acid) scaffolds compared to
control scaffolds in vivo. Yoon et al'” implanted bFGF-loaded Pluronic/heparin
hydrogels into subcutaneous pockets in the dorsal side of male SD rats and showed that
the tissue layer formed on the surface of these hydrogels contained more dense
capillaries than the Pluronic hydrogel control. This observation was confirmed by
histology of the tissues. Steffens et al'® employed both of these techniques followed by
capillary counting or analysis of haemoglobin content to confirm that the presence of
both VEGF and heparin in collagen matrices led to an increased angiogenic potential.
Interestingly, an increased angiogenic potential was observed for the heparinised matrix
alone as well as the VEGF-loaded heparinised matrix, although a higher increase in

angiogenesis was observed in the presence of both VEGF and heparin.
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Pike et al** produced hyaluronan hydrogels containing gelatin and heparin as well as
VEGF or bFGF which were implanted into the ear pinnas of Balb/c mice. The results
showed that the vascularisation observed could be sustained for up to 28 days with the
presence of heparin. Another report from the Peattie group®® also showed that the
presence of heparin in hyaluronan-based hydrogels could sustain release of growth
factors over a period of weeks. In an in vivo mouse model, heparin-containing hydrogels
loaded with both VEGF and angiopoietin-1 led to the development of more mature
microvessel networks than when the hydrogels lacked heparin or one of the growth
factors. This result is in agreement with those discussed by Richardson et al*’ who
analysed angiogenic potential by implanting their poly(lactide-co-glycolide) scaffolds
into the subcutaneous tissue of Lewis rats. No increase in blood vessel density was
observed for bolus delivery of VEGF and/or PDGF, but delivery of the growth factors
from the scaffolds had a significant effect. Histology revealed that release of VEGF led
to increased blood vessel density but the blood vessels remained immature, whereas
PDGF release led to blood vessel maturation. Combined release of the two growth
factors led to the formation of mature blood vessels. Despite the variety of assays
available to analyse angiogenesis, all of the approaches discussed are in agreement with
the results presented here, namely that the release of VEGF from a biomaterial can

positively affect the process of angiogenesis.

In conclusion, the RRR-functionalised hydrogel (PNDRRR) has been shown to be a
promising biomaterial for VEGF delivery in a wound healing application. This heparin-
binding biocompatible material has been shown to non-covalently bind and release
biologically active VEGF over a 72 hour period, significantly increasing endothelial cell
proliferation. The presence of VEGF and heparin bound to the hydrogel also led to
significant increase in cell attachment. An in vitro study has shown that the VEGF- and
heparin-bound PNDRRR hydrogel has a positive spatial effect on the formation of tube
structures on GF-reduced Matrigel. These results suggest that these hydrogels could be
suitable as wound healing materials by acting as a VEGF reservoir and thereby
stimulating EC proliferation and tube formation adjacent to the material. Further

experimentation to examine the angiogenic potential of this hydrogel in vivo would now
be justified.

206



8 Conclusion

The aim of this work was to develop a material capable of binding and releasing
bioactive VEGF (an angiogenic stimulator) for a wound healing application. The
materials were designed to operate as VEGF-reservoirs, binding endogenous VEGF
within a wound environment, maintaining VEGF concentrations within a localised area
and thus aiding the process of angiogenesis and subsequent wound healing. The
biomaterial was required to act as a “heparin-mimic”, interacting non-covalently with
the basic heparin-binding regions present on the VEGF protein. Two biomaterials were
investigated to determine their potential for use in this application; core-shell
molecularly-imprinted particles and heparin-bound peptide-functionalised poly(NVP-
co-DEGBAC-co-AA) hydrogels.

Core-Shell Molecularly-Imprinted Particles

CS-MIPs were developed initially, using the methodology previously employed by
Carter et al'>” ' ', The epitope imprinting approach'®® was employed in order to
overcome difficulties associated with the imprinting of biomacromolecules, and
DKPRR was selected as the template molecule. A low temperature initiator system of
potassium persulphate and ascorbic acid was investigated, allowing the synthesis of
core and core-shell particles but affording only a 1.9% incorporation of the functional
monomer (OPHP). In order to increase OPHP incorporation a number of alternative
initiator systems were trialled, with the most successful system found to be initiation by
potassium persulphate at 70°C, resulting in 11.7% of the OPHP employed being
incorporated into the outer shells. This system was optimised to produce stable latexes

of core particles and core-shell particles.

This system was then employed to produce a series of MIPs; one imprinted with
DKPRR, a pentapeptide sequence present at the carboxy-terminus of VEGF¢s; one
imprinted with GAA, an unrelated peptide sequence; and a blank version, produced
without the presence of the template. A colorimetric peptide binding study showed that
binding occurred between the surface phosphate functionality of the core-shell particles
and the basic amino acids, confirmed by a zeta potential binding study which showed a
considerable decrease in surface charge for all core-shell particles as they interacted

with the DKPRR peptide but not with the SSSSSSSS peptide. A slight influence of
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molecular imprinting was observed during the colorimetric peptide release study as a
higher acid concentration was required to remove MRSSSDKPRR from the DKPRR
CS-MIP than was required for MRSSSPRKRD, a scrambled version of the peptide. For
the GAA CS-MIP and the blank CS-MIP the release of the two peptides was very
similar in each case and resembled the release of MRSSSPRKRD from the DKPRR CS-
MIP. The delayed release of MRSSSDKPRR is attributed to the binding of the DKPRR
group to molecularly-imprinted cavities, resulting in multiple interactions between the
polymer and the peptide. A study of VEGF binding and release for the three core-shell
particle types revealed that over a 48 hour period 22.4 ng, 21.3 ng and 20.9 ng of
bioactive VEGF s was released per milligram of the DKPRR-, GAA- and blank-
imprinted CS-MIPs respectively.

From the studies carried out to date, no significant effect of molecular imprinting was
observed in binding or release of the protein, suggesting that the molecular imprinting
process may not offer any advantages for this application. Nevertheless, synthetic core-
shell particles with surface phosphate functionality have been developed which are
capable of binding and releasing VEGF 45 over a 48 hour period whilst maintaining the
bioactivity of this protein, thereby showing the potential of core-shell particles with

phosphate functionality for heparin-binding protein delivery applications.

Heparin-Bound Peptide-Functionalised Hydrogels

The second approach investigated involved a heparin-bound peptide-functionalised
hydrogel for interaction with VEGF. Poly(NVP-co-DEGBAC) polymers were
employed as the base hydrogel as this material had already been employed in our
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research group™". Consideration of heparin-protein interactions led to the selection of

triarginine and trilysine as heparin-binding peptides. Poly(NVP-co-DEGBAC-co-AA)
hydrogels were designed to couple the peptides via an amide bond between the acrylic
acid residues and the amine functionality of the peptide. An optimised two-step
coupling procedure was determined for thermally-initiated hydrogels, involving an
activation step with DCC and NHS in DMF at room temperature for 24 hours and a
coupling step with two equivalents of peptide in PBS (pH 8.5) at 0°C for 72 hours. The
highest peptide loadings were achieved using this system with tripeptide sequences and

5% acrylic acid hydrogels.
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These optimised conditions were employed in the coupling of UV-initiated hydrogels to
trilysine (0.14 mg/mg hydrogel) and triarginine (0.2 mg/mg hydrogel), which were
employed in all further investigations, as these hydrogels required less peptide and
offered superior mechanical properties than the thermally-initiated hydrogels. The
ability of these materials to bind heparin was confirmed via XPS and a fluorescent
heparin study; they were shown to bind 0.077 mg and 0.117 mg of heparin per
milligram of dry hydrogel for the PNDKKK and PNDRRR hydrogels respectively. An
ELISA study of the heparin-bound hydrogels revealed that these materials were able to
bind VEGF, resulting in a release of 20.1 ng and 27.0 ng of biologically active VEGF
per PNDKKK hydrogel and PNDRRR hydrogel disc respectively over a 72 hour period,
in comparison to 19.8 ng and 19.4 ng for the PND and PNDA hydrogels. The higher
VEGF release from the PNDRRR hydrogel was attributed to the higher incorporation of
heparin in the hydrogel. A low retention of VEGF on all hydrogels was observed after

the study, suggesting this material is suitable for a delivery system.

Cell compatibility studies on PND, PNDA, PNDKKK and PNDRRR revealed that all
materials are cytocompatible. When considering fibroblasts and HDMECs in indirect
contact with the hydrogels, no significant effect was observed due to the presence of the
hydrogels in FCS-containing medium. In the fibroblast serum-starved experiment, a
decrease in viability (significant (p < 0.001) in two of three repeats) was observed in the
presence of PNDRRR, which is attributed to absorption of vital media components by
this hydrogel. Interestingly, a significant increase in the number of cells in direct contact
with the hydrogels (on top) was observed for both cell types as the hydrogels were

functionalised with peptides, with the most significant effect being observed for the
PNDRRR hydrogel.

In a study of HDMEC proliferation in indirect contact with the hydrogels in 5% serum
medium, an increase in cell proliferation was observed in the presence of both the
heparin-bound and the VEGF- and heparin-bound PNDRRR hydrogels. Overall, in 5%
serum medium, only the heparin-bound PNDRRR hydrogel was shown to lead to a
significant increase in HDMEC proliferation, which is expected to be due to masking of
the VEGF effect of the VEGF- and heparin-bound PNDRRR hydrogel by the serum in
the medium. The presence of VEGF- and heparin-bound PNDRRR hydrogels in a

serum-starved environment led to a significant increase in proliferation in all repeats,
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and a smaller increase was also observed for the VEGF- and heparin-bound PNDKKK
hydrogels in two of the three repeats. These results are expected to be due to both the
VEGF and heparin loadings for these hydrogels, as the presence of heparin is thought to
increase the effect of VEGF on endothelial cells through a number of mechanisms. The
PNDRRR hydrogel was shown to bind the most heparin and VEGF and was therefore
able to have the most significant effect on the endothelial cells. Interestingly, cells
observed on top of the heparin-bound and VEGF- and heparin-bound PNDRRR
hydrogels had a stretched morphology not observed for the PNDRRR hydrogel alone.
This could be due to improved cell adhesion in the presence of heparin, or possibly due
to the heparin-bound hydrogels more closely resembling the ECM. Thus they should be

more suitable for differentiation of the endothelial cells into tube-like structures.

An in vitro experiment was carried out with growth-factor reduced Matrigel in the
presence of the PNDRRR hydrogel alone and VEGF- and heparin-bound PNDRRR
hydrogel to determine the effect of these materials on endothelial cell migration and
tube formation. In the presence of the PNDRRR hydrogel alone tube formation occurred
randomly throughout the well, as was observed for Matrigel alone. The presence of the
VEGF- and heparin-bound PNDRRR led to the formation of a radial endothelial cell
network around the hydrogel, with a higher concentration of cells surrounding the
polymer than in other areas of the well, suggesting that a VEGF gradient is formed upon
release of the protein from the hydrogel, causing endothelial cell migration towards the
source. The radial tube formation surrounding the hydrogel suggests that the orientation

of the tubes was also affected by directional VEGF release.

This work clearly shows the potential of these hydrogels, particularly the PNDRRR
hydrogel, to meet the initial aim of this project. Triarginine- and trilysine-functionalised
poly(NVP-co-DEGBAC-co-AA) hydrogels were synthesised and were able to bind and
release biologically-active VEGF,¢s over a 72 hour period. These materials were shown
to be cytocompatible and increased cell attachment was observed in comparison to the
poly(NVP-co-DEGBAC) and poly(NVP-co-DEGBAC-co-AA) hydrogels. Most
importantly, the triarginine-functionalised hydrogels were shown to have potential as
stimulators of angiogenesis, as the VEGF- and heparin-bound PNDRRR hydrogels were
able to significantly increase HDMEC proliferation, and lead to endothelial cell

migration and directional tube formation in vitro.

210



Summary

Both systems investigated resulted in polymers able to bind and release similar
quantities of VEGF¢s, whilst maintaining the biological activity of the protein, with an
average of 22.4 ng of VEGF 45 released per milligram of the DKPRR CS-MIP (over 48
hours) and 27.0 ng released per triarginine-functionalised hydrogel disc (over 72 hours).
It is expected that these materials would similarly be able to bind and release other

heparin-binding proteins.

These two materials offer different approaches to achieve the project aim, and as such
each method has different advantages and disadvantages. The core-shell particles are
able to bind VEGF in a one-step system as the phosphate functionality required is
present within the material. This functionality was shown to bind the protein with the
appropriate strength to be able to release it over a 48 hour period in a biologically-active
form. It is suggested that this synthetic approach would enable simple control of protein
binding by varying the phosphate concentration on the particle surface, offering a
versatile system. It is acknowledged that such particles could not be used directly in a
wound environment, possibly even being of a size to have implications of phagocytosis,
and would therefore require coating on, or encapsulating within, a secondary material.
The triarginine-functionalised poly(NVP-co-DEGBAC-co-AA) hydrogels were also
able to bind and release bioactive VEGF;¢s. This cytocompatible material has the
required mechanical properties without necessitating a secondary material support. This
system would require a two-step process in order to be utilised in a wound healing
application as it first needs to interact with heparin before binding VEGF. The use of
heparin as an intermediate binding system also means that it may be difficult to control
protein binding amounts and the release kinetics by material design. However, this
system has the advantage of enabling protein binding in a more natural environment,

thus possibly allowing growth factor release in response to biological factors.

To conclude, two systems have been developed that are capable of binding and
releasing bioactive VEGF. In addition, triarginine-functionalised hydrogels were shown
to be both cytocompatible and able to increase HDMEC viability and influence
angiogenesis in vitro. In both cases, the results discussed demonstrate the potential of
these materials for further development towards the final aim of an angiogenesis-

stimulating material for a wound healing application.
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9 Future Work

There are number of areas where further work could be carried out to improve the

understanding of the results presented and to further develop the materials produced.

Further peptide and protein binding studies, including a competitive protein binding
study, would complete the molecular imprinting aspect of the CS-MIP work for
academic interest, even though the molecular imprinting technique would not be
suggested for further development of the core-shell particles. It is also suggested that
more comprehensive VEGF binding and release studies be carried out to determine the
release kinetics over a longer time period. Control of the binding capacity of phosphate-
functionalised core-shell particles could also be investigated by varying the
concentration of phosphate monomer in the synthesis of the outer shell, or by the use of
alternative phosphate monomers. For further development of the core-shell particles, the
cytocompatibility of these materials needs to be determined and, upon a positive
outcome, the possibility of incorporating the core-shell particles into a secondary
material to achieve suitable material properties could be investigated. If the core-shell
particles were found to be cytocompatible and it was possible to incorporate them into
secondary materials, it would then be necessary to determine the effect of these particles

on angiogenesis in vitro and in vivo.

With respect to the heparin-bound hydrogels, it is suggested that future work should
focus on the development of the most successful material, the triarginine-functionalised
poly(NVP-co-DEGBAC-co-AA) hydrogel. It would be interesting to investigate
whether VEGF alone or heparin-bound VEGF is released from the hydrogel in order to
further understand the effect of this system on angiogenesis. This may be possible by a
labelled-heparin study or through XPS analysis of the hydrogels after VEGF release. In
order to determine the true potential of this material for the application it would also be
prudent to carry out further angiogenesis studies. The use of the chick chorioallantoic

membrane angiogenesis assay could be the next logical step.
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10 Materials and Methods

10.1 Peptide Synthesis

10.1.1 Materials

All resins for solid phase peptide synthesis were purchased from Novabiochem with the
first amino acid attached, Fmoc-Arg(Pbf)-Wang resin (100-200 mesh), Fmoc-Lys(Boc)-
Wang resin (100-200 mesh), Fmoc-Asp(OtBu)-Wang resin and Fmoc-Ser(tBu)-Wang
resin, and were used as supplied. All amino acids were purchased from Novabiochem as
N-a-Fmoc protected amino acids with side chain protection when appropriate and used
without further purification. Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-
Lys(Boc)-OH, Fmoc-Ser(tBu)-OH, and Fmoc-Pro-OH were used as supplied. Methyl
Red (ACS reagent, Sigma Aldrich) was used as supplied. Coupling reagents 2-
mercaptobenzothiazol (2-MBT, 97%, Aldrich), 2-(1H-benzotriazole-1-yl) -1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU, Novabiochem), 1-
hyroxybenzotriazole hydrate (HOBt, 99.8% dry weight, >20% water, Alfa Aesar), N,N-
diisopropylethylamine (DIPEA, 99%, reagent grade, Aldrich) and cleavage reagents,
piperidine (99%, Aldrich) trifluoroacetic acid (TFA, 99%, Reagent Plus, Aldrich),
phenol (299%, ACS reagent, Aldrich) and triisopropylsilane (TIPS, >98%, purum,
Fluka), were also used as supplied. Solvents were used as supplied; acetonitrile (HPLC
grade, Far UV, Fisher) dichloromethane (DCM, HPLC grade, Fisher), diethyl ether
(anhydrous, laboratory reagent grade, Fisher), N,N-dimethylformamide (DMF,
laboratory reagent grade, Fisher) and methanol (HPLC grade, Fisher). Deionised water

was used throughout.

10.1.2 Equipment

Peptide synthesis was carried out on a Chemspeed Technologies PSW1100 automatic
synthesizer. Analytical HPLC-MS was performed on a Waters 2690 Separations
Module with Micromass Platform MCZ with a Prosphere HP C18 column (300 A, 5
pm, length = 150 mm, ID = 4.6 mm). Preparative HPLC was carried out on a Polymer
Laboratories LC1150 module with a Prosphere HP C18 column (300 A, 10 pm, length

=100 mm, ID =22 mm). NMR spectra were obtained on a DRX 500 MHz spectrometer
using D,0 throughout.
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10.1.3 Solid Phase Peptide Synthesis (SPPS) Protocol

The synthesis was carried out in DMF under an argon environment on an automated

peptide synthesiser which was programmed individually for each synthesis.

Required Amount

Reagent Molarity of Solution (M) (fold excess)
HBTU
Amino acid 0.5 S
Coupling reagent (HBTU) 0.5 5
HOBt 0.5 in coupling reagent 5
DIPEA Neat 10

Table 10.1: Relative reagent quantities employed in solid phase peptide synthesis

General Synthetic Procedure

The resin with first amino acid attached (< 500 mg) was placed into the reaction vials in
the automatic peptide synthesis robot. The resin was swollen in 5 ml DMF overnight
under an argon atmosphere and 350 rpm vortex and then washed six times with 5 ml
DMEF. Deprotection of the first a-amino group was carried out by the addition of 5 ml of
20% piperidine in DMF which was reacted for 5 minutes whilst vortexing at 350 rpm
before being removed. This was repeated twice in order to achieve optimum coupling.
The resin was then washed six times with 5 ml DMF. Chain elongation of the peptide
sequence with subsequent amino acids was carried out using standard HBTU protocols.
5 equivalents of the amino acid (0.5 M), 5 equivalents of HBTU (0.5 M), S equivalents
of HOBt (0.5 M in HBTU) and 10 equivalents of DIPEA were added to the washed
resin. The coupling reaction was allowed to continue for 1 hour under argon and vortex
of 350 rpm before being removed from the reaction vessel. This coupling procedure was
repeated once. The resin was then washed with 5§ ml DMF six times. The above
procedure of triple deprotection and double coupling was then repeated for the
remaining amino acids in the required sequence. Once the final amino acid had been
added the resin was washed six times with 5 ml DMF, six times with 5 ml DCM and

finally six times with 5 ml methanol before being dried for storage.

10.1.4 Peptide Cleavage

The terminal Fmoc protecting group was removed, followed by removal of the resin and
side-chain protecting group through treatment with trifluoroacetic acid (TFA) in the
presence of various scavengers. A general procedure for peptide cleavage is described

and the specific cleavage solutions for each peptide sequence is provided in table 10.2.
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Removal of Fmoc Protection

The peptide sequence on the resin was swollen in DMF (10 ml per gram of resin)
overnight and then dried gently under vacuum. The swolfen resin was deprotected in 5
ml of 20% piperidine in DMF solution for 5 minutes. This was repeated three times.
The resin was then washed three times each with DMF, DCM and finally with methanol
to remove all traces of DMF. The peptide sequence on the resin was then placed in a

vacuum oven for one day to ensure it was completely free of solvents.

Removal of Side-Chain Protecting Groups and Solid Support

Peptides were cleaved from the resin using a TFA cleavage cocktail (10 ml per gram of
resin) for two hours. The resin was washed with 1 x cleavage cocktail and 3 x TFA. The
TFA was stripped off by rotary evaporation and the peptide was afforded by the
addition of diethyl ether into the reaction vessel and subsequent trituration. The diethyl
ether was decanted off and replaced five times, each time being triturated, to remove the
remaining TFA and scavengers. Finally, the diethyl ether was removed by rotary
evaporation and a small amount of an acetonitrile/water mixture was added to the flask

to dissolve the peptide. The peptide was then freeze-dried and stored at -8°C.

Peptide Cleavage Cocktail

DKPRR TFA, H,O, Phenol, TIPS (88:5:5:2)

KKK TFA, H,0 (95:5)

KKKKKK TFA, H,0 (95:5)
RRR TFA, H;0, Phenol, TIPS (88:5:5:2)
SSSSSSSS TFA, H,O, Phenol, TIPS (88:5:5:2)
MRSSSDKPRR TFA, H;O, Phenol, TIPS (88:5:5:2)
MRSSSPRKRD TFA, H;O, Phenol, TIPS (88:5:5:2)
MRSSSSSSSS TFA, H,0, Phenol, TIPS (88:5:5:2)

Table 10.2: Cleavage solutions for specific peptide sequences
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10.1.5 Peptide Analysis

BC analysis: On numerous occasions the number of peaks does not equal the number of
carbon environments. This is attributed to coincident signals due to high similarities
between a number of the carbon environments. In cases where not enough peptide was

synthesised to produce NMR spectra, only HPLC-MS data is provided.

Trilysine (KKK)

0 o] 0
1 " H o3 ” H o3 ”
Ho;N=—CH—C——N—CH—C CH—C—OH

| 2 | 4 6

7 CH, 7 CH, 7 CH,

8 CH, 8 clez 8 (|:H2

9 CH, 9 (|:H2 9 (|:H2

10 CH, 10 c':H2 10 CH,

NH, le le

'H NMR (D0, 500 MHz): 8y (ppm) = 1.34 (m, 6H, CH, (8)), 1.54-1.83 (m, 12H, CH,
(7.9)), 2.87 (m, 6H, CH, (10)), 3.90 (t, 1H, CH (1)), 4.15-4.24 (m, 2H, CH (3,5)). °C
NMR (JMOD, 250 MHz) &¢ (ppm) = 21.16, 21.94, 22.17 (3C, C (8)), 26.32, 26.40 (3C,
C (7)), 29.96, 30.49, 30.56 (3C, C (9)), 39.07, 39.24 (3C, C (10)), 52.82, 53.03, 53.83
(3C, C (1,3,5)), 169.63, 173.41, 175.56 (3C, C (2,4,6)). HPLC-MS ES": elution time
11.45 minutes (5% ACN (0.1% TFA): 95% H,0 (0.1% TFA) isocratic gradient over 30
minutes, Alltech Prosphere HP C18 column 150 x 4.6 mm). Mass peaks (ToF MS ES+);
404 MH". 100 % purity by integration of peaks generated by detector at 215 nm before
preparative HPLC so no further purification was undertaken.

Hexalysine (KKKKKK]

o] (o] (o] (o] 0 0
1 3 5
H,N_cu_ﬂ_n_m_ﬂ_n_m—ﬂ_.n_lu_ﬂ "EA B

2 4 6 8 | 10 | 12
13 CH, 13 CH, 13 CH, 13 CH, 13 CH, 13 CH,
14 CH, 14 CH, 14 CH, 14 CH, 14 CH, 14 CH,
15 CH, 15 CH, 15 CH, 15 CH, 15 CH, 15 CH,
16 CH, 16 CH, 16 CH, 16 CH, 16 CH, 16 CH,
NH; NH, NH, NH, NH, NH,
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'H NMR (D;0, 500 MHz): 8y (ppm) = 1.38-1.45 (m, 12H, CH, (14)), 1.59-1.88 (m,
24H, CH; (13,15)), 2.91-2.95 (m, 12H, CH (16)), 3.94-3.98 (t, 1H, CH (1)), 4.20-4.28
(m, 5H, CH (3,5,7,9,11)). °C NMR (JMOD, 125 MHz) 5¢ (ppm) = 21.27, 21.91, 22.04,
22.08, 22.12 (6C, C (14)), 26.25, 26.32, 26.35 (6C, C (13)), 29.83, 30.45, 30.59, 30.66
(6C, C (15)), 38.96, 39.13 (6C, C (16)), 52.75, 52.82, 53.42, 53.48, 53.52, 53.63 (6C, C
(1,3,5,7,9,11)), 169.66, 173.31, 173.44, 173.59, 175.38 (6C, C (2,4,6,8,10,12)). HPLC-
MS ES": elution time 15.87 minutes (5% ACN (0.1% TFA): 95% H,0 (0.1% TFA)
isocratic gradient over 30 minutes, Alltech Prosphere HP C18 column 150 x 4.6 mm).
Mass peaks; 788 (MH+). 95.41% purity by integration of peaks generated by detector at

215 nm of crude peptide and therefore no further purification was carried out.

Aspartic Acid-Lysine-Proline-Arginine-Arginine (DKPRR)
o)

o] 0
7 9
6 Q——n—-—CH-—u !‘:' CH—!.‘! OH

1 ﬁ ; ﬁ 5119 2c¢h, 24 CH,
H
HN=—CH—C——N——CH—C—N_ 5| 21¢CH, 25 CH,
2 4
11 CH, 13CH; 17 22 CH, 26 CH,
12C=0 14 CH, NH NH
OH 15CH, 23 C=—NH 27 C==NH
16 CH, NH, NH,
NH,

"H NMR (D;0, 500 MHz): & (ppm) = 1.42 (m, 2H, CH,(14)), 1.54-2.29 (m, 16H, CH,
(13, 15, 18, 19, 20, 21, 24, 25)), 2.86-3.00 (m, 4H, CH, (11, 16)), 3.15 (m, 4H, CH, (22,
26)), 3.57 & 3.77 (double multiplet, 2H, CH, (17)), 4.23 (t, 1H) & 4.28-4.37 (m, 3H) &
4.59 (m, 1H) (R)HN-CH(R)-CO(R) (1, 3, 5, 7, 9)). HPLC-MS ES": elution time 46.80
minutes (3% ACN (0.1% TFA): 97% H,0 (0.1% TFA) isocratic gradient over 50
minutes, Alltech Prosphere HP C18 column 150 x 4.6 mm) Mass peaks; 671 (MH"),
411, 336 (2+ ion), 279. 94.81% purity by integration of peaks generated by detector at
215 nm before preparative HPLC, 98.62% purity after purification.
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Triarginine (RRR)

o (o] 0
o AN B

HN—CH—C N CH—C N CH—C——OH

2 | 4 6
7 CH, 7 CH, 7 CH,
8 CH, 8 (|:H2 8 CH;
9 CHy 9 <|:H2 9 CH,
NH NH NH

10 C==NH 10 C=——NH 10 C=—=—=NH

NH, NH, NH,

TH NMR (D0, 500 MHz): 8 (ppm) = 1.53-1.56 (m, 6H, CH, (8)), 1.66-1.93 (m, 6H,
CH, (7)), 3.07-3.11 (m, 6H, CH, (9)), 3.98 (t, 1H, CH (1)), 4.20-4.25 (M, 2H, CH
(3,5)). °C NMR (JMOD, 250 MHz) 8¢ (ppm) = 23.44, 24.34, 24.56, (3C, C (8)), 27.78,
28.10 (3C, C (7)) 40.45, 40.58 (3C, C (9)), 52.58, 52.79, 53.84 (3C, C (1,3,5)), 156.88
(3C, C (10)), 169.63, 173.36, 175.37 (3C, C (2,4,6)). HPLC-MS ES"; elution time 9.40
minutes (5% ACN (0.1% TFA): 95% H,O (0.1% TFA) isocratic gradient over 30
minutes, Alltech Prosphere HP C18 column 150 x 4.6 mm). Mass peaks; 591, 487
(MH"), 313 M (RR fragment). 68% purity by integration of peaks generated by detector
at 215 nm before preparative HPLC (32% RR). It was not possible to successfully
separate the tripeptide (RRR) from the dipeptide (RR) with the required yield, so this
peptide was utilised as a mixture of the tri- and dipeptides.

Octaserine (SSSSSSSS)

oI \ ﬁ f ) 0 0 o
1 5 7 n 13 15
H Nt H'—'L—'n— H—C—n—m—(!—n—CH—ﬂ—n—gH—Cl E CH- " !: CH—(I.‘I. g CH"""C—S
T 2 4 L“ 6 | 3 L’ 10 l“ 12 1 14 l 16
17TH, 17 17 nTu, nl 17 CH, 17CH, 17 CH,
OH (LN lH OH OH lﬂ

O

HPLC-MS ES": elution time 9.55 minutes (25% ACN (0.1% TFA): 75% H,0 (0.1%
TFA) isocratic gradient over 30 minutes, Alltech Prosphere HP C18 column 150 x 4.6
mm). Mass peaks (ToF MS ES-); 811, 713 (M. 20.39% purity by integration of peaks
generated by detector at 215 nm before preparative HPLC, 86.58% purity after
purification,
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Methyl Red-Tagged DKPRR (MRSSSDKPRR)

HoN

HN

o]
0, OH
(o] 0 (o]
: d g ;
N N N °
N%N (o} (o] 0
HO HO
NH,

A

p4=

HPLC-MS ES': elution time 24.97 minutes (25% ACN (0.1% TFA): 75% H,0 (0.1%
TFA) isocratic gradient over 30 minutes, Alltech Prosphere HP C18 column 150 x 4.6
mm). Mass peaks (ToF MS ES+); 1183 (MH"); 592 (2+ ion); 252 (methyl red fragment,
CisH14N30). 30.23% purity by integration of peaks generated by detector at 215 nm
before preparative HPLC, 93.03% purity after purification.

Methyl Red-Tagged Octaserine Peptide (MRSSSSSSSS)

HO HO HO HO
o o o] o]
H H H
N N N N N H OH
N%N o} O o o o]
HO HO HO HO

AN

HPLC-MS ES™: elution time 21.51 minutes (25% ACN (0.1% TFA): 75% H,0 (0.1%
TFA) isocratic gradient over 30 minutes, Alltech Prosphere HP C18 column 150 x 4.6
mm). Mass peaks (ToF MS ES-); 964 (M'(-H"). 30.36% purity by integration of peaks
generated by detector at 215 nm before preparative HPLC, 94.60% purity after
purification.
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Methyl Red-Tageed PRKRD Scrambled Peptide (MRSSSPRKRD,

NH,
OH
0
o O
HO
O N N OH
0 o u
y d ;
H N o) 0
N\N o o
HO HO .
HN HN
F—NH >==NH
H,N HoN

PN

HPLC-MS ES™: elution time 26.88 minutes (25% ACN (0.1% TFA): 75% H,0 (0.1%
TFA) isocratic gradient over 30 minutes, Alltech Prosphere HP C18 column 150 x 4.6
mm). Mass peaks (ToF MS ES+); 1184 (MH"); 592 (2+ ion); 546; 252 (methyl red
fragment, C1sH4N30). 32.67% purity by integration of peaks generated by detector at
215 nm before preparative HPLC, 92.53% purity after purification.
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10.2 Monomer Synthesis

10.2.1 Materials

Oleyl alcohol (85%, Aldrich) and phenyl dichlorophosphate (95+%, Aldrich) were used
as supplied. Deionised water was used throughout, and chloroform (HPLC grade,
Fisher), dichloromethane (DCM, HPLC grade, Fisher) and diethyl ether (anhydrous,
laboratory reagent grade, Fisher) were used as supplied. Silica Gel 60 (230-400 Mesh,
Merck) was used for silica chromatography purification. Thin layer chromatography
(TLC) was carried out using Merck Silica Gel 60 Fis4 (aluminium sheet) plates

developed with para-anisaldehyde and potassium permanganate solutions and viewed
under UV light.

10.2.2 Instrumentation

'H, C and *'P NMR spectra were obtained on a Bruker AC 250 MHz and AMX2-400

MHz spectrometer using deuterated chloroform throughout.

10.2.3 Synthesis of Oleyl Phenyl Hydrogen Phosphate

H 2) 50C, overnight $——OH

3) H,0, RT, overnight

Q. ©

(]

Oleyl alcohol (65.5 g, 0.24 mol) was added dropwise to stirring phenyl
dichlorophosphate (50.0 g, 0.24 mol) over 90 minutes at room temperature and the
resulting solution was then stirred for a further 60 minutes. The temperature was then
increased to 50°C and stirring was continued for a further 16 hours. The resultant
reaction mixture was then added dropwise to 300 ml of rapidly stirring ice-cold water
and the organics were extracted into diethyl ether (3 x 100 ml) after 60 minutes.

Anhydrous sodium sulphate was used to dry the combined organic extracts, which were
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then filtered and rotary evaporated to produce a viscous yellow oil. Purification was
carried out by flash column chromatography on silica using 100% DCM to 2-10%
methanol/98-90% DCM to give a straw-coloured oil as the final product of 8.39 g
(8.24%) (Rf = 0.26 on silica, 37:2:1 CH,Cl,/MeOH/AcOH). 1H NMR (CDCl;, 250
MHz) 8H (ppm): 0.87 (t, 3H, CHs), 1.26 (m, br, 22H, -CH»-), 1.62 (m, br, 2H, -
CH,CH,-OP), 2.00 (m, br, 4H, -CH,CH=), 4.05 (dt, 2H, -CH,OP, JPH = 6.71, JHH =
6.71), 5.38 (m, br, 2H, -CH=CH-), 7.10-7.32 (m, SH, -C¢Hs-), 8.88 (s, 1H, OH). 31P
NMR (CDCI3, 162MHz) &P (ppm): -4.0228. 13C NMR (CDCl;, 100MHz) 6C (ppm):
14.55 (-CH3), 23.11-33.04 ((R)C-CH,-C(R), 14C), 68.98 (-CH,-OP-), 120.56, 125.42,
130.02, 130.19, 130.38 (-CH,-CH=CH-CH,- and -C¢Hs-, 7C), 151.00 (O-C (aromatic)).
13C spectrum provided below (Figure 10.1). Exact '3C peak assignments were not
possible in all cases as this spectrum was complicated by *'P splitting. Elemental

analysis: C24H4)04P Found (calc) (%): C 68.14 (67.90) H 10.43 (9.73).

T T T f T T 1 v 1

T T ¥ T T
160 140 120 100 80 60 40 20 0
(ppm)

Figure 10.1: >C NMR spectrum of oleyl phenyl hydrogen phosphate
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10.3 Core-Shell Particle Synthesis and Characterisation

10.3.1 Materials

Styrene (99%, Aldrich), divinylbenzene (DVB, 80%, mixture of isomers, Aldrich) and
ethylene glycol dimethacrylate (EGDMA, 98%, Aldrich) were purified by washing with
10% aqueous sodium hydroxide solution three times, then deionised water three times,
drying over magnesium sulphate and distillation under reduced pressure. Monomers
were stored in the freezer until use. The surfactant, sodium dodecyl sulphate (SDS,
BDH), 2-(N-morpholino)ethanesulfonic acid (MES hydrate, Aldrich) and initiators and
associated oxidising agents, potassium persulphate (99+%, ACS reagent, Aldrich),
ammonium persulphate (98%, Aldrich), 4,4’-azobis(4-cyanopentanoic acid) (>98%,
Fluka), N,N,N'N'-tetramethylethylenediamine (> 98%, purum, Fluka), L-ascorbic acid
(99+%, ACS reagent, Aldrich) and hydrogen peroxide (laboratory reagent grade, Fisher)
were used as supplied. The solvents; acetone (laboratory reagent grade, Fisher),
methanol (HPLC grade, Fisher) and isopropyl alcohol (HPLC grade, Fisher) were used
as supplied and deionised water was used throughout. H-Gly-B-Ala-B-Ala peptide
(GAA, BACHEM) was used as supplied and all other peptides were synthesised as
described in 10.1. Quantikine® Human VEGF ELISA Kit was supplied by R&D

Systems and was used as provided.

10.3.2 Instrumentation

Centrifugation was carried out using a Fisons MSE Chilspin centrifuge and MSE Micro
Centaur centrifuge. Centrifugation cartridges (Vivaspin 20, poly(ether sulfone), MWCO
100,000, 20 ml and Vivaspin 500, poly(ether sulfone), MWCO 30,000, 500 pl) were
from Sartorius (Surrey, U.K.)). Slide-A-Lyzer® Dialysis Cassettes (Extra Strength)
10,000 MWCO, 0.5-3 ml capacity, were obtained from Pierce. Particle size and zeta
potential analysis were carried out on a Brookhaven Instruments Corporation ZetaPALS
Zeta Potential Analyser with the 90Plus/BI-MAS Multi Angle Particle Sizing Option.
UV analysis was carried out on a Dynex Technologies MRXII UV-Vis Plate Reader or
a HITACHI U-2010 Spectrophotometer. ICP-AES analysis was carried out on a Spectro
Ciros ICP emission spectrometer (Radial and Axial) by N. Bramall at the University of
Sheffield Centre for Analytical Sciences. TEM images and EDS analysis were carried
out by Dr. H. Bagshaw from the University of Sheffield Sorby Centre for Electron
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Microscopy on a FEI Tecnai G2 Biotwin "Spirit" 120 kV Transmission Electron
Microscope, running at an accelerating voltage of 80 kV with spot size 3, and EDS
analysis was carried out on a Link eXL system with “menus” software, running at 120

kV accelerating voltage.

10.3.3 Optimisation of Synthetic Procedure for Core Particles

A general formulation for synthesis of poly(styrene-co-divinylbenzene) core particles
was determined to allow initiation by the redox system of potassium persulphate and
ascorbic acid. The monomer composition, reaction temperature and surfactant quantity
were varied to determine the optimum procedure and details of the various formulations
are provided in Table 10.3. A table of the varied parameters is provided below and the

optimised synthetic procedure for this initiator system is described.

Samle Styrene  DVB Molfir SDS Temp pPotaslsi:nl As;:il('jbic Mol'f)r
(2) () Ratio (®) (°C) ersulphate Ratio
(2) ()

1 4.64 5.82 1:1 1.00 RT 0.105 0.068 1:1

2 8.36 1.16 9:1 1.00 RT 0.105 0.068 I:1

3 8.36 1.16 9:1 0.50 30 0.105 0.068 1:1

4 8.36 1.16 9:1 2.00 30 0.105 0.068 1:1

5 8.36 1.16 9:1 1.00 30 0.105 0.068 1:1

6 8.36 1.16 9:1 1.00 30 0.209 0.068 2:1

7 4.50 0.50 11:1 1.00 30 0.209 0.068 2:1

Table 10.3: Latex formulations for poly(styrene-co-divinylbenzene)

Optimised Synthesis of Poly(styrene-co-divinylbenzene) Core Particles for Redox

Initiation with Potassium Persulphate and Ascorbic Acid

7 7
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A 50 mM solution of MES buffer in deionised water was produced by dissolving MES
buffer (0.533 g, 2.73 mmol) in 45 ml deionised H,O. This solution was purged with
nitrogen for 15 minutes and SDS surfactant (1 g, 3.47 mmol) was added and stirred until
dissolved. The solution with surfactant was sonicated for 10 minutes and then adjusted
to pH 6 through dropwise addition of 0.5 M NaOH solution. Polymerisation was
conducted in a 100 ml jacketed glass flange reaction vessel with a five necked lid
equipped with paddle stirrer, nitrogen inlet, reflux condenser, temperature probe and
pressure equalised dropping funnel. The buffer solution was introduced to the reaction
vessel which was heated and previously purged with nitrogen. The buffer solution was
stirred at 400 rpm and brought to 30°C. Styrene (4.50 g, 43.21 mmol) and DVB (0.50 g,
3.84 mmol) were combined, purged with N, for 5 minutes and added dropwise to the
solution via an addition funnel over a 30 minute period. Potassium persulphate (0.209 g,
0.774 mmol) and ascorbic acid (0.068 g, 0.387 mmol) were dissolved in 5 ml H,O and
this initiator solution was then purged with nitrogen for 5 minutes before being added to
the stirring monomer suspension in a one-shot initiation. Emulsion polymerisation was

carried out overnight.

10.3.4 Synthesis of Poly(OPHP-co-EGDMA) Outer Shell (Core-Shell Particle)

HyC(HCs

EGDMA (0.226 g, 1.14 mmol) and oleyl phenyl hydrogen phosphate (0.204 g, 0.482
mmol) were suspended in 13.5 ml of deionised water and added dropwise to the stirring
emulsion of core particles over 15 minutes. The monomer was allowed to equilibrate
around the core particles for one hour. The initiator solution was produced by dissolving
potassium persulphate (0.209 g, 0.774 mmol) and ascorbic acid (0.068 g, 0.387 mmol)
in 5 ml H,O and then the solution was purged for 5 minutes with nitrogen. This solution

was added to the latex in one shot. The emulsion was reacted at 30°C overnight.
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10.3.5 Study of Initiator Systems for Core and Core-Shell Particle Synthesis

The procedures detailed previously for the synthesis of the core and the core-shell
particles were repeated with various initiator conditions. The procedures described in
10.3.3 and 10.3.4 were only altered by the reaction temperature and initiation step, the

conditions and procedures for which are detailed in table 10.4.

Initiator System Temp (CC)
Potassium persulphate & ascorbic acid 30
Hydrogen peroxide & ascorbic acid 35
Ammonium persulphate & N,N,N’,N’ tetramethyl-ethylenediamine 30
4,4’-azobis(4-cyanovaleric acid) 60
Potassium persulphate 70

Table 10.4: Initiator systems trialled for core-shell particle synthesis

Redox Initiation by Potassium Persulphate and Ascorbic Acid

The synthetic procedure was carried out in a reactor heated to 30°C. The initiator
solution was produced by dissolving potassium persulphate (0.209 g, 0.774 mmol) and
ascorbic acid (0.068 g, 0.387 mmol) in 5 ml H,O and purging with nitrogen for 5

minutes before adding to the reactor in a one-shot initiation.

Redox Initiation by Hydrogen Peroxide and Ascorbic Acid

The synthetic procedures were carried out in a reactor at room temperature. The initiator
solution was produced by dissolving ascorbic acid (3.7 mg, 0.021 mmol) in 5 ml of
deionised water. 0.122 ml of hydrogen peroxide solution (30% w/v solution) (0.037 g,
1.09 mmol) was combined with the ascorbic acid solution, the solution was purged with
N, for 5 minutes and then added to the reactor in one shot. The reaction mixture was

heated to 35°C and reacted overnight.

Redox _Initiation by Ammonium__ Persulphate _and _N,N,N’,N’-Tetramethyl-

ethylenediamine (TEMED)

The synthetic procedures were carried out in a reactor at 30°C. The initiator solution
was produced by combining ammonium persulphate (0.269 g, 1.18 mmol) and TEMED
(0.269 ml, 2.31 mmol) in 5 ml of deionised water. This solution was purged with N, for

5 minutes and added to the reaction mixture in one shot.
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Thermal Initiation by 4,4’-Azobis(4-cyanovaleric acid)

The synthetic procedures were carried out in a reactor at 60°C. Initiation was afforded
by the addition of 4,4’azobis(4-cyanovaleric acid) (0.33 g, 1.18 mmol) directly into the

reaction mixture.

Thermal Initiation by Potassium Persulphate

The synthetic procedures were carried out in a reactor at 70°C. The reaction was
initiated by the one shot addition of potassium persulphate (0.32 g, 1.18 mmol) in 7.5

ml deionised H,0, prepurged with N, for 5 minutes.

10.3.6 Synthesis of Core-Shell Particles by Starve-Fed Monomer Addition

The core particles were synthesised as described in section 10.3.3 through thermal
initiation by potassium persulphate at 70°C (detailed in section 10.3.5). Potassium
persulphate (0.32 g, 1.18 mmol) in 7.5 ml deionised H;O was added into a stirring
emulsion of core particles at 70°C. Immediately after initiation the monomers, oleyl
phenyl hydrogen phosphate (0.204 g, 0.482 mmol) and EGDMA (0.226 g, 1.14 mmol),
were combined and added dropwise to the emulsion suspended in 30 ml of deionised

H0 at 0.2 ml/min via a peristaltic pump. The reaction was continued for 24 hrs.

10.3.7 Final Synthetic Procedure for Core and Core-Shell Particles

Core Particles

A 50 mM solution of MES buffer in deionised water was produced by dissolving MES
buffer (0.533 g, 2.73 mmol) in 45 ml deionised H,0. This solution was purged with
nitrogen for 15 minutes and SDS surfactant (1 g, 3.47 mmol) was added and stirred until
dissolved. The solution with surfactant was sonicated for 10 minutes and then adjusted
to pH 6 through dropwise addition of 0.5 M NaOH solution. Polymerisation was
conducted in a 100 ml jacketed glass flange reaction vessel with a five necked lid
equipped with paddle stirrer, nitrogen inlet, reflux condenser, temperature probe and
pressure equalised dropping funnel. The buffer solution was introduced to the reaction
vessel. The buffer solution was stirred at 400 rpm and brought to 30°C. Styrene (4.50 g,
43.21 mmol) and DVB (0.50 g, 3.84 mmol) were combined, purged with N; for §

minutes and added dropwise to the solution via an addition funnel over a 30 minute
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period. The initiator solution was produced by dissolving potassium persulphate (0.16 g,
0.59 mmol) in 7.5 ml H;O and then purging the solution for 5 minutes with nitrogen
before adding to the stirring monomer suspension in a one-shot initiation. Emulsion

polymerisation was carried out at 70°C overnight.

Core-Shell Particles

EGDMA (0.226 g, 1.14 mmol) and oleyl phenyl hydrogen phosphate (0.204 g, 0.482
mmol) were suspended in 13.5 ml of deionised water and added dropwise to the stirring
emulsion of core particles at 70°C over 15 minutes. The monomer was allowed to
equilibrate around the core particles for one hour. The initiator solution was produced
by dissolving potassium persulphate (0.16 g, 0.59 mmol) in 7.5 ml H,O and then
purging the solution for 5 minutes with nitrogen. The second stage of polymerisation
was then initiated by the addition of this solution to the stirring latex in one shot. The

emulsion was allowed to react at 70°C overnight.

10.3.8 Synthesis of Molecularly-Imprinted Core-Shell Particles

Core particles were synthesised as described in section 10.3.7. EGDMA (0.045 g, 0.228
mmol) and oleyl phenyl hydrogen phosphate (0.041 g, 0.096 mmol) were suspended in
2.7 ml of deionised water and added dropwise to the stirring emulsion of core particles
(10 ml) over 15 minutes. The monomer was allowed to equilibrate around the core
particles for one hour. The template compound (0.096 mmol, 1 eq.) was added in 2 ml
of 50 mM MES buffer at pH 6 and stirring was continued for an hour. The initiator
solution was produced by dissolving potassium persulphate (0.032 g, 0.118 mmol) in
1.5 ml H,O and then purging the solution for 5§ minutes with nitrogen. The second stage
of polymerisation was initiated via the addition of this solution to the stirring latex in
one shot. The emulsion was allowed to react at 70°C overnight. Blank-imprinted

particles were prepared by repeating the procedure in the absence of a template.

Polymer Template Quantity Equivalent
(mg) (peptide:functional monomer)
DKPRR CS-M!IP DKPRR 64.7 1:1
GAA CS-MIP GAA 209 1:1
Blank CS-MIP None 0 -

Table 10.5: Template quantities employed in molecular imprinting of core-shell emulsion particles
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10.3.9 Analysis

Solid Content Analysis

An aliquot of emulsion of core or core-shell particles and 3 ml of acetone were pipetted
into a centrifuge tube and agitated to allow precipitation of the whole sample. The
sample was then centrifuged at 3000 rpm for 5 minutes before removing the
supernatant. This process was repeated three times. The acetone was again decanted off,
replaced with deionised water and centrifuged for 5 minutes at 3000 rpm. This was
repeated twice more with deionised water and finally three times with methanol before

the solvent was decanted off and the solid was allowed to dry to a constant mass.

Solid content = W), / mass of latex

Where Wy = mass of dried polymer

Particle Size Analysis
To prepare the samples, five drops of a particular latex were added to 20 ml of a 1 mmol
KCI solution. This solution was then sonicated for 20 seconds, filtered through a 0.45

um aqueous filter and added to a cuvette for measurement at 25°C. Ten analysis runs

were carried out in triplicate for each sample.

Zeta Potential Analysis

Samples were prepared for zeta potential analysis by the addition of five drops of a
particular latex into 20 ml of a 1 mmol KCl solution. This solution was pipetted into a
zeta potential cuvette for analysis, ensuring no air bubbles were present at the electrode

surface. The zeta potentials were analysed at 25°C in five analysis cycles, each

consisting of ten repeat runs.

TEM and EDS Studies

A 2 ml aliquot of the core or CS-MIP emulsion was injected into a Slide-A-Lyzer®
cassette. The emulsions were then dialysed against 1 M phosphoric acid, with the
addition of 2.5% sodium dodecyl sulphate to prevent coagulation, over three days with
the solution changed twice daily. Finally, the emulsions were dialysed against 2.5%
sodium dodecyl sulphate/distilled water for three days, again with twice daily solution

changes. Materials were prepared for EDS by evaporating the colloidal suspensions
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onto 600 mesh, 3 mm diameter copper grids coated with a carbon film. Materials were
prepared for TEM by adsorbing a drop of emulsion onto a carbon-coated grid and
leaving for 1 minute. The grid was then blotted, washed in a drop of distilled water and
blotted again. The grid was washed once more in a drop of uranyl formate, blotted and
then negatively stained by holding the grid in a drop of uranyl formate for 20 seconds
before blotting.

Inductively Coupled Plasma Atomic Emission Spectroscopy

Latexes produced during the initiator trial as well as latex produced by starve-fed
monomer addition and all molecularly-imprinted particles were analysed for total oleyl

phenyl hydrogen phosphate content by Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES).

Preparation _of Solid _Resins _for Inductively Coupled Plasma Atomic Emission

Spectroscopy (ICP-AES)

An emulsion sample (2 ml) was added to a 20 ml centrifugation cartridge (MWCO
100,000) followed by the dropwise addition of isopropy! alcohol (1.1 ml) to induce
coagulation. The centrifuge cartridge was agitated gently until the solids had
precipitated out. The sample was allowed to stand for 10 minutes to allow complete
precipitation and was then centrifuged at 4500 rpm at room temperature using a
benchtop centrifuge with swing-bucket rotor for 30 minutes. The damp solids remaining
were washed with 7:3 TPA/H;0O (5 ml) and the suspension was then agitated and
centrifuged at 4500 rpm for 30 minutes. This procedure was carried out six times. The
solids were then washed with deionised water (5 ml) (or 1 M H;PO4 for elution of
template on CS-MIP), gently agitated to produce a suspension and then centrifuged at
4500 rpm for 5 minutes. This washing step was also repeated six times. The final
washing step was washing the solids with methanol (5 ml), followed by agitation and
centrifuging at 4500 rpm for 5 minutes. This step was also repeated six times. The
polymer was then dried to a constant mass in a vacuum oven at 60°C for 48 hours. The
polymer was then refluxed in concentrated nitric acid (5 ml) at 160°C for 4 hours
followed by perchloric acid at 200°C for 30 minutes and the resulting solution was then

analysed for phosphorous content by ICP-AES.
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10.3.10 Colorimetric Peptide Binding Study

Preparation of Polymer

An aliquot of emulsion (0.1 ml) was pipetted into a 30,000 MWCO Vivaspin centrifugal
concentrator, followed by isopropyl alcohol (0.5 ml) to coagulate the latex. The sample
was agitated on an orbital shaker plate at 150 rpm for 10 minutes before being
centrifuged at 10,000 rpm for 10 minutes. The coagulated polymer was then washed
with a 7:3 IPA/H,0 solution, agitated for 10 minutes on an orbital shaker plate at 150
rpm and then removed by centrifugation for 10 minutes at 10,000 rpm. This wash step
was carried out six times with 7:3 IPA/H,0, six times with 1 M H;PO, (solvent
removed by centrifuging for S minutes at 5,000 rpm), six times with H,O, six times with

methanol and finally six times with H,O. The polymer slurry was used damp.

Peptide Binding Study

0.5 ml of peptide solution (30 pg/ml, MRSSSDKPRR, MRSSSPRKRD or
MRSSSSSSSS) was added to the polymer slurry and the resulting suspension was
agitated on an orbital shaker plate at 200 rpm for 30 minutes. The supernatant was
removed after centrifugation for 20 minutes at 10,000 rpm. The peptide was then
removed from the polymer with solutions of IPA/H,0 with IPA percentages of 5, 10,
20, 30, 35, 40, 45, 50, 60, 70, 80, 90 and 100. In all cases the solution was removed
after 30 minutes by centrifugation for 20 minutes at 10,000 rpm. All peptide solutions
were analysed by UV in quartz cuvettes with a 1 mm path length at 470 nm.

Peptide Release Study

The remaining methyl red-tagged peptide was removed by sequential washes with 50%
phosphoric acid solutions and 50% IPA. The acid/IPA solutions were added to the
polymer slurry, the suspension was agitated and then left on an orbital shaker plate at
200 rpm for 30 minutes. The liquid was removed by centrifugation for 20 minutes at
10,000 rpm. The peptide was then washed off the polymer with solutions of acid/IPA
with phosphoric acid molarities of 0.01 M, 0.02 M, 0.03 M, 0.04 M, 0.05 M, 0.06 M,
0.07M,0.08 M, 0.09M, 0.1 M, 0.15M, 0.2 M, 0.25 M, 0.3 M, 0.35M,04 M, 045 M,
0.5M,06M,07M,0.8M, 0.9Mand 1 M. In all cases the solution was removed by
centrifugation for 20 minutes at 10,000 rpm. All peptide solutions were then analysed
by UV spectrometry in quartz cuvettes with a 1 mm path length at 510 nm.
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10.3.11 Zeta Potential Peptide Binding Study

A 2 ml aliquot of the core or CS-MIP emulsion was injected into a Slide-A-Lyzer®
cassette. The emulsions were then dialysed against 1 M phosphoric acid, with the
addition of 2.5% sodium dodecyl sulphate to prevent coagulation, over three days with
twice daily solvent changes. Finally, the emulsions were dialysed against 2.5% sodium
dodecyl sulphate/distilled water for three days with solvent changed twice daily. 0.1 ml
of emulsion was added to 2 ml of 1 mmol KCl and was agitated to produce a
homogeneous latex. The zeta potentials were analysed at 25°C in five analysis cycles,
each consisting of ten repeat runs. 10 pl of DKPRR or SSSSSSSS peptide solution (0.5
mg/ml) was added to each emulsion and agitated before measuring the pH of the
solution and the zeta potential. In total, six aliquots of each peptide were added and

analysed for pH and zeta potential.
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10.3.12 Enzyme-Linked ImmunoSorbent Assay (ELISA) of VEGF Binding (MIP)

Three polymer types were analysed in duplicate for this study; DKPRR-imprinted,
GAA-imprinted and blank-imprinted core-shell particles. The polymers (0.1 ml
emulsion) were coagulated with 0.5 ml isopropyl alcohol and were then washed as
described in Section 10.3.10. A conductivity meter was utilised to analyse the final
wash solutions to confirm SDS removal. VEGF solutions (150 ng in 0.5 ml PBS) were
then added to the polymer in a polypropylene tube. The solutions were agitated and then
allowed to interact for 24 hours at 4°C. The suspensions were then centrifuged at 13,000

rpm for 20 minutes and the supernatant was removed and stored at -20°C until an
ELISA study was carried out.

0.5 m! of fresh 1% BSA PBS solution was added to the polymer samples, then agitated
and placed in an incubator at 37°C for the release study. At defined time points (1 hr, 6
hrs, 12 hrs, 24 hrs and 48 hrs) the protein solution was removed and replaced with 0.5
ml fresh 1% BSA PBS solution. The protein solutions retrieved were stored at -20°C in
polypropylene tubes until analysis with an ELISA kit. The BSA was utilised to stabilise
the VEGF during the release study and storage period. Each experimental condition was

carried out and analysed in duplicate.

ELISA Procedure

The ELISA was carried out as described by the manufacturer. 50 ul of assay diluents
was added to a 96 well plate coated with a mouse monoclonal antibody for VEGF. 200
ul of either the standard, control or sample was added to each well and the plate was
agitated gently at room temperature for 2 hours. Each well was washed six times with
wash buffer (400 pl) and any remaining wash buffer was removed by blotting on clean
paper towels. VEGF conjugate (200 pl) was added to each well, followed by gentle
agitation for 2 hours at room temperature. Each well was washed a further six times.
Substrate solution (200 pl), consisting of equal quantities of stabilised hydrogen
peroxide and stabilised tetramethylbenzidine, was added to each well and was agitated
gently at room temperature for 20 minutes whilst being protected from the light.
Sulphuric acid (2 M, 50 pl) was added to the wells to stop the reaction and the optical

density was measured within 30 minutes at 450 nm on a UV-Vis plate reader.
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10.4 Hydrogel Synthesis, Functionalisation and Characterisation

10.4.1 Materials

The monomers N-vinyl-2-pyrrolidone (NVP, >99%, Aldrich) and acrylic acid (99%,
Aldrich) were purified by distillation at reduced pressure and were stored at 4°C until
use. The crosslinker, diethylene glycol-bisallyl carbonate (DEGBAC, 94%, Pfalz &
Bauer Inc.) and the initiators, 2,2’-azobisisobutyronitrile (AIBN, 97%, BDH) and 2-
hydroxy-2-methylpropiophenone (HMPP, 97%, Aldrich) and were used as supplied.
The coupling reagents 1-ethyl -3-(3-dimethylaminopropyl)-carbodiimide (EDC,
Aldrich), N,N’-dicyclohexyl-carbodiimide (DCC, 99%, Aldrich), N-hydroxy-
succinimide (98%, Aldrich), sodium acetate (anhydrous, May and Baker), sodium
dihydrogen phosphate dehydrate (Fluka) and disodium hydrogen phosphate dehydrate
(Fluka) were used as supplied. The coupling analysis reagents 2,4,6-
trinitrobenzenesulphonic acid solution (5% w/v solution, Sigma), 1-napthol (97%,
Fisons), urea (= 98%, Sigma) and bromine (Aldrich) were used as supplied. Heparin
(Sodium salt, Grade 1-A, from porcine intestinal mucosa, Sigma), fluorescein-5-
thiosemicarbazide (fluorescence grade, Fluka) and methylene blue (certified by the
BSC, Sigma Aldrich) were used as supplied. The solvents; ethanol (absolute, laboratory
reagent grade, Fisher), diethyl ether (anhydrous, laboratory reagent grade, Fisher) N,N-
dimethylformamide (laboratory reagent grade, Fisher) were used as supplied, and
deionised water was used throughout. A Quantikine® Human VEGF ELISA Kit was
supplied by R&D Systems and was used as supplied.

10.4.2 Instrumentation

'H and C spectra were obtained on a Bruker AC 250 MHz and AMX2-400 MHz
spectrometer using deuterated water throughout. Gas chromatography was carried out
on a Perkin Elmer Instruments Autosystem XL Gas chromatograph with autosampler
and FID detector. UV analysis was carried out on a Dynex Technologies MRXII UV-
Vis Plate Reader or a HITACHI U-2010 Spectrophotometer. Fluorescence spectroscopy
was carried out on a Luminescence Spectrometer LS50B (Perkin-Elmer Ltd). Slide-A-
Lyzer® Dialysis Cassettes (Extra Strength) 3,500 MWCO, 0.5-3 ml capacity were
obtained from Pierce. XPS and SIMS analysis was carried out by Dr. T. Whittle at the

Kroto Institute, University of Sheffield. X-ray photoelectron spectra were acquired on a
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Kratos Axis Ultra X-ray photoelectron spectrometer (Kratos Ltd, Manchester). All
samples were run as insulators, requiring use of the electron flood gun. The flood gun
was operated at a filament current of 1.8 A and charge balance of 3.4 V. The X-ray
source was a monochromated Al source operated with an X-ray emission current of 10
mA and an anode high throughput (acceleration voltage) of 15 kV. Survey scans were
acquired with a pass energy of 160 eV and a step size of 1.0 eV, whilst high resolution
Cis were collected at a pass energy of 20 eV and a step size of 0.1 eV. Secondary Ion
Mass Spectrometry data were acquired on an Ion-ToF V mass spectrometer (Ion-ToF,
Munster, Germany), equipped with a bismuth liquid metal primary ion beam with an
energy of 25 keV. Samples were all run as insulators. Positive and negative ion
spectra were recorded from a fresh 150 um x 150 um analysis area using the Bi;™
cluster ion source. The primary ion beam current was adjusted to be less than 0.22 pA

at 100 ps cycle time.

10.4.3 Synthesis of Diethylene Glycol Bisallyl Carbonate (DEGBAC)-Crosslinked
Poly(NVP-co-AA) Hydrogels
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Thermal Polymerisation: Poly(NVP-co-DEGBAC-co-AA) Hydrogels
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Into a 100 ml beaker were weighed NVP, DEGBAC, acrylic acid and AIBN (0.1 g, 0.6
mmol). Nitrogen was bubbled through the stirring reaction mixture for 30 minutes to
degas and homogenise the solution. The solution was injected into a pre-made mould of
dimensions 7.5 x 7.5 cm” and thickness of 1 mm, consisting of glass plates and a PTFE
gasket. The mould was then placed horizontally into an oven at 60°C to react for 24

hours. The hydrogel produced was removed from the mould and placed in ethanol on an
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orbital shaker plate at 100 rpm. The ethanol was changed daily for one week before

final storage in ethanol.

Polymer NvP DEGBAC Acrylic acid
Mass(g) % mmol Mass(g) % mmol Mass(g) % Mmol

1 93 93 837 0.2 2 0.7 0.5 5 6.9
2 9.6 9% 864 0.2 2 0.7 0.2 2 2.8

Table 10.6: Formulations for thermally-cured hydrogels

UV Polymerisation: Poly(NVP-co-DEGBAC-co-AA) Hydrogels

NVP, DEGBAC, acrylic acid and 2-hydroxy-2-methylpropiophenone (0.1 g, 0.6 mmol)
were weighed into a 100 m] beaker. Ethanol was added to give a 33% ethanol solution
(v/v). Nitrogen was bubbled through the stirring reaction mixture for 30 minutes in the
dark to degas and homogenise the solution. The solution was injected into a pre-made
mould of dimensions 7.5 x 7.5 cm® and a thickness of 500 pm, consisting of two quartz
plates and a PTFE gasket. The mould was then placed horizontally into a UV oven and
allowed to react for 6 minutes, 1 minute on each side alternately. The hydrogel
produced was removed from the mould and placed in ethanol on an orbital shaker plate

at 100 rpm. The ethanol was changed daily for one week before final storage in ethanol.

Polymer NVP DEGBAC Acrylic acid
Mass(g) % Mmol Mass(g) % mmol Mass(g) % Mmol

1 9.7 97 87.3 0.1 1 0.4 0.2 2 28
2 9.4 94 84.6 0.1 1 0.4 0.5 5 69
3 9.8 98 88.2 0.2 2 0.7 0 0 0

4 9.6 96 86.4 0.2 2 0.7 0.2 2 2.8
5 9.3 93 83.7 0.2 2 0.7 0.5 5 6.9
6 9.3 93 83.7 0.5 5 1.8 0.2 2 238
7 9.0 90 81.0 0.5 5 1.8 0.5 5 69

Table 10.7: Formulations for UV-cured hydrogels
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10.4.4 Hydrogel Analysis

Equilibrium Water Content (EWC)

The equilibrium water content of the hydrogels was analysed by cutting a circular disc
from a sheet of hydrogel swollen in water. Any excess water was removed gently by a
paper towel and the swollen weight of the polymer was recorded. The polymer was then
placed in a vacuum oven at 50°C over a 48 hour period. The weight of the polymer disc
was then recorded every two hours until the weight remained constant.

EWC (%) =((W, -W,)/W,)x100
Where Wy, = wet weight and W4 = dry weight

Residual Monomer Analysis by Gas Chromatography

1 cm?® of hydrogel was weighed and placed in 2 ml of methanol for 24 hours on an
orbital shaker plate in sealed glass bottles. The solvent was then analysed by GC under
the conditions described in Table 10.8. The residual monomer content was calculated by

comparison to calibration curves for the relevant monomers.

Gas Chromatography Operating Parameters

GC Instrument Perkin Elmer Autosystem XL
Column Phenomenex, ZB-5 (5% Phenyl Polysiloxane)
Column Dimensions L=30mxID=25nmxDF =25 um
Oven Temperature Initial = 60°C, increasing 10°C/min to 260°C
Carrier Gas and flow Helium, 0.8 mI/min
Split Flow Rate 50.0 ml/min
Injection source and mode Autosampler, Split with a ratio of 61.5/1
Injection temperature and volume 250°C, 0.5 ml
Detector FID at 250°C
Sampling rate 6.25 pts/s

Table 10.8: Gas chromatography operating parameters for residual monomer analysis
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10.4.5 Synthesis of Peptide-Hydrogel Conjugates

Determination of Reaction Conditions

In order to determine a successful procedure for the synthesis of a polymer-peptide
conjugate a number of coupling reactions were trialled for the synthesis of a poly(NVP-
co-DEGBAC-co-AA)-lysine conjugate through a two-step reaction involving activation
of the acid functionality followed by coupling of the activated group and lysine. The

coupling procedures trialled are detailed in Table 10.9 and a general procedure is

provided.
Trial No.
1 2 3 4 ]
Reagent 1
(compound, EDC(5) EDC(5) EDC (5) EDC (5) DCC (5)
= equivalent)
£ Reagent 2
s (compound, NHS (5) NHS (5) NHS (5) NHS (5) NHS (5)
° equivalent)
< Solvent Water Water Water Water DMF
Temp. (°C) 0 0 0 0 RT
Time (hr) 24 24 24 24 24
Peptide Equivalent 2 2 2 2 2
o B pH 5.5 5.5 8.5 8.5 8.5
2= Buffer Sodium  Sodium PBS PBS PBS
] acetate  acetate 0.01M) (0.01M) 0.01M)
0 Temp.(°C) 0 0 0 0 0
Time (hr) 24 72 24 72 72

Table 10.9: Experimental parameters for coupling trials of lysine to acid-functionalised hydrogels.
Equivalent values calculated from molar acrylic acid quantities,

General Procedure

The poly(NVP-co-DEGBAC-co-AA) hydrogel was removed from the sterile ethanol
solution and placed in 10 ml of the solvent utilised in the activation reaction step. The
solvent was replaced after 1 hour and this was repeated three times. The hydrogel was
placed into the activation solution (10 ml, 5 eq. reagents 1 and 2) and the reaction vessel
was placed on an orbital shaker at 350 rpm for 24 hours either at room temperature or in
a dewar with ice at 0°C under nitrogen. The hydrogel was removed from the activation
solution and placed into 10 ml of the solvent utilised in the activation step for one hour
to remove the remaining activation reagents. The solution was replaced three times and

the hydrogel was then placed into the coupling solution (10 ml, 2 eq. lysine or lysine
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peptide). The reaction vessel was placed in a dewar of ice under nitrogen at 0°C on an
orbital shaker for 24 or 72 hours. Once the coupling reaction was complete the polymer-
peptide conjugate hydrogel was placed in 10 ml water to remove any non-covalently
bound peptide and to hydrolyse any activated acid groups remaining. The water was
changed twice daily for one week before the hydrogel was finally placed in absolute

ethanol for storage until use.

Finalised Coupling Procedure for Peptide-Conjugated Hydrogel Synthesis

20 discs of UV-cured poly(NVP-co-DEGBAC-co-AA) hydrogel (5 mm swollen
diameter, 2 wt% DEGBAC, 5 wt% acrylic acid) was removed from the sterile ethanol
solution and placed in anhydrous DMF (4 ml) under nitrogen and allowed to equilibrate
for 1 hour. The DMF was replaced twice under nitrogen to ensure that the polymer was
equilibrated within the solvent. The DMF was replaced under nitrogen with activation
solution (NHS & DCC in 10 ml DMF, 5 eq.) and the reaction vessel was placed on an
orbital shaker at 350 rpm for 24 hours at room temperature. The activation solution was
removed under nitrogen and replaced with 5 ml of DMF with agitation for 1 hour to
remove the remaining activation reagents. The DMF was replaced twice before removal
of DMF and addition of the coupling solution (10 ml) containing the peptides (KKK or
RRR, 2 eq.) in 0.01 M PBS (pH 8.5). The reaction vessel was placed in a dewar of ice at
0°C on an orbital shaker for 72 hours. Once the coupling reaction was complete, the
peptide-conjugated hydrogels were placed in 10 ml water to remove any non-covalently
bound peptide and to hydrolyse any activated acid groups remaining. The water was

changed once a day for one week before the hydrogels were finally placed in absolute

ethanol for storage until use.

These peptide-functionalised hydrogels were equilibrated in the relevant medium and
analysed directly by solid state NMR, XPS and ToF-SIMS. The hydrogels were used
directly for heparin and VEGF binding and cell culture.
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10.4.6 Analysis of Coupling Efficiency

The coupling efficiency was analysed quantitatively by a colorimetric assay for primary
amines with 2,4,6-trinitrobenzenesulphonic acid (TNBS). The coupling efficiency was
analysed both indirectly through analysis of peptide concentration remaining in the
coupling solution after coupling, and directly through the analysis of the concentration
of the peptide on the hydrogel after the washing steps. Coupling efficiency was
determined through a calibration curve produced for each individual peptide sequence.
A fresh calibration was carried out for each analysis. Qualitative coupling analysis for

arginine presence was carried out by the Weber modification’®® of the Sakaguchi

process?’.

Preparation of Poly(NVP-co-DEGBAC-co-AA) Hydrogels for Direct Analysis

A piece of hydrogel was placed in 5 m! of aqueous NaOH (0.5 M) on an orbital shaker
at 350 rpm for one hour until dissolved. Hydrochloric acid (0.5 M) was added to the
solution until neutral pH was reached, as measured by a pH meter. The water was then

removed by freeze-drying before analysis. The freeze-dried polymer obtained was then

analysed to determine coupling efficiency.

Colorimetric TNBS Analysis of Coupling Efficiency

Analyte solution (coupling solution before and after the coupling reaction, wash
solution or degraded hydrogel in sodium tetraborate solution) was combined with
sodium tetraborate (0.10 M, pH 9.3) and 0.1 ml of aqueous TNBS solution (0.03 M)
(Table 10.10). This solution was agitated to ensure complete mixing and allowed to
stand for 30 minutes at room temperature. Absorbance was read on a UV/Vis

spectrophotometer at 420 nm (Molar extinction coefficient for TNBS-lysine conjugate,
£ =9787 + 590 Lmol'cm™ at 420 nm).

Volume of sodium Volume of TNBS
Analyte Amount of analyte
tetraborate (mf) solution (ml)
Coupling solution 0.25ml 1.65 0.1
Washing solution 1ml 09 0.1
Dissolved polymer 2mg 1.9 0.1

Table 10.10: Volumes employed in colorimetric TNBS analysis of peptide coupling efficiency
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Colorimetric _Arginine Determination — Weber Modification of Sakaguchi

. 296
Reaction®

Reagents:
(A) 10% KOH aqueous solution
(B) 0.1% 1-napthol in 50% ethanol
(C) 5% urea
(D)0.64 ml bromine in 100 ml of 5% KOH (prepared daily)

One piece of hydrogel was added to 1 ml of A and 1 ml of B and allowed to stand for 3
minutes. Then 1 ml of C was added with mixing, followed by the addition of 2 ml of D
with continuous shaking. The solution was allowed to stand for 5 minutes before

qualitative analysis was undertaken.
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10.4.7 Fluorescent Heparin Binding Study

Synthesis of Fluorescently-Tagged Heparin

Heparin (50 mg) was dissolved in 2 ml of a 0.1 M phosphate buffered saline solution
(0.1 M sodium phosphate, 0.15 M sodium chloride, pH 7.5). 250 mM sodium iodate
solution (0.2 ml in 0.1 M phosphate buffered saline solution) was added to the heparin
solution whilst being protected from light and was allowed to react for 2.5 hours. The
heparin solution was placed into a pre-wetted Slide:-a-Lyzer® dialysis cassette and
dialysed against 1500 ml deionised water in the dark for 1 hour. The heparin solution
was then dialysed against 1500 ml 0.1 M phosphate buffered saline at pH 7.5 for 16
hours, stirring and in the dark at room temperature. The oxidised heparin solution was
removed from the cassette, added to fluorescein-5-thiosemicarbazide (FTSC) in DMF
(0.4 ml, 150 mM) and reacted for 2.5 hours at room temperature in the dark. The
heparin solution was placed into a pre-wetted Slide-a-Lyzer® dialysis cassette and
dialysed against 1500 ml deionised water in the dark for 1 hour. The heparin solution
was then dialysed against 1500 ml 0.1 M phosphate buffered saline at pH 7.5 for 16
hours, stirring and in the dark at room temperature. The dialysis solution was replaced

until no more dye leeched from the Slide-a-Lyzer® cassette.

Quantification of Heparin Solution Concentration

A calibration curve for methylene blue with heparin in deionised water was produced by
the analysis of solutions of constant methylene blue concentration (0.04 mM, 1 ml) and
increasing heparin concentrations (0 pg/ml — 100 pg/ml). The absorption of these
solutions was analysed at 630 nm on a U-2010 spectrophotometer. Triplicate readings
of polysaccharide-FTSC solution (1 pl of solution/ml methylene blue solution) were

taken at 630 nm and the concentration of the heparin-FTSC was derived from the
calibration curve produced.

Quantification of Fluorescein-5-Thiosemicarbazide (FTSC) Loading

A standard calibration curve for FTSC in deionised water was produced at 492 nm on a
U-2010 spectrophotometer. Triplicate readings of the polysaccharide-FTSC solution
were analysed at 492 nm and the concentration of fluorescein in the solution was

determined from the calibration curve.
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Steady-State Binding Study

Calibration

A calibration of fluorescent heparin was carried out, from 0 mg/ml to 0.01 mg/ml, in 0.1

M PBS at pH 7.5 at room temperature on the same day as the experiment.

Sample Preparation for Steady State Binding Study

Poly(NVP-co-DEGBAC-co-AA) and KKK- and RRR-functionalised poly(NVP-co-
DEGBAC-co-AA) hydrogels were analysed for heparin binding. A known mass of
swollen hydrogel was equilibrated in 0.1 M phosphate buffered saline at pH 7.5 at room
temperature for 1 hour before being placed in a fluorescent heparin solution (0.7 mg/ml,
0.25 ml) and allowed to react at room temperature in the dark on an orbital shaker plate
at 150 rpm for 24 hours. The hydrogel was removed from the coupling solution and
placed into 0.25 ml of 0.1 M phosphate buffered saline at pH 7.5 for 1 hour. The 0.1 M
PBS solution was replaced hourly for 3 hours and subsequently replaced daily for a
further three days.

Analysis

Analysis was carried out on a Luminescence Spectrometer LS50B (Perkin-Elmer Ltd)
with excitation at 490 nm, emission at 500-600 nm. The slits were
25-25 mm for the excitation and emission source and 10
accumulation scans were carried out for each spectrum. Analysis of the coupling
solution was carried out by diluting 20 ul of heparin solution in 4 ml of 0.1 M PBS and
analysing this solution in a quartz cuvette. Analysis of PBS wash solutions was carried
out by diluting 0.25 ml of wash solution in 2 ml PBS before analysis in a quartz cuvette.

The amount of fluorescein tagged-heparin washed from the hydrogel was determined

using the calibration curve produced prior to the experiment.

10.4.8 XPS Heparin Binding Study

Preparation of Heparin-Bound Hydrogels for XPS Analysis

Poly(NVP-co-DEGBAC-co-AA) and KKK- and RRR-functionalised poly(NVP-co-
DEGBAC-co-AA) hydrogels were analysed in duplicate by XPS for heparin binding.
For samplés of hydrogel after exposure to heparin, hydrogel discs (5 mm swollen

diameter) were equilibrated in 0.1 M phosphate buffered saline (pH 7.5) at room

243



temperature for 1 hour before being placed in a 1 mg/ml heparin solution (1 ml) and
allowed to react at room temperature on an orbital shaker plate at 150 rpm for 24 hours.
The hydrogels were removed from the coupling solution and placed into 1 ml 0.1 M
phosphate buffered saline (pH 7.5) for 1 hour. The PBS solution was replaced hourly
for 3 hours and subsequently replaced daily for a further three days. The samples were
then washed five times in water before being air-dried for 24 hours ready for XPS
analysis. For samples of hydrogel without exposure to heparin, the above procedure was
repeated without the presence of heparin. The samples produced were air-dried before

being submitted for XPS and SIMS analysis by Dr. T. Whittle, University of Sheffield.

10.4.9 Enzyme-Linked ImmunoSorbent Assay of VEGF Binding (Hydrogels)

Sample Preparation

Four polymer types were analysed in duplicate for this study, PND, PNDA, PNDKKK
and PNDRRR. For each sample a hydrogel disc (5 mm swollen diameter) was placed
into a sample tube and was submerged in 1 ml of a 1 mg/ml heparin solution in PBS.
The hydrogel was then left to bind in this solution for 24 hours at room temperature on
an orbital shaker at 150 rpm. The hydrogel was washed seven times with fresh PBS.
Soda glass sample tubes were blocked from protein absorption by the addition of a 3%
BSA solution in PBS which was agitated at room temperature on an orbital shaker at
150 rpm for 4 hours. The solution was removed and the tubes were rinsed three times
with fresh PBS. The heparin-bound hydrogels were transferred to pre-blocked sample
tubes and 200 ng/ml VEGF in PBS (0.5 ml) was added. The hydrogel was allowed to
interact with the VEGF for 24 hours at 4°C on an orbital shaker at 150 rpm. The
hydrogel discs were then washed by being submerged in fresh PBS solution at 4°C for

30 minutes. This was carried out three times.

A release study was then carried out by submerging the hydrogel in 0.5 ml of 1% BSA
PBS solution and allowing release to occur at 37°C. At defined time points (30 mins, 1
hr, 6 hrs, 12 hrs, 24 hrs, 48 hrs and 72 hrs) the protein solution was removed and was
replaced with 0.5 ml fresh 1% BSA PBS solution. The protein solutions retrieved were
stored at -20°C in polypropylene tubes until analysis with an ELISA kit as described in
Section 10.3.12. BSA was utilised to stabilise the VEGF during the release study and

storage period. Each experimental condition was carried out and analysed in duplicate.
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10.5 Cell Culture

10.5.1 Materials

Hydrogel discs (5 mm swollen diameter) were produced as described in Section 10.4
and were washed five times in sterile PBS and stored at 4°C before use in cell culture.
Dulbeccos’ Modified Eagles Medium (DMEM) was obtained from Sigma, UK or
Biowest Biosera. Foetal calf serum was obtained from Biowest Biosera. L-glutamine,
penicillin-streptomycin, trypsin-ethylenediaminetetraacetic acid (EDTA) (0.05% w/v
trypsin/0.02% w/v EDTA) and 0.4% w/v Trypan blue were obtained from Sigma, UK.
Phosphate buffered saline tablets (Dulbeccos’ A) were obtained from Oxoid, UK and
CellTracker™ Red CMTPX (C34552) was obtained from Molecular Probes™.
Endothelial Cell Growth Medium MV 2 and supplements, and endothelial cell detach
kit (containing HepesBSS, trypsin/EDTA solution and trypsin neutralising solution)
were obtained from Promocell GMBH. Trypsin 0.1% w/v was obtained from Difco,
UK. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 2-
ethoxyethanol (Cellusolve) were obtained from Sigma, UK.

Skin for fibroblast cell isolation was obtained from patients undergoing routine breast
reductions and abdominoplastics at the Northern General Hospital, Sheffield. Full
informed consent was given by all patients for skin to be used for research through a
protocol approved by the Ethical Committee of the Northern General Hospital Trust,
Sheffield, UK. Human Dermal Microvascular Endothelial Cells (HDMECs) were
obtained as proliferating cells (C-12260) from PromoCell, UK.

10.5.2 Equipment

Cell counts were performed using a modified Neubauer haemocytometer from Weber
Scientific International, UK. Plasticware for cell culture was purchased from Costar,
UK. All sterile reagents and cells were handled in class II laminar flow hoods. Cell
culture was performed at 37°C, 5% CO,, 95% humidity, in Sanyo CO; incubators. Light
microscopy of cell cultures was performed using an Olympus CK40-F200 light and
phase contrast microscope. Still photographs were taken using a Nikon Coolpix 990
digital camera. MTT assays were performed at 540 nm using a Dynatech MR5000 plate
reader with a reference wavelength of 630 nm. Confocal images were taken using a

Zeiss LSM 510 Confocal Microscope (abs. 577 nm, em. 602 nm).
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10.5.3 Standard Solutions

Trypsin Solution

“Difco Trypsin™ 0.1% w/v was prepared by adding 0.5 g of Difco Trypsin powder, 0.5 g
D-glucose and 0.5 ml phenol red to 500 ml PBS. This was adjusted to pH 7.45 using 2
M NaOH using a pH meter. This was filter sterilised and aliquots stored at -20°C until

needed.

Phosphate Buffered Saline (PBS)

Phosphate buffered saline was prepared by adding 1 PBS tablet per 100 ml of distilled

water. This solution was autoclaved at 115°C for 15 minutes and left to cool before use.

Trypan Blue

Trypan blue solution was made from a 1:1 mixture of 0.4% trypan blue and PBS.

Serum-Supplemented Fibroblast Culture Medium

DMEM high glucose (4500 mg/l glucose) supplemented with 10% v/v foetal calf serum
(FCS), 2 mM l-glutamine, 0.625 pg/ml amphotercin B, 100 IU/ml penicillin and 100
pg/ml streptomycin. The supplements were mixed at room temperature in a class II
laminar flow hood to a total volume of 500 ml. The resultant medium was stored at 4°C

for a maximum of six weeks prior to use. Medium was warmed to 37°C before use.

Serum-Free Fibroblast Culture Medium

DMEM high glucose (4500 mg/l glucose) supplemented with 2x10° M I-glutamine,
0.625 pg/ml amphotercin B, 100 IU/ml penicillin and 100 pg/ml streptomycin. The
supplements were mixed at room temperature in a class II laminar flow hood to a total
volume of 500 ml. The resultant medium was stored at 4°C for a maximum of six weeks

prior to use. Medium was warmed to 37°C before use.

Supplemented Endothelial Cell Growth Medium (MV2)

Endothelial cell growth medium (MV2) (Promocell GMBH), with added supplements
of 0.05 ml/ml foetal calf serum, 5 ng/ml EGF, 0.5 ng/ml VEGF, 10 ng/ml bFGF, 20
ng/ml IGF-1, 0.2 pg/ml hydrocortisone, 1 pg/ml ascorbic acid. The supplements were

added at room temperature in a class II laminar flow hood. The resultant medium was
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stored at 4°C for a maximum of six weeks prior to use. Medium was warmed to 37°C

before use.

Endothelial Cell Growth Medium (MV2) (5% Serum Medium)

Endothelial cell growth medium (MV2) (Promocell GMBH), with 5% foetal calf serum
(0.05 ml/ml). The FCS was added at room temperature in a class II laminar flow hood.

The resultant medium was stored at 4°C for a maximum of six weeks prior to use.

Medium was warmed to 37°C before use.

Serum-Starved Endothelial Cell Growth Medium (MV2)

Endothelial cell growth medium (MV2) (Promocell GMBH), with added 1% or 2%
foetal calf serum (0.01 ml/ml or 0.02 m/ml). The FCS was added at room temperature
in a class II laminar flow hood. The resultant medium was stored at 4°C for a maximum

of six weeks prior to use. Medium was warmed to 37°C before use.

10.5.4 Cell Counts and Viability Assessment

Cell Viability Determination by Trypan Blue

Trypan blue was used for cell counts and viability assessments. Cells were suspended in
a known volume of cell culture medium and 20 pl of this cell suspension was combined
with 20 pl of trypan blue stock solution. Non-viable cells appear blue, allowing viable

cells to be counted using a Neubauer haemocytometer and a concentration of viable

cells to be calculated.

Cell Viability Assay — MTT

MTT solution was produced by dissolving MTT in sterile PBS to a final concentration
of 0.5 mg/ml. The medium was removed from the sample wells and the samples were
washed gently with PBS. 0.5 ml MTT solution was added to each well. The plates were
incubated with MTT solution for 40 minutes at 37°C, 5% CO, in a humidified
atmosphere. The MTT solution was removed from the wells and then polymer was also
removed from the wells and placed into individual wells. 0.3 ml of Cellusolve was then
added to each well and was left for a few moments to allow the formazan product to
elute from the cells. 0.1 ml of the Cellusolve solution was then placed in a 96 well plate

in duplicate and the optical density was read at 540 nm.
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10.5.5 Cell Culture

Fibroblast Sub-Culture

Cells were cultured in T75 flasks and incubated at 37°C, 5% CO, in a humidified
atmosphere. The medium was changed every three to four days until the cells were
80% confluent. Once the fibroblasts were confluent, the medium was removed and the
cell layer was washed three times with 10 ml sterile PBS solution. 2 ml trypsin/EDTA
solution was added to the fibroblasts, which were then incubated at 37°C for 5 minutes.
Fibroblasts were encouraged to detach by gentle tapping and phase contrast microscopy
was used to confirm cell detachment. 10 ml of serum-supplemented medium was added
to the flask to neutralise the trypsin. The resulting cell suspension was centrifuged at
1000 rpm for 5 minutes to produce a cell pellet. The supernatant medium was removed
from the cell pellet and the cells were resuspended in 1 ml of medium to allow a cell

count to be performed. The fibroblasts were then used between passages three and nine.

Endothelial CeII Sub-Culture

Cells were cultured in T25 flasks and incubated at 37°C, 5% CO; in a humidified
atmosphere. The medium was changed every two to three days until the cells were 80%
confluent. Once the endothelial cells were confluent, the medium was removed and the
cell layer was washed with 5 ml HepesBSS solution. 2.5 ml trypsin/EDTA solution was
added to the endothelial cells, which were allowed to detach at room temperature for 5
minutes. Endothelial cells were encouraged to detach by gentle tapping, and phase
contrast microscopy was used to confirm cell detachment. 2.5 ml of trypsin neutralising
solution (TNS) was added to the flask to neutralise the trypsin. The resulting cell
suspension was centrifuged at 1400 rpm for 5 minutes to produce a cell pellet. The
supernatant medium was removed from the cell pellet and the cells were resuspended in
1 ml of medium to allow a cell count to be performed. The endothelial cells were then

used between passages four and eight.
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10.5.6 Fibroblast Experiments

Fibroblast Polymer Compatibility Study

1 sample of each hydrogel (5 mm swollen diameter) was placed into a well in a 48 well
plate. 0.5 ml of serum-free fibroblast culture medium was added to each well and the
polymers were incubated for 72 hours. The medium was removed and 0.25 ml of either
serum-free or serum-supplemented fibroblast culture medium was added to each well.
Fibroblasts were then seeded at 10,000 cells per well in 0.25 ml of medium. Cells were
cultured in direct contact with hydrogel samples for four days before an MTT assay was
carried out and the hydrogels were moved to separate wells to analyse cell viability.

Each polymer was analysed in triplicate in three repeat experiments.

Fibroblast CellTracker™ Red Staining

1 sample of each hydrogel (5 mm swollen diameter) was placed into a well in a 48 well
plate. 0.5 ml of serum-free fibroblast culture medium was added to each well and the
polymers were incubated for 72 hours. The medium was removed and 0.25 ml of either
serum-free or serum-supplemented fibroblast culture medium was added to each well.
Fibroblasts were then seeded at 10,000 cells per well in 0.25 ml of medium. Cells were
cultured in direct contact with hydrogel samples for four days. The medium was
removed and each well was washed twice with PBS. 50 pg of CellTracker™ Red was
dissolved in 20 pl DMSO and added to serum-free medium (5 ml). 0.3 ml of this
solution was added to each well and the cells were then incubated for 40 minutes. The
medium was removed, the wells were washed three times with PBS and 0.5 ml of serum
medium was added to each well before incubating again for 30 minutes. Finally, the
medium was removed, each well was washed three times with PBS and 0.5 ml PBS was
added. The cells were imaged on an inverted confocal microscope (abs. 577 nm, em.

602 nm) at room temperature.
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10.5.7 Endothelial Cell Experiments

Endothelial Cell Polymer Compatibility Study

One sample of each hydrogel (5 mm swollen diameter) was placed into a well in a 48
well plate. 0.5 ml of endothelial cell growth medium without supplements was added to
each well and the polymers were incubated for 72 hours. The medium was removed
and 0.75 ml of endothelial cell growth medium with supplements was added to each
well. HDMECs were then seeded at 10,000 cells per well in 0.25 ml of medium. Cells
were cultured in direct contact with hydrogel samples for four days, with a daily change
of medium, before the hydrogels were moved to separate wells and an MTT assay was

carried out. Each polymer was analysed in triplicate in three repeat experiments.

Endothelial Cell Heparin and VEGF Dosing Experiment

HDMECs were seeded at a density of 8,000 cells per well in a 96 well plate and allowed
to attach to the tissue culture plastic for 5 hours in 0.2 ml fully-supplemented medium.
The cells were then starved overnight in 2% serum endothelial cell growth medium
(MV2). The starving medium was replaced with 0.2 ml of 2% serum medium
containing the relevant quantities of VEGF and/or heparin and was incubated for 72
hours before analysis by MTT assay. Each environment was carried out in triplicate

within the experiment.

Endothelial Cell Proliferation with Hydrogel Alone, Heparin-Bound Hydrogel and
VEGF- and Heparin-Bound Hydrogel (5% Serum Medium)

Hydrogel discs (5 mm swollen diameter) were equilibrated in sterile PBS before use in
this experiment. To produce heparin-bound hydrogels, the hydrogel discs were placed in
1 mg/ml heparin solutions (PBS) and agitated on a shaker plate at room temperature for
24 hours. The hydrogels were then washed in sterile PBS seven times before storage at
4°C. VEGF- and heparin-bound hydrogels were produced by placing heparin-bound
hydrogels in 0.5 ml of a 200 ng/ml VEGF solution (PBS) in a cold room at 4°C. The
hydrogels were agitated in this solution for 24 hours at 4°C. The hydrogels were then
washed three times in sterile PBS. The hydrogels were then placed into cold 48 well
plates and 0.75 ml of 5% serum medium was added to each well. The 48 well plate was
placed in an incubator for 2 hours. HDMECs were then seeded at a density of 10,000

cells per well in 0.25 ml of 5% serum medium. The medium was replaced daily and an
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MTT assay was carried out after 64 hours. Each polymer type was analysed in triplicate

in three repeat experiments.

Endothelial Cell with Hydrogel Alone, Heparin-Bound Hydrogel and VEGF- and
Heparin-Bound Hydrogel (Serum-Starved Medium)

Hydrogel discs (5 mm swollen diameter) were equilibrated in sterile PBS before use in
this experiment. To produce heparin-bound hydrogels, the hydrogel discs were placed in
1 mg/ml heparin solutions (PBS) and agitated on a shaker plate at room temperature for
24 hours. The hydrogels were then washed in sterile PBS seven times before storage at
4°C. VEGF- and heparin-bound hydrogels were produced by placing heparin-bound
hydrogels in 0.5 ml of a 200 ng/ml VEGF solution (PBS) in a cold room at 4°C. The
hydrogels were agitated in this solution for 24 hours at 4°C and then washed three times
in sterile PBS. The hydrogels were placed into cold 48 well plates and 0.75 ml of 2%
serum medium with no further supplements was added to each well. The 48 well plate
was placed in the incubator for 2 hours. HDMECs had previously been starved
overnight in 2% serum medium and were then seeded at a density of 10,000 cells per
well in 0.25 ml of medium. The medium was replaced daily and an MTT assay was
carried out after 64 hours. Each polymer type was analysed in triplicate in three repeat

experiments.

Endothelial CellTracker™ Red Experiment

50 pg of CellTracker™ Red was dissolved in 20 ul DMSO and added to warm PBS (5
ml). This CellTracker Red solution was then added to one confluent T25 flask of
HDMECs and the cells were then incubated for 40 minutes at 37°C. The CellTracker™
Red solution was then removed and the cells were washed three times with PBS before
5 ml of fully supplemented endothelial cell medium was added. The CellTracker™ Red-
stained HDMECs were then used in experiments as described above. After the
experiments, the cells were washed three times with warmed PBS before imaging the
cells in PBS on an inverted confocal microscope (abs. 577 nm, em. 602 nm) at room

temperature.

Tubule Formation Assay — Effect of Soluble VEGF and Heparin
In order to assess the ability of HDMECs to proliferate and differentiate, the tubular

network formation assay was used. Microtiter 48 well plates were coated with 68

ul/well of growth factor-reduced Matrigel and placed in an incubator at 37°C to set for
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1 hour. HDMECs were serum starved overnight (1% FCS) before the experiment,
trypsinised and washed. 16,000 cells were then seeded per well in starving medium (0.1
ml, 1% FCS) and left to attach for 45 min. The medium was then discarded and
replaced with 1 ml of treatment medium containing starving medium (1% FCS) either
alone or with VEGF (10 ng/ml), heparin (50 ng/ml) or a combination of VEGF (10
ng/ml) and heparin (50 ng/ml). The endothelial cells were incubated at 37°C and
migrated and formed tubules on this matrix within six hours of plating. Tubule
formation was monitored at six hours by light microscopy. Each treatment group was
performed in triplicate and three independent experiments were performed and analysed

using the image analysis package, Scion Image (Frederick, MA).

Tubule Formation Assay — Effect of VEGF- and Heparin-Bound RRR Hydrogel

The effect of VEGF- and heparin-bound RRR hydrogels on endothelial cell tube

formation on growth factor-reduced Matrigel was analysed in vitro.

VEGF- and heparin-bound hydrogel discs were produced by placing the hydrogels in
heparin solutions (1 mg/ml) and agitated on a shaker plate at room temperature for 24
hours. The hydrogels were then washed in sterile PBS 7 times before storage at 4°C.
VEGF- and heparin-bound hydrogels were produced by placing heparin-bound
hydrogels in 0.5 ml of a 200 ng/ml VEGF solution (PBS) in a cold room at 4°C. The
hydrogels were agitated in this solution for 24 hours at 4°C. The hydrogels were washed

three times in sterile PBS and equilibrated in 1 ml 1% serum medium for 15 minutes.

Microtiter 48-well plates were coated with 68 pl/well of growth factor-reduced Matrigel
and placed in an incubator at 37°C to set for 1 hour. One VEGF- and heparin-bound
PNDRRR hydrogel disc or PNDRRR hydrogel disc alone was placed into each well and
was incubated at 37°C for 30 minutes. 16,000 cells (pre-starved in 1% serum medium
overnight) were then seeded per well in starving medium (0.1 ml, 1% FCS) and left to
attach for 45 minutes at 37°C. Further starving medium (0.9 ml, 1% FCS) was added to
each well before incubation at 37°C. HDMECs on this matrix migrated and formed
tubules within six hours of plating. Tubule formation was monitored at six hours by
light microscopy. Each treatment group was performed in triplicate and three
independent experiments were performed and analysed using the image analysis

package, Scion Image (Frederick, MA).
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