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Abstract

Surface Active Polymers as Anti-infective and Anti-biofouling Materials
Emily Margaret Parker, Worcester College, University of Oxford
Thesis submitted for the degree of D.Phil, Hilary Term 2012
This thesis is concerned with the chemical modification of polymers in the preparation of a
library of materials which exhibit altered surface properties as a result of the surface
chemical functionality, with particular emphasis on the development of materials that
control biofouling and are antibacterial. Chemical modification of crosslinked polystyrene,
in film and microsphere form, was carried out by carbene insertion followed by diazonium
coupling. This provided access to a collection of materials with varying surface chemistry,
whilst the bulk properties of the polystyrene substrates were maintained. Synthesis of the
diaryldiazo and the diazonium salts used to perform the surface modifications is described,

as well as the preparation and characterisation of the materials.

Analysis of the ability of the materials to adsorb and bind the protein bovine serum albumin
(BSA) is presented with data obtained from two methods of observation. Quartz Crystal
Microbalance with Dissipation (QCM-D) and a protein assay based on the change in optical
density of a BSA/PBS solution are used to demonstrate how the specific surface chemistry
of the materials influences the ability to adsorb and bind protein. The behaviour of the
materials was time dependent and was rationalised with respect to the surface water contact
angle and the calculated parameters polar surface area and % polar surface area of the

functional groups added to the surfaces.

Finally, penicillin loaded materials were prepared and their antibacterial activity was tested
against E. coli and S. aureus, demonstrating that the antibiotic is still active from within the

polystyrene scaffold.
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Chapter 1

Chapter 1: Introduction

1.1 Biomaterials and biofouling

A biomaterial has been described as ‘a nonviable material used in a medical device,
intended to interact with biological syszems’.> Development and research into biomaterials
has been on-going for over 60 years, with the first recorded biomaterials being documented
in the 1940s. Harold Ridley noticed that the injuries associated with shards of canopy plastic
embedded in the eyes of pilots were healing naturally without any further reaction from the
body. He then went on to develop lenses from the canopy plastic, poly(methyl
methacrylate), that could replace the natural cataractous lenses in the eye, with the first
implantation occurring in 1949. Biomaterials have since been developed and used in a wide
range of applications such as implants, stents, catheters, wound dressings along with hip and
knee joints. Uses outside of the body include biosensors, cell culture materials, fuel cells and

biofouling-resistant materials.?

Biofouling is the attachment and sometimes colonisation of biological molecules or
organisms on surfaces. Within the body, bacteria and non-specific cell and protein adhesion
are of interest in order to reduce infection and rejection associated with the use of medical
implants and devices. Bacteria adhesion is also an issue of great interest outside the body,
with antibacterial cleaning products and surfaces being used to reduce the development and
spread of infection. Outside of the medical sector, antifouling paints are used in the marine
industry to reduce colonisation on ship hulls by barnacles and algae; the increase in ship
weight as a result of this leads to an increase in the fuel necessary for transport. This is
especially evident in the shipping industry where the International Maritime Organisation

estimated that the use of non-toxic effective antifouling coatings could reduce fuel emissions
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of carbon dioxide and sulfur from 384 million tonnes to 3.6 million tonnes a year, saving the
industry $60 billion per annum in fuel costs.® Previously, tin-based paints were applied to
ship-hulls to prevent biofouling but since these paints are highly toxic to many other
organisms in the marine environment, investigations are being employed to develop non-
toxic alternatives.* Other uses of antifouling paints are to reduce the growth of mould and

algae and to inhibit discolouration on outdoor walls and fences.>®

1.1.1 Biomaterials in vivo

For a material to be used in biomedical applications, it must be biocompatible;
biocompatibility has been defined as ‘the ability of a material to perform with an
appropriate host in response to a specific application’.” An appropriate response is one that
does not encourage infection and does not initiate a negative immune response. Upon
insertion of a foreign material in the body, the area of surgical trauma is flooded with blood,
and then non-specific protein adhesion occurs; protein adsorption is reversible whilst the
protein is in its native state, but is irreversible after the protein has denatured, changed
conformation leading to enhanced binding.? Cell adhesion follows protein adsorption, and
this can result in the release of cytokines, signalling proteins that will result in a pro-
inflammatory response. If this occurs, macrophage cells fuse together to form foreign body
cells that will not disperse as long as the implant is present. The final response in this
immune sequence is the formation of a wall-like structure around the implant, made of
fibrous tissue that is about 50-200 um thick. In addition, bacteria will compete with host
cells to adhere to the protein adsorbed layer; once adhered, the bacteria will aggregate, and
eventually a biofilm will be formed,® the formation and consequences of the existence of
which is discussed below. The types of proteins adsorbed and their conformations on the

surface of the implant dictate the type of cells that adhere to the surface. Fibrinogen is used
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as a biological marker for biocompatibility as its presence on implant surfaces can result in
thrombosis, the formation of blood clots, and this protein is therefore often used a standard

to evaluate biocompatibility.'

1.1.2 Biofilms: colonisation of bacteria

Another hurdle that must be addressed in the development of biomaterials is moderation of
the formation of bacterial biofilms on the surfaces of medical implants and devices; they are
a major source of infection and show up to 1000 times higher tolerance to antibiotics and
disinfectants compared with free forms of bacteria.''*? Biofilms are highly complex
colonies of bacteria that are encased in a polymeric polysaccharide matrix which serves to
give the biofilm structure and protection. Single bacterium aggregate on material surfaces
and eventually form colonies using quorum sensing, a cell-cell communication method, to
organise and develop the biofilm.** Failure of medical implants is most commonly due to
infection, so reduction in biofilm formation and therefore infection could save the lives of

hospital patients.***®

Biofilms are very resilient to known methods of treatment; current antibiotics can treat
infections due to planktonic bacteria effectively, however they are not active enough against
biofilms; either the polysaccharide matrix prevents any penetration into the biofilm or the
antibiotic cannot penetrate far enough into the biofilm. There is evidence of biofilms
responding to antibiotic administration by increasing production of polysaccharide and

1.¥6 who showed that

increasing the size of the biofilm. This was observed by Hoffman et a
exposure of Pseudomonas aeroginosa (P. aeroginosa) to the antibiotic Tobramycin actually
induced biofilm formation; P. aeroginosa is a strain of bacteria associated with cystic

fibrosis and infections stemming from the use of catheters. In addition, biofilms also release

single bacteria from the colony, thus creating a source of chronic infection to the rest of the

3
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body. The body’s natural defences also struggle to combat biofilms; the presence of bacteria
will induce the production of antibodies, but they are generally not effective at killing
bacteria within the biofilm.""*" Treatment of infections resulting from biofilms usually
involves removal of the device supporting the biofilm, followed by intense administration of
antibiotics followed by introduction of a new device which is potentially exposed to the

same problems.®

Whilst much of the focus has been with regard to the effects of biofilms within the body, it
is noteworthy that biofilms can form on any surface; efforts to reduce biofilms are also being

developed within other areas such as marine fouling and food packaging.

1.2 Control of biofouling

The necessity to control protein and cell adhesion as well as reduce biofilm formation is
essential in the development of biomaterials to be used in medical applications, with control
of protein and cell adhesion being essential for in vivo acceptance. A number of avenues are
being investigated in order to control biofouling and increase the biocompatibility of
surfaces. These include reducing non-specific protein and cell adhesion, creating biomimetic
surfaces and tethering antimicrobials to surfaces that are toxic to bacteria or which inhibit

the formation of biofilms.

Much work is going into determining how protein adhesion to material surfaces can be
controlled. Proteins are made up of peptides which are linear sequences of amino acids
joined by a peptide linkage. The peptides form hydrogen bonds internally and with other
peptides resulting in regular structures in the form of a-helices and B-sheets, known as the
secondary structure of proteins. The specific 3D arrangement of the proteins in space makes

them biologically active, and their arrangement will change depending upon the
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environment and the sequence of amino acids in the peptides. A polar environment will
result in folding to expose the polar side chains whilst shielding the hydrophobic side chains,
this is known as the hydrophobic effect. In physiological conditions the 3D structure is
sustained by the hydrophobic effect, electrostatic forces between charged groups (COO™ and
NHs"), van der Waals forces of attraction, hydrogen bonds, and disulphide bonds between

different peptides and regions of the peptide.'®

For protein adsorption at a surface to occur spontaneously, regardless of the mechanism, the

change in Gibbs free energy of adsorption must be less than zero.*

AGggs = AHggs — TASgqs < 0

The adsorption of protein G on gold was investigated using a Quartz Crystal Microbalance
(QCM) at three different temperatures, 296, 303 and 308 K.” Using the Vant Hoff

relationship

KZ] —AH 45 [ 1 1
T

In [=2 —
Mk, R T,

where K7 and K> are the equilibrium constants of adsorption and 77and 72 the temperatures.
The change in enthalpy of adsorption (AH,s) was calculated to be -25 + 6 kcal/mol,
indicative of an exothermic adsorption process. Investigations into the effect of temperature
on the Gibbs free energy change of adsorption (AGags) revealed that the adsorption followed
the Langmuir isotherm, and the entropy change of adsorption (AS,gs) was calculated to be
0.52 kcal/mol.K. This indicated to the authors that entropy term had a larger contribution in
driving the protein adsorption than the enthalpy term. Norde'® demonstrated a similar

outcome using caloritmetry and titration experiments to determine AG and AH of the
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different sub-processes that contribute to adsorption of proteins. The adsorption of two
proteins, lysozyme and o-lactaloumin, onto negatively charge polystyrene lattices were
investigated and in both cases the total AG of adsorption was large and negative. The sub-
processes investigated include association/dissociation of H* ions with charged groups on
the protein surface, overlap of electric fields, non-electrostatic contributions to the
incorporation of ions into the adsorbed layer, structural rearrangement of the protein and
changes in the state of hydration of the surface such as dehydration upon protein adsorption.
The dehydration of the polystyrene layer of both systems proceeded with a large increase in
entropy, 0.60 kJ/mol.K, and the associated AG term had by far the largest contribution to the
overall AG of adsorption at -220 kJ/mol. The total AG of adsorption was -280 kJ/mol for
lysozyme and -400 kJ/mol for a-lactaloumin. The next largest negative AG contribution was
due to the structural rearrangements of the protein, with AG terms of -60 and -200 for the
lysozyme and a-lactalbumin, respectively. It is evident that for a-lactalbumin the structural
rearrangement of the protein is also a major driving force along with the entropy term

associated with displacement of water from the polystyrene lattice.

When considering materials that can be used as biomaterials, the following must be
considered; the macroscopic or bulk properties including the mechanical properties, the
microscopic surface properties including the chemical properties and topographical
structure, and finally the atomic and molecular interactions the material will take part in.

Kang et al.’?

used electropolishing to smooth the surface of stainless steel before grafting
various polymers to the material. The smoother materials showed reduced adsorption of the
protein fibrinogen compared to the rough analogues. However, surface chemistry is
becoming increasingly dominant in controlling biomolecular adhesion and fouling, since the

interfacial interactions between the surface and biomolecule are essential when considering

the efficiency of a biomaterial.” The mechanical properties of the material are key when

6
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designing a device since they must fulfil the needs of the application, but mechanically
desirable materials are not always biocompatible. The ability to control the surface
chemistry of materials allows the benefit of mechanical and biocompatible properties to be
combined. There is a vast amount of research going into the control of biofouling of

materials, particularly involving surface chemical modifications, as is discussed below.

1.2.1 Biopassive coatings to reduce protein and bacteria adhesion

The chemical functionality of a surface has proved to have a great influence on biofouling
by inhibiting non-specific protein adhesion without being toxic, thereby making it
biopassive. The functional groups on a surface affect the surface properties and will dictate

1 and this has a knock-on effect in

conformations that proteins adopt on the surface’
dictating the cells that adhere to the protein layer, thus influencing any further responses by

the body.?

The effect of surface hydrophilicity, governed by the surface chemistry, on protein
adsorption is well documented, with the overall conclusion being that protein adsorption
increases as surfaces become more hydrophobic.?”%%* Hydrophilicity and hydrophobicity
describe the wettability of a surface by water, with more hydrophilic surfaces having a
higher affinity for water; water contact angles are used as a measure of wettability with
smaller contact angles being indicative of hydrophilicity. Hydrophilic surfaces interact with
water favourably by hydrogen bonding and the result is a network of water molecules that
form a hydration layer around the material, with the extent of the hydration layer being
dictated by the functional groups on the surface.” For protein adsorption to occur, proteins
must first displace the water in order to gain access to the material surface; the stronger the
surface water interactions and the greater the extent of hydration, the more difficult it is for

the protein to gain access to the surface. Thus, it is hypothesised that a reduction in non-

7
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specific protein adhesion using hydrophilic surfaces will prevent immune response reactions

in vivo and result in materials with increased biocompatibility."?*

The reduction of protein adhesion by hydrophilic surfaces is exemplified by a group of
materials produced by the modification of silica with five different polymers, with their

water contact angles demonstrating the variation in surface hydrophilicity. (1-5, Figure 1.1,

Table 1.1).
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Figure 1.1: Polymer modified silica substrates.

Table 1.1: Contact angle and protein adsorption measurements for a range of silica
based materials.

Material Co(rétezcl:[eig)gle BSA adsorbed (pg nm) Fibrinogen (ug nm?)
1 25.4 4.7 0.09
2 355 5.7 0.14
3 64.4 15 0.02
4 78.3 9.2 0.20
5 98.3 13.0 0.23

The materials were exposed to fibrinogen and bovine serum albumin (BSA) and a direct
correlation of decreasing protein adsorption with increasing hydrophilicity was observed in
both cases, with the exception of 3 which deviated from the trend with both proteins; 3

demonstrated the smallest adsorption of all the modified materials.?®
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Materials modified with poly(ethylene glycol) (PEG) chains have proved to be exceptional
in reducing protein adsorption and adhesion.?** Stainless steel is a desirable material used in
stents and orthopaedic implants due to good resistance and excellent mechanical properties,
however, bare steel is not biocompatible. Successful modification with 3-
glycidoxpropyltrimethoxysilane followed by grafting with various polymers including PEG
furnished a set of materials 6-9 that exhibited lower protein adsorption than bare stainless
steel (Figure 1.2)."° As implied by the contact angles in Figure 1.2, all the materials are more
hydrophilic than stainless steel (which has a contact angle of 78.8%), with the PEG modified

surface 6 having the smallest contact angle at 46°, making it the most hydrophilic.

Stainless steel Stainless steel
? R
—Sll—O—S||—O—SIi— —gSi—O—gSi—O—&—
g Og o o (e} (o}
05 NP © NH O
H2N/\/\ofHZCHZCO>_§ H2N/\/\O<*H2CH2CH2CH2CO>—§
n n
6 7
Contact angle 46.0 Contact angle 52.6
Stainless steel Stainless steel
R A
—§|—O—§i—o—8i— —§i—0—§i—0—§|—
o o (o} o (o} (e}
5 " < 5 5 " < 3
© NH © ° NH o
HN o~ | | | />
HzNéH?Hzco / s||€o sl%o s|,|
8 9
Contact angle 54.0 Contact angle 70.6

Figure 1.2: Stainless steel grafted polymers.
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Fibrinogen was coupled to rhodamine succinimidyl ester, generating fluorescently tagged
fibrinogen that could be observed by a fluorescent microscope as a means of quantifying
protein adsorption. All the materials showed a decrease in fibrinogen adsorption by 72-83%,
compared to untreated stainless steel, with the PEG surface 6 having lowest protein
adsorption overall. The authors of this work also commented on the effect of using polymer
chains to modify the surface; chains that are flexible suffer an entropy loss associated with
compression and infiltration of the polymer chains by the proteins, which also inhibits
protein adsorption. When the effect of chain density on protein adsorption was investigated
using the silica coatings in Figure 1.1, it was found that the hydrophobic surfaces 4-5
showed no dependency on chain density; however the hydrophilic surfaces 1-3 exhibited
decreased protein adsorption as the polymer chain density decreased. Hydrophilic polymers
are much more mobile in the aqueous environment compared with the hydrophobic
polymers, as the chain density increases the flexibility and freedom of the polymer chains

will decrease hindering their ability to repel proteins.?®

A disadvantage to PEG based surfaces is that the ethylene glycol moieties have a tendency

to oxidize.>* Consequently, Whitesides et al.”®

used self-assembled monolayers (SAMs)
with varying terminal functionality in order to determine different functional groups that
would be as effective as PEG in reducing protein adsorption (Table 1.2 below). They
investigated surfaces with uniform functionality as well as mixed functionality to determine
how they responded to fibrinogen, a large protein (340 kD), and lysozyme, a small (14 kD)
positively charged protein. The mixed functional surfaces were achieved by mixing SAMs
of a specific functionality with carboxylate terminated SAMs (CO,H/CO5’). The percentage
of a protein monolayer (% monolayer) was calculated from the change in response units as

measured by surface plasmon resonance spectroscopy with reference to mixed alkyl SAM

11. The most interesting candidates have been summarised below in Table 1.2.

10
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Table 1.2: A selection protein resistant surfaces produced by Whitesides et al..

% Monolayer

\(CH2)15 (\CH2)15 AdvanCing
R 07 on contact angle | Fibrinogen Lysozyme
R
10 NH(CH,CH,0)3H 54 2 1
11 NH(CH,)1;CH3 156 100 100
C;)H OH
12 &N«(\HVOH 37 68 20
Il| OH OH
s
oL N.__CHs
13 \T/\/ \L( 53 12 4
s
EN N
14 T/T CHj 65 9 2
s
e f\'IV\/N\Pw)(NMez)Z 66 4 <l
OCHj3 OCHj
&N/Y\KK/OCHS
16 Ill OCHj; OCHj; 81 3 6

PEG terminated SAM 10 has % monolayer values of 2 and 1% for fibrinogen and lysozyme
respectively. Materials 13-16 all have comparable protein resistance with 15 having greater
resistance to lysozyme than PEG terminated material 10. The results in Table 1.2 are for
mixed SAMs, however the protein resistance was increased by using homogenous SAMs
terminated with the groups used for 13-16, although this was not true for all of the
functionalities investigated. The advancing contact angles have been included; it is notable
that amide 13 has a similar contact angle as PEG surface 10 but does not reduce protein
adsorption as efficiently and alcohol 12 which has a very hydrophilic contact angle of 37°
actually adsorbs high levels of both proteins. The methylated version of this surface, 16, has
a much higher contact angle but a lower level of protein adsorption; comparison of other

methylated verses unmethylated surfaces consistently found that the methylated surfaces

11
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adsorbed less protein. The authors noticed four molecular characteristics shared by
functional surfaces that had a high resistance to protein adsorption; these are that the
functional groups were polar, they had the capability to accept hydrogen bonding but did not
contain hydrogen bonding donating groups and finally the surfaces did not have any net
charge.?® This work demonstrates that, whilst relying purely on hydrophilic surfaces does
generate some coatings successful in reducing protein adsorption, the specific functional

groups and how they bond is important also.

The effect of surface chemistry on the conformation of proteins has also been investigated.
SAMs terminated with methyl, hydroxyl, acid and amine (CH; OH, COOH and NH,) were
exposed to fibronectin with the protein adsorption following the pattern
OH<COOH<CH3<NH,, The acid and hydroxyl surfaces exhibited hydrophilic contact angles
at 25° and 28°, respectively, and the methyl terminated surface had a contact angle of 107°,
consistent with the trend of increasing surface wettability leading to decreasing protein
adsorption. However, the amine terminated surface had a contact angle of 43° and broke
away from this trend, presumably as the amine functionality interacts favourably with the
proteins affording strong bonds. The conformations that the proteins adopted on the surfaces
was investigated using a monoclonal antibody assay; the antibodies used are known to
prevent protein adhesion to the central binding site of fibronectin, so that the level of
antibody adhesion would be dependent on the amount of this central region that is
accessible. Antibody binding followed the pattern of OH>COOH=NH,>CHjs; the surfaces
that bind protein via hydrogen bonding had high levels of antibody adsorption thus
indicating that fibronectin bound to the methylated surface adopts conformations that reveal
more of the central binding domain of the protein. The same pattern was observed for
adsorption of integrin asP; onto the fibronectin layers, whereas integrin o, exhibited a
different pattern COOH>>OH=NH,=CHj. Integrins are receptors that mediate cell

12
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attachment to surrounding tissues and proteins so the effect of surface chemistry on integrin
binding is of interest when considering biocompatible materials. This work was completed
with the observation of MC3T3-EL1 cell adhesion to the protein coated surfaces, resulting in
the following trend OH>COOH>NH,-CH3.? The effect of surface chemistry on cell
adhesion without protein coatings has also been investigated; polystyrene surfaces oxidised
with various methods resulting in carboxylate/hydroxyl and sulfur/nydroxyl functionalised
surfaces demonstrated increased cell adhesion with hamster kidney and leukocyte cells,
however more detailed investigations revealed that the hydroxyl groups were necessary to

increase the cell adhesion.?®

The use of surface chemistry to inhibit biofilm formation has been widely investigated with
most of the work involving antimicrobial and biomimetic surfaces that are discussed below.
However, there are some examples of surface functionality affecting biofilm formation. PEG
terminated surfaces have been shown to reduce bacteria adhesion, with covalently bonded
PEG coatings reducing bacteria adhesion by up to two times compared with physisorbed

PEG coatings.”*’

Figure 1.3 displays three SAMs on gold with differing functionality that were investigated
by Ren et al. with regard to their effect on biofilm formation and bacteria adhesion.** Within
2 hours, bacterial adhesion to the bare gold surface was observed and biofilm formation was
evident by the presence of viscous films after only 24 hours. However b-mannitol
terminated SAM 18 exhibited reduced bacterial adhesion and biofilm formation with three
strains of bacteria; by 24 hours, bacterial adhesion was reduced by 92.1%, 88.4% and 94.2%
with Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa) and Candida
albicans (C. albicans), respectively. The methylated SAM 17 showed no resistance to

bacteria whilst the tri(ethylene glycol) (TEG) terminated SAM 19 showed resistance but not
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to the same extent as the p-mannitol terminated surface 18. Patterned surfaces were
prepared on which a region of the surface was coated with either the p-mannitol 18 or TEG
19 SAMs and the surfaces were exposed to E. coli. In both cases, biofilm formation was
observed in the unmodified regions but it took 7 days for the biofilms to expand into the
modified areas of the TEG surface and 26 days for the p-mannitol surface. It was found that
p-mannitol does not prevent biofilm formation when it is a free molecule, and the authors
conclude that the solvent structure at the surface dominates in the prevention of biofilm
formation. Other functional groups that reduce bacteria adhesion are phosphonates and
zwitterionic groups, whilst sulfonated surfaces have increased Staphylococcus aureus (S.

aureus) adhesion to polyurethane based materials.?

OH OH
OH OH j S
0 0
HOm” ""OH How / "OH 2 2
o o}
HOw,. /” “OH Hou,, / ~OH S S
HaC HsC 0 0 0 0
S $ POV NPTTTVVUITY. - UVTIVII 2 S
17 18 (D-Mannitol) 19 (TEG)

Figure 1.3: SAMs on gold used to investigate inhibition of biofilm formation.
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1.2.2 Biomimetic materials to control cell adhesion

Biomimetic materials are inspired by natural biological surface properties and naturally
occurring compounds that control cell adhesion, bacteria inhibition and protein adhesion.
Biomimetic materials have been designed to promote specific cell adhesion and to be used
as tissue engineering scaffolds that initiate a regenerative response; they can be used in the
control of biofouling since both applications are aimed to reduce non-specific cell adhesion,
thus decreasing immune response and rejection of the materials.”®*° Use of biomimetic
materials as tissue scaffolds is exemplified by phosphonate-containing acrylamide polymers
that encouraged osteoblast cell proliferation for the use on materials that will aid bone
growth and recovery. The inspiration for these materials stems from the knowledge that
phosphate rich proteins initiate bone growth; it was hypothesised that phosphonate-
containing polymers would imitate the mineral-protein interactions. Vinyl phosphonic acid
and acrylamide were combined in varying amounts and the osteoblast cell proliferation after
7 days was measured for all of the materials. Acrylamide had 2 x 10* cells/cm?, all of the
phosphonate polymers showed greater cell proliferation, with 30% vinyl phosphonic acid

proving to be optimal with 28 x 10* cells/cm?®.?

The control of cell adhesion using peptide motifs has been widely researched to control
specific cell adhesion and discourage non-specific cell adhesion.?®"% Initially, materials
were coated with cell adhesive proteins such as fibronectin, collagen and laminin that would
direct the cell adhesion.**3* However the fact that the proteins proved to be difficult to
source since they are from natural organisms and need careful extraction and purification,
and that the proteins were prone to degradation over time which reduced their effectiveness,
all made this approach more complicated. Furthermore, the protein coatings were not stable

in sterilisation conditions, heat treatment or to pH changes; all of these altered the
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conformations of the proteins thus altering their cell specificity.”® Peptide motifs commonly
found in proteins also trigger specific cell adhesion and they proved to be much more
resilient than proteins. A number of motifs have been found but RGD has been most
extensively discussed as it directs adhesion of a broad range of cells;?® the motif is displayed
in Figure 1.4 and is made up of the arginine (R), glycine (G) and aspartic acid (D) amino

acids.

3 NAW 09
Ho 5 00
0
HN
#@
H,N” NH,

Figure 1.4: RGD motif commonly used to encourage cell specific adhesion.

Lee et al.**

created SAMs terminated with acid and amine functionalities (COOH and NH);
compared to unmodified silicon, the adhesion of K100 erythroleukemia cells was increased
with the detachment strength increasing from 34.8 dyn/cm? to 188.3 dyn/cm?, whilst the acid
terminated surface exhibited lower adhesion strength with a detachment strength of 23.0
dyn/cm®. Reaction of these two functional groups with the RGD tri-peptide generated
surfaces that both showed increased cell adhesion, NH,-RGD terminated surface exhibited a
detachment strength of 201.1 dyn/cm? and COOH-RGD 37.7 dyn/cm®. RGD modified
titanium dental implants have exhibited increased adhesion of epithelial cells, fibroblasts
and osteoblasts compared with PEG and RDG modified surfaces; the analogous RDG

surface was analysed in order to confirm that the RGD motif was responsible for adhesion

rather than the presence on the functional groups on the surface in any order.*®
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For the RGD peptide to bind cells, strong covalent attachment of the peptide to the material
is needed to withstand the forces exerted by cells during binding, covalent attachment of
RGD is discussed in detail below. Finally, it has been reported for the RGD containing
peptides to be active, they need a certain amount of flexibility such that the RGD moiety can
access the binding sites in the cells or integrins, consequently long chain linkers are
commonly used to remove the peptide from the material surface.® It is notable that the
activity of RGD is reduced when it is removed from a wider peptide sequence; furthermore
the selectivity of cell binding in vivo is dictated by the surrounding amino acids as they
influence the integrins that the peptide interacts with thus defining the cells that are adhered.
For example, the YRGDG peptide on a PEG based network adhered mouse macrophage

cells whilst YAVTGRGDS mediated adhesion of osteosarcoma (Balb/c 3T3) cells.?

1.2.3 Antibacterial surfaces

In order to contain the scope of this section, only antibacterials that are covalently bonded to
material surface will discussed. Antibacterial surfaces are toxic to bacteria so reduce
infection by killing the bacteria before they can aggregate and form biofilms that are more
difficult to penetrate and combat. The deployment of antimicrobial peptides by small
organisms is an effective method of nature’s defence against infection; it was noticed that
generally the peptides have a cationic group on one face of the molecule with a hydrophobic
group at the other face such that the cationic group can penetrate the bacterium cell
membrane without affecting the mammalian cells.®*® Kizhakkedathu et al.*” obtained a
selection of highly active peptides via high throughput screening and covalently attached
them to titanium surfaces deposited in silica wafers via polymer brushes (Figure 1.5); the

peptides chosen were active against a broad spectrum of bacteria and yeasts.
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Figure 1.5: Polymer bushes terminated with antibacterial peptides.

The surfaces were exposed to P. aeruginosa for 7 days, after which the density of bacteria
on each substrate was determined by staining. Unmodified titanium had a high density of
1268+695 bacteria per 0.35 mm?; the bacteria coverage of the peptide terminated surfaces
was at least 40% less than unmodified titanium in all cases with 23 having the smallest

coverage at 8.4+6.6 bacteria per 0.35 mm?.

Quaternary ammonium compounds (QACs) also have high levels of antibacterial activity
due to the cationic quaternary ammonium moiety that is fatal to bacteria.®?* In solution,
quaternary ammonium compounds are extremely active, although when the QACs are
directly bonded to surfaces their activity is lost, and therefore a long chain spacer or linker is
required to give the QACs enough flexibility and mobility to be able to penetrate the
bacteria; studies have revealed that a cationic head group and a polar alkyl chain linking the
cation to the surface are required for the surface to be antibacterial. Some examples can be
found in Figure 1.6. In addition, no leaching of the QACs has been observed so the surface
is permanently antibacterial as long as the surface is intact; 24 was tested against S. aureus
and after 45 days of washing the polymer was still active with no leaching observed.’
Surfaces 25 and 26 were found to be active against S. aureus and E. coli.** However, it is

notable that quaternary ammonium compounds have shown toxicity towards human cells.*
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Figure 1.6: Examples of antibacterial surfaces with quaternary ammonium
compounds.

Combination of antibacterial coatings with biopassive antifouling coatings has been
investigated with some success.” Copolymerisation of 2-(2-methoxy)ethyl methacrylate with
oligo(ethylene glycol)methacrylate resulted in a hydrophilic polymer terminated with
hydroxyl groups that were used to bond Magainin I, a natural antimicrobial peptide that is
toxic to bacteria, to the surface. The peptide serves to kill bacteria on contact, whilst the
biopassive polymer discourages fouling by preventing dead bacteria from settling on the

surface, since fouling with dead bacteria will hinder the efficiency of a biocidal material.*®

More inspiration comes from natural products that are antibacterial; halogenated furanones
were isolated from Australian red algae Delisea Pulchra that are essential in preventing
settlement of eukaryotic and prokaryotic organisms on the surface of the algae. The
furanones are released onto the plant surface from vesicles situated in gland cells and are
present on the surface in very small quantities, typically 10-100 ng.cm.3® There are two
methods by which the furanones prevent fouling of bacteria, the first is by killing the
bacteria on contact, thus being antibacterial, and the second is by preventing biofilm
formation by stopping the quorum sensing mechanism used by the bacteria in biofilm
construction; although the latter is not strictly antibacterial by toxicity, the molecules are

still of interest for the reduction of fouling. Below, Figure 1.7 displays a selection on bromo-
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furanones that were found to be active; 27-29 inhibit quorum sensing but are not lethal to

bacteria whereas 30 and 31 are both toxic to bacteria on contact.*
Br Br
j;gWBr j;HBr i Br
(@] o B =
o © ' o © Br
27 28 29
Br Br
Br/j;HBr Br/j;g\\ /\/\/5;>_<Br
o = —
(@] Br o O Br 5 o Br
30 31 32

Figure 1.7: Active furanones that prevent biofilm formation.

3-(1'-bromohexyl)5-dibromomethylene-2(5H)-furanone 32 was covalently attached to
catheters, and biofilm formation by Staphylococcus epidermidis (S. epidermidis) was
monitored in vitro. After 5 hours bacteria colonisation was reduced by 85% by the furanone
terminated catheter compared to untreated commercially used catheters and after 24 hours
the reduction went up to 78%. In vivo tests on sheep with the same furanone modified
catheter were promising also, with a reduction in infection throughout the 84 day time
period after implantation with the furanone terminated catheter compared with the control.**

It must be noted that care must be taken in selecting furanones to be covalently bonded to

materials since there have been reports of loss of activity after bonding.*?

Finally, the covalent bonding of antibiotics to surfaces has proved to also decrease bacterial
adhesion on surfaces. When penicillin was covalently bonded to polytetrafluoroethylene
(PTFE), the method of attachment of which is discussed in detail below (Scheme 1.4) the
amount of bacteria on the surface after being placed in a culture containing S. aureus was
80% less than that observed on unmodified PTFE.*® Notably this system contained a PEG
spacer that gave the penicillin freedom to move and resulted in the formation of a hydration
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layer that prevents fouling. Ampicillin was covalently attached to PTFE using similar
chemistry resulting in a material that showed resistance to S. aureus, Enterococcus faecalis
and Bacillus thuringiensis.** PTFE is of interest due to its non-toxic and non-reactive
properties, it is used in many medical applications such as soft tissue in reconstructive

surgeries and orthopaedic implants.

1.3 Surface modification techniques

This section will focus on the methods for covalent surface modification of materials for the
control of surface chemistry whilst the bulk properties of the base material are maintained.
Polymers as biomaterials are of increasing interest since their diversity of chemical
functionality provides access to a range of modified surfaces that can be utilised, in addition

low-cost, ease of handling and modification are beneficial.’

1.3.1 Adding functionality to ‘inert’ materials

Surface functionality can be introduced onto polymers and other materials using a range of
surface treatment techniques. Wet chemical treatments can take the form of oxidising agents
that are applied to the surface of materials.®® For example, polystyrene was treated with
sulfuric acid and chloric acid, resulting in the formation of sulfonic acid groups and
hydroxyl groups, respectively, on the material surface, as confirmed by ATR IR
spectroscopic analysis. Application of ozone to polystyrene has also been shown to generate
a mixture of hydroxyl and carbonyl functionality, whilst a combination of chromic
anhydride and sulfuric acid was used to produce OH groups on the surface of a
polyurethane.?®* Typically, surface modification of polymers is based on the hydrolysis of
bonds within the polymer by the use of acid and alkaline treatments, although other methods

include reduction of surface carbonyl groups with sodium borohydride to generate hydroxyl
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groups as demonstrated on poly(aryletherketones).*® Additionally, sodium hydride was used
to deprotonate a poly(tetramethylene oxide) based polyurethane, after which reaction with a
lactone introduced carboxylic acid groups to the surface.*” Harsher conditions are required
for metal and inorganic substrates; a mixture of hydrogen peroxide and concentrated sulfuric
acid, known as piranha solution, concentrated aqueous ammonia and nitric acid have all
been used to generate hydroxyl groups at the surface of silicon, glass and metal substrates

such as titanium and stainless steel, 1?2324

Plasma treatment, typically argon and helium plasma, generates free radical species on the
outer most surface of materials; the radical species can be reacted directly with compounds
of interest or they can be exposed to air or oxygen to produce hydroxyl and peroxide
groups.?* Oxygen plasma has been exposed to poly(ethylene terephthalate) and polyethylene
resulting in the formation of surface peroxide, carbonyl, carboxyl and hydroxyl groups.*®*®
If amine functionality is needed, then ammonia plasma can be used, and this has been
demonstrated on a wide range of polymers including polypropylene.®® Plasma deposition is
also widely used, where the plasma contains a chemical monomer which will deposit onto
the surface as a thin film. Upon exposure of the surface to plasma, free radical species are
produced which react with the chemical monomer initiating polymerisation to produce a thin
film. An example is the creation of a polymeric thin film with aldehyde functional groups on
a hydroxyethyl methacrylate contact lens by exposure to plasma containing propanal.®* The
use of free radical species in surface treatments is also observed in radiation or electron
beam treatment where the surface irradiation generates free radicals, which are then exposed
to the functional groups of interest.?* For example, Hu et al.>* exposed PET fibres to *°Co y-
rays after which the fibres were soaked in 10 wt% N-vinyl formamide, and reaction of the

surface radicals with N-vinyl formamide resulted in poly(N-vinylformamide) bonded to the

PET film. After hydrolysis of the amide groups to amines, chitosan was bonded to the
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material, as demonstrated below in Scheme 1.1. Chitosan binds to the cell walls of bacteria
thus preventing metabolism of the bacteria, and consequently the chitosan terminated
surface showed antibacterial activity against a range of bacteria including S. aureus and P.
aeruginosa. Plasma and irradiation methods of producing and tailoring surface functionality
have proved to be very efficient, but they do require sophisticated equipment whilst wet

chemical surface treatments are more straightforward to perform.
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Scheme 1.1: Surface modification of PET.

1.3.2 Utilising surface functionality

Surface functionality to further modify surfaces is widely used in the preparation of
antifouling and antibacterial materials, whether that surface chemistry is integral to the base
material or if it is produced using one of many methods including those discussed

previously. Below is a discussion of a selection of specific examples.
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Alkoxysilane chemistry is widely used to attach antimicrobials, functional groups and
polymers to OH groups on the surface of materials. The use of silane chemistry to bond
antibacterials was inspired by the discovery, at Dow Corning’s Biomedical Research
Laboratory, that organosilicon-substituted quaternary ammonium salts were antibacterial in
1969, and this inspired many studies into the use of organosilanes to tether quaternary

ammonium salts to materials.?*>2

Kang et al.>® demonstrated the use of alkoxysilanes in tethering hydrophilic polymers to a
stainless steel substrate (Scheme 1.2) via 3-glycidoxypropyltrimethoxysilane 34. After
treatment with piranha solution, hydroxylated stainless steel 33 was reacted with silane 34 to
generate epoxide terminated material 35. Various polymers were then grafted to 35,
resulting in materials 6-9, as previously discussed (Figure 1.2). The use of silane chemistry

was also demonstrated by Yoshino et al.” on silica (Figure 1.1).

Stainless steel

(o)
O\ '/O O\ -
Si S
/
Stainless steel (i) Stainless steel (ii) MeO \H MeO \H
ROV VLV VIV VYV . ’\I\IT\I\I\IV\Il\I\I\IW\TIVW t
OH OH OH Moo o o
\,Sli/\/\o/ﬁ
MeO OMe e}
34 o] (e}
33 35

Scheme 1.2: Surface modification of stainless steel. Conditions: i) piranha solution (4:1
H,S04:H,05); i) 10% 33 in toluene, 55 °C, 48 hours.

Carbodiimide chemistry has been used to synthesise amide and ester bonds between
carboxylic acid and amine groups or hydroxyl groups.?* A common example of this
chemistry is for the attachment of peptide sequences to materials, crucial in the preparation

of biomimetic substrates that control cell adhesion, since non-covalent attachment results in
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poor cell adhesion. %243 Typically, attachment is via an amide bond, which can be obtained
by reaction of the N-terminus with carboxylic acid groups on the material surface, using
coupling agents such as dicyclohexyl-carbodiimide 36 or  1-ethyl-3-(3-
dimethylaminopropyl)-carbo-diimide 38 (Scheme 1.3). Problems encountered with these
reactions include other amino acid side chains reacting with the carboxylic acid groups and
the susceptibility of the activated carboxylic acids to hydrolysis. Protection of amino acid
side chains and use of anhydrous conditions have been successful methods of avoiding these
problems,* an alternative method involves a two-step process in which the carboxylic acid
is converted into ester 39 (Figure 1.8), that is less prone to hydrolysis, and then peptide

coupling is conducted in a buffer at pH 8-9.%

Scheme 1.3: Coupling of RGD to carboxylic acid terminated material.
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Figure 1.8: Activation of carboxylic acid with N-hydroxysuccinimde.

Carbodiimide chemistry is an example of bioconjugation, where specifically designed
chemistry is used to attach bioactive compounds to the surfaces of materials. Another
example of this is attachment of penicillin to PTFE by Urban et al.*® (Scheme 1.4).
Expanded PTFE was functionalised with maleic acid in argon plasma to give material 40
which was then hydrolysed in boiling water to expose carboxylic acid groups 41. Reaction
with thionyl chloride generated acyl chloride terminated ePTFE 42 which was reacted with
polyethylene glycol (200-600 molecular weight) resulting in 43; the PEG polymers are
spacers units that serve to increase the flexibility and freedom of the penicillin units. Finally,
penicillin V was reacted with the exposed end of the PEG polymers with DCC and DMAP

to aid the coupling, resulting in 44.
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Scheme 1.4: Preparation of penicillin modified ePTFE. Conditions: i) argon plasma with
maleic anhydride; ii) boiled for 30 minutes in water; iii) SOCI,, reflux, 65 °C, 6 hours; iv)
polyethylene glycol 200-600 MW in chloroform (1:1 molar mixture), 18 hours followed by
neutralisation with NEt; then washing with water;
with HCI), 4 hours.

v) DCC, DMAP, penicillin V (acidified

The use of polymers in antifouling coatings has been touched on briefly already; polymer
spacer units are commonly used to give active molecules, for instance, antibacterials or
peptides, the freedom to interact with the target species (Figure 1.9). Furthermore,

hydrophilic polymers are thought to decrease protein adhesion entropically as well as from
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the hydration layer surrounding them; for proteins to gain access to the surface, they must

penetrate the polymers which leads to compression and loss of freedom.

>4

Active moiety

Polymer linkers

Substrate

Figure 1.9: The use of polymers as linker units.

Polymer grafting is used to achieve covalent attachment of polymers to surfaces, and there
are two types. ‘Grafting from’ involves growing a polymer from the surface, usually by
creating radical species at the surface, which then react with monomers resulting in the
growth of polymer chains and networks. The second method is ‘grafting onto’, where
preformed polymers are reacted with reactive sites on the surface, as exemplified in the

attachment of penicillin discussed above (Scheme 1.4, step iv).*

1.3.4 Modification of XAD-4

Chemical modifications of Amberlite XAD-4™ have been reported in which the benzene
rings in the polymer are used to covalently attach functional groups.***° Friedel-Crafts
acylation has been used, as exemplified in Scheme 1.5 below.>® Friedel-Crafts acylation of
XAD-4 with acetyl chloride afforded material 45. After oxidation to the carboxylic acid 46,
reaction with thionyl chloride generated the acyl chloride terminated material 47, which was

then reacted in another Friedel-Crafts acylation resulting in functional material 48.
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Scheme 1.5: Friedel-Crafts Acylation of Amberlite XAD-4. Conditions: i) AIClIs,
CH3COCI, 1,2-dichloroethane, 40 °C; ii) H'/H,0; iii) KMnO,4, NaOH, 40 °C; iv) SOCl,, 70
°C; v) AlICI3, 2-methylanisole, 60 °C; vi) H*/H,0.

Two alternative methods for chemical modification of XAD-4 are featured in Scheme 1.6,
both of which rely on the addition of amine functionality to the XAD-4 surface by nitration
followed by reduction with tin chloride. Reaction of 2,3-dihydroxybenzaldehyde with amine
terminated XAD-4 49 under reflux furnished material 50 on which catechol was covalently
bonded by an imine linkage, which could be reduced with sodium borohydride if an amine
linkage is preferred.”® Alternatively, a diazonium salt terminated polystyrene 51 was
produced by exposure of the amine material 49 to sodium nitrite and hydrochloric acid.
Diazonium salt terminated 51 was then reacted with salicyclic acid 52 in the presence of

sodium hydroxide furnishing material 53.>°
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Scheme 1.6: Chemical modification of XAD-4. Conditions: (i) NHO3, H,SO4, 30 min, 60
°C; (ii) SnCl,, EtOH 15 hrs 30 min, 90 °C; (iii) EtOH, 24 hrs, reflux; (iv) NaNO,, HCI, 0-5
°C; (v) NaOH, 0-5 °C, 20 hrs.

1.4  Surface modification with diaryldiazo compounds

The Moloney group has made significant advances in surface modification using carbene
chemistry. Diaryldiazo compounds have been used as carbene precursors that will react with
the surface of materials whilst conserving the bulk properties (Scheme 1.7). The diaryldiazo
is converted to a carbene upon thermal or UV exposure, which then reacts with the substrate
surface resulting in covalent attachment, with the functionality of the diazo compound

defining the surface properties achieved.>
Substrate

N
Heat or UV Substrate
O — U 4’; ;
R R R

Scheme 1.7: Surface modification using diaryldiazo chemistry.
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1.4.1 Preparation and reactivity of carbenes

Carbenes are highly reactive species with 6 valence electrons, including one pair of non-
bonding electrons, and they can exist in the singlet and triplet states. In the singlet state,
which has a bond angle of 130-150°, the electrons are paired and are situated in an sp?
orbital, leaving the p orbital vacant. The triplet states arise as the electrons are not spin
paired and they sit in different orbitals; the bent triplet form, with a bond angle of 100-110°,
has unpaired electrons in the sp? and p orbitals, whereas in the linear form the unpaired

electrons are in the two orthogonal p orbitals. (Figure 1.10)

Singlet Triplet Triplet

Figure 1.10: Various electronic forms of carbenes.

Typically diarylcarbenes are generated by exposing the diaryldiazo to UV irradiation or
heat, as previously mentioned (Scheme 1.7). The diaryldiazo compounds are straightforward
to synthesise from benzophenone 54 (Scheme 1.8); reaction with hydrazine monohydrate
followed by oxidation with manganese (IV) dioxide or mercuric oxide furnishes the
diaryldiazo 56 efficiently in most cases. This method is only limited by the functional
groups attached to the aryl-rings. Whilst the hydrazone intermediates 55 are relatively
unstable, the diaryldiazo compounds can be stored for extended periods of time at cold
temperatures and most importantly in the dark, since the compounds are prone to
decomposition when exposed to light. Modification of a wide range of materials has been
demonstrated including glass, silica, diamond, polystyrene, cotton, polycaprolactone and

PTFE.>90
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Scheme 1.8: General synthesis of diaryldiazo compounds.

Prior to this, Braybrook and Moloney used tosylhydrazones as carbene precursors, such that
tosylhydrazone 57 was deprotonated to reveal a diaryldiazo that could be converted into a
carbene upon UV irradiation (Scheme 1.9).° However, low yields of photoproducts with
solvents and limitations with regards to solvents resulted in the investigation of alternative

precursors.
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Scheme 1.9: Tosylhydrazones as carbene precursors.

Moloney and Braybrook® produced diazirine 58 as an alternative to the tosylhydrazone,
which has a much longer synthesis sequence of 6 steps, some of which are very low
yielding. When 58 was reacted with methanol the product 59 was isolated in only 15% yield.
For these reasons combined Moloney abandoned the diazirine route also. However, it is
notable Hayes et al. did have some success in using a furanone-diazirine as a carbene
precursor that was used to modify the surface of nylon 6,6.°* The diazirine route was also
abandoned as the diaryl moiety proved to be difficult to manipulate in diazirine synthesis.
Diaryldiazo compounds are an attractive alternative as they are reasonably stable when kept
in the dark, can be easily converted to the carbene and offer a wide range of functionality

options.®
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Scheme 1.10: Reaction of diazirine 58. Conditions: (i) Solution of 58 in MeOH was
irradiated by a YAG laser at 335 nm for 10 minutes.

Diarylcarbenes are usually incredibly reactive intermediates, Scheme 1.11 displays an
example of the reaction pathways followed by diarylcarbenes. When diaryldiazo compounds
loose nitrogen a singlet carbene is generated after which the singlet carbene will either react
with another carbene to form the azine or undergo insertion into X-H bonds, where X can be
nitrogen, oxygen, hydrogen or sulfur, for example. The insertion pathway is very fast and
occurs at the diffusion limit of the system, in methanol the rate constant was found to be in
the order of 10'° M™s™.% Formation of the azine has a rate constant of 2.3 x 10"® M*s.%°
Whilst reactions of the singlet carbenes occur at very fast rates, products as a result of the
reactions of triplet carbenes have been detected also, in which the triplet carbenes follow a
radical mechanism pathway, suggesting that intersystem crossing competes with the singlet
reaction pathways.®® Triplet carbenes can be detected by electron paramagnetic resonance.®
Azine formation from triplet diphenylcarbene occurs at a much slower rate than the singlet
system, the rate constant is 700 times slower at 3.4 x 10’ M™s®.%"% Griller et al.5®®®
demonstrated that triplet carbenes react with methanol and butyl amine at slower rates, with
rate constants of 10°-10" M™s™.Whilst the triplet carbenes were generated using triplet
sensitizers, products resulting from reaction of the singlet state were observed also. This is
more evidence of intersystem crossing between the singlet and triplet carbenes, also that the
carbenes exist in equilibrium with each other. Previous work suggests that the position of the
equilibrium is dependent upon a range of factors including the effect of the carbenes

substituents, temperature and the trapping agents present. 848697
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Scheme 1.11: Reactivity pathways of diaryldiazo compounds with rate constants.

Whilst for most diarylcarbenes the above pathway applies, there are significant exceptions.
Recently work has been published with regards to stable triplet carbenes that have much
longer lives, examples of which are in Figure 1.11.”%"2 Using laser flash photolysis it was
demonstrated that TC-1 can exist in a benzene solution for as long as 1 day whilst the
presence of the triplet carbene is still detected and the half-life is estimated to be 40
minutes.” Another example is TC-2 which has a half-life of 19 minutes.”* Both triplet
carbenes are stabilized by resonance of the unpaired electrons through the aromatic systems.
However, it was observed that TC-3 has a half-life of 0.5 ps in degassed benzene,
demonstrating that it is necessary to block the para positions to prevent the carbene reacting
through these centres. The reactivity is also supressed by the steric shileding of the carbene
centre. TC-1 and TC-2 adopt an orthogonal geometry around the carbene centre. In TC-1

the large bromine and trifluoro groups obstruct access to the carbene centre, whilst in TC-2
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the four peri-hydrogens shield the centre. TC-4 is in even more stable; UV absorbances
indicative of the triplet carbene TC-4 were still detected after a week of standing at room

temperature, in the absence of oxygen this time was increased to 14.5 days.”

oY A0 AR K
h. Seflo—ogge
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.. B C oy L LD
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Figure 1.11: Examples of stable triplet carbenes.

The reactivity of carbenes in a solid matrix has also been a subject of investigation and it is
particularly applicable to this thesis since any solvent is evaporated from the substrates prior
to heating the diaryldiazo coating. Consequently, the carbene and its subsequent reactions
occur in solid conditions. Tomioka et al.”® have produced a review comparing the reactivity
of diphenyldiazomethane and monophenyldiazomethane, after exposure to UV irradiation, at
0 °C and -196 °C; the low temperature conditions emulating the solid state matrix. Reaction
with a range of alcohols, alkenes and alkanes were analysed, and the overall outcome was
such that at the lower temperature the product distribution changed, with an increase in
products resulting from the triplet carbene. Scheme 1.12 displays the products resulting from
reaction cis-but-2-ene with monophenyldiazomethane. At 0 °C, when the reaction is still in
solution, the cis-cylopropane product 60a dominates, with 93% vyield. Singlet carbenes are

known to react with alkenes in a concerted mechanism such that the stereochemistry of the
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alkene is conserved. Whereas, triplet alkenes are known to react via a radical mechanism
such that rotation can occur, resulting in the cis and trans cyclopropanes.”” At -196 °C the
yield of the cis-cylcopropane 60a decreases to 44%. There is a marginable increase in the
trans-cylopropane 60b from 2 to 3 %, however, there is a greater increase in products 60c-

60e, achieved by hydrogen abstraction by the triplet carbene.

H_ Ph H_ Ph
H hv
— F X + Ph X
o S K e
o TS Y

h

Temerapture (°C)  gog 60b 60c 60d 60e
0 93 2 1 1 4
-196 44 3 19 5 29

Scheme 1.12: Products observed after reaction of monophenyldiazomethane at two
different temperatures.

Furthermore, reactions of diphenyldiazomethane with alcohols at -196 °C proceeded with
larger yields of products resulting from C-H insertion or abstraction as opposed O-H
insertions and abstractions. *C labelling and kinetic isotope effects with deuterium imply
that the increase in C-H reaction products is a result of an increase in the concentration of
triplet carbene in the matrix system. Electron paramagnetic resonance and laser flash
photolysis corroborate with these observations. The work presented in Tomioka’s
publication™ is extensive and suggests that in the matrix system there is an increase in the
rate of intersystem crossing from the singlet to the triplet carbene. When applied to the
surface modification work presented in this thesis, it does not change the outcome of the
results since the modifications rely on the non-specificity of the reaction pathways of
diarylcarbenes, such that a wide range of polymers can be accessed. However, it does
suggest that the singlet carbene, once formed, is more likely to convert to the triplet carbene
and that there will be an increase in triplet carbene reaction pathways compared to solution

based reactions.
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1.4.2 Surface analysis and characterisation

X-ray Photoelectron Spectroscopy (XPS), combustion analysis, fluorescence and diazonium
coupling have all been used to demonstrate successful surface modification. After
modification of diamond with bis(4-iodophenyl)diazomethane 61 (Figure 1.12), XPS
analysis of the surface 62 detected carbon and oxygen at ~284 and 530 eV respectively, as
well significant peaks representing iodine at ~622 and 634 eV (I 3d5/2 and | 3d3/2); weaker
photoemissions due to iodine were also detected at 50 eV (I 4d) and 877 eV (I 3p3/2) .>°
Amine modified diamond 63 was exposed to fluoresceinNCS to generate 64, and using
fluorescence microscopy, it was possible to observe the fluorescent moieties, indicating the

success of amine modifications; careful washing after every step was conducted to remove

any chemistry that was not attached to the diamond.>"*°
Diamond

Diamond
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Figure 1.12: Surface modification of diamond.

Diazonium coupling to carbene modified surfaces proved to be a straightforward method to

determine if surface modification had occurred. This was first investigated using chemistry
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exemplified in Scheme 1.13; a range of materials including Hybond nylon membrane,
polystyrene (Amberlite XAD-4), cotton and silica were coated with diazo 65, heating to
generate the carbene which could react with material surface and washing with acetone
resulted in modified materials 66. No significant changes in appearance occurred so
coupling with diazonium salt 67 to the nucleophilic aniline on the surface was carried out
producing 68. The azo linkage is known to be a highly coloured chromophore so intense
colouring was expected. The nylon, polystyrene and silica substrates all exhibited strong
colouration after the diazonium coupling reaction, but the colour of the cotton was less
intense. By comparison, unmodified materials were also exposed to diazonium salt 67, but
maximum colouration required diazo modification first. Extensive washing of cotton, nylon
and polystyrene dyed substrates 68 with Soxhlet extraction in acetone and water at pH 1 and

15, resulted in a high retention of colour.®
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Scheme 1.13: Diazonium coupling to diazo modified surfaces.

Further work using diazonium coupling was also carried out using the dimethoxy diazo

modified polystyrene (Amberlite XAD-4) 69 (Scheme 1.14), to which diazonium salts

synthesised from 4-hexyl aniline and 4-aminophenyl acetic acid were coupled, furnishing

acid terminated 70 as dark purple and hexyl functionalised 71 as yellow-coloured. IR (ATR

IR) spectroscopic analysis of the materials revealed significant stretches at 1275-1220 (ether
aryl-0), 1075-1020 (ether alkyl-O) and 1600-1585 cm™ (aromatic C-C) and material 70 had

a broad absorbance at 1710 cm™ due to the carboxylate group. Combustion analysis and

XPS were used to successfully confirm the presence of nitrogen after the modifications.

XPS analysis detected nitrogen with a collection of signals at 399.7, 400.5, 401.7, 403.5 and

404.6 eV which were attributed to the azo linkage. Combustion analysis of hexyl and amine
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functionalised materials 70 and 71 detected nitrogen, and this amount was used to calculated
the surface loading of the chemistry. Acid terminated polystyrene 70 had a loading of 0.18
mmol/g and a surface coverage of 9%, whereas hexyl terminated 71 had a loading of 0.036

mmol/g which equates to a surface loading of 1.8%.®

CIN,
N Polystyene \©\ Polystyene
2
Et,O then heat R
SRV " ; ; SRS
MeO OMe MeO OMe MeO OMe
69

N&
N

70 R = CH,COOH
71 R = CgHiys

Scheme 1.14: Modification of polystyrene.

The ability to alter surface wettability with surface chemical modification has been
demonstrated on PTFE, polystyrene, polyethylene (PE), silicon, glass and PET using the
synthetic strategy in Scheme 1.14. Figure 1.13 features the surfaces functional surfaces
produced whilst Table 1.3 displays the relevant contact angle measurements. Although the
effect of the hexyl functionality 72a is small, the effect of the carboxylate and ammonium
groups is more significant, with all the materials exhibiting a decrease in contact angle

compare with the untreated materials.”
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Figure 1.13: Chemically modified polymers.

Table 1.3: Contact angle of chemically modified polymers.

. Water contact angle (degrees)
Material Untreated 72a 71 72
PTFE 1029+14 104.0 £ 2.7 92.1+4.2 104.2+1.9
PE 91.1+1.9 88.0+1.2 86.8+1.6 89.1+3.0
PS 110.8 + 3.2 1146+ 1.0 68.8 + 3.7 85.3+1.8

1.4.3 Biological applications

The use of surface modifications in biological applications is the overall aim of the work in
this thesis. Prior to this study, the Moloney group produced biocompatible and biocidal
surfaces using diazo surface modifications. Diazo 77 (Scheme 1.15) was synthesised from 4-
methyl benzophenone 73 which was brominated with N-bromosuccinimide to form 74 then
reacted with triethyl phosphite to generate 75, and conversion into diazo 77 proceeded via
hydrazone 76. Polystyrene and Hybond-nylon were coated with diazo 77 then heated to 100
°C to generate the carbene, resulting in insertion into the material surfaces. Washing
materials 78-H and 78-P with 1 molar aqueous HCI hydrolysed the phosphonate diester
groups resulting in phosphonic acid terminated materials 79-H and 79-P, after which
washing with aqueous calcium hydroxide generated the calcium phosphonate terminated

materials 80-H and 80-P. The calcium phosphonate materials were of particular interest
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since calcium phosphonate containing materials such as hydroxyapatite are used to promote

cell growth, specifically in the application of bone growth.”

||)
P(O)(OEt),

73R = CH3 (iii) 75R= O
74 R = CH,Br 76 R = NHNH,
(iv) 77TR=N,
(VI)
4>
P(O)(OEt),
78-H (Hybond) (vii) 7T9R= P(O (OH), 79/80-H (Hybond)
78-P (Polystyrene) 80 R = P(0)0,Ca 79/80-P (Polystyrene)

Scheme 1.15: Synthesis of phosphonate diazo and surface modification of Hybond and
polystyrene. Conditions: i) N-bromosuccinimide, CHCIz, 60 °C, hv (72%); ii) triethyl
phosphite, 160 °C (86%); iii) hydrazine hydrate, MeOH (100%), 65 °C; iv) mercury (II)
oxide, Na;SO4, KOH, EtOH, THF (89%); v) Hybond/polystyrene, 100 °C; vi) 1M aq. HCI;
VII) Ca(OH)z, H,0.

The Hybond and polystyrene based materials 79-H/P and 80-H/P were seeded with MG63
human osteosarcoma cells and the cell proliferations over 13 days measured using an
Alamar Blue assay to determine the cell count. The phosphonic acid terminated Hybond 79-
H showed lower cell proliferation than the unmodified Hybond at 5 and 8 days, 40 and 55%,
respectively. However, by day 13 the cell proliferation was at a similar level to untreated
Hybond with a cell count of 108% times that observed on the unmodified material. The cell
proliferation was greater on calcium phosphonate terminated Hybond 80-H, at 5 days the
cell proliferation was 45% of that of the unmodified Hybond, by day 8 99% cell
proliferation indicated that both materials were equivalent and by day 13 the calcium
phosphonate terminated Hybond had a higher level of cell proliferation than umodified
Hybond at 128% relative to unmodified Hybond. The assays of the polystyrene based
materials 79-P and 80-P revealed that by day 13, the cell proliferations relative to

unmodified polystyrene were at 287% and 328% for the phosphonic acid and calcium
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phosphonate terminated materials. The increased cell proliferation on the polystyrene based
materials is attributed to the much higher surface area of the beads (725 m?g) but it is
notable that the polystyrene assays were less reproducible due to the static nature of the
polystyrene beads. All of the materials have shown themselves to be biocompatible, with the

calcium phosphonate surface demonstrating a prominent ability in propagating cell growth.®

Antibacterial polymers are also of interest for the reasons outlined above. Antibodies release
hydrogen peroxide when irradiated with oxygen, imparting antibacterial activity, and it was
proposed that a hydrogen peroxide releasing polymer would mimic this effect. Urea
terminated polystyrene 82 was prepared (Scheme 1.16) which was then exposed to hydrogen
peroxide under the premise that the urea would form hydrogen bonds with the hydrogen
peroxide, resulting in material 83. A loading of 8.42 x 10™ mol/g of hydrogen peroxide was
determined by iodometric titration. The loading was measured daily and after 96 hours, the
loading had decreased to 4.13 x 10 mol/g demonstrating that only about 50% of the
hydrogen peroxide had been released. Strong antibacterial activity against S. Aureus was

observed demonstrating success in the preparation of an antibacterial material.>’

N Polystyrene
o Polystyrene
)J\ i
Ph
N N~ O O N)J\N/Ph
81 H H 82 H H
H20,
Polystyrene
i
Ph
N)J\N/
H H

83

Scheme 1.16: Preparation of an antibacterial polymer.
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1.5 Thesis outline

The aim of this work was to further investigate the control of biofouling with surface
chemistry as well as to carry out more extensive characterisation of the materials than had
been conducted previously. Diazo 65 (Scheme 1.17) was reacted with the surface of
polystyrenes providing a linker to which diazonium coupling could occur; the diazonium
coupling strategy was chosen as it is a straightforward, flexible strategy that produces highly

coloured materials and opens the polymer surfaces to a wide range of functionalities.

Polystyrene
N, Polystyrene ®NZOR ysty
| o )
B —— B —
o
O\/\N O\/\N N
| |
65 Ph Ph

Scheme 1.17: Strategy to control of surface chemistry by chemical modifications.

Polystyrene was chosen due to its ease of availability, low-costs and for the fact that it is
relatively simple to work with. However, as mentioned previously, the diazo chemistry has
been used on a wide range of materials and polymers already so the work could be
transferred to materials of greater interest and use. The synthesis of the organic compounds
is discussed in Chapter 2, where a solution based investigation into diazonium coupling is

also featured.

The first polystyrene substrate, discussed in Chapter 3, is a polymer film applied to a gold
coated quartz crystal to be used in Quartz Crystal Microbalance-Dissipation (QCM-D)

monitoring of protein adsorption. This technique allows real-time observation of the mass
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change on the crystal as well as its viscoelastic properties, thus giving information
concerning surface adsorption of protein. A selection of functional surfaces were
investigated and the characterisation of these surfaces was not as extensive as that conducted
on the polystyrene beads, since this work was only intended to give preliminary information

concerning the effect of the surface modifications.

The second polystyrene substrate which was modified was Amberlite XAD-4 beads.
Chapter 4 discusses the preparation of the broad library of materials produced as well as the
extensive characterisation of these materials; the density of information gained in the
characterisation is much greater than any that has been obtained of substrates previously
functionalised within the Moloney group, with the intention of gaining a fuller insight into
the macroscopic and microscopic effects of diaryldiazo surface modifications. These
materials were exposed to bovine serum albumin and their ability to adsorb protein
correlated with contact angle and other calculated molecular parameters. There has been a
wealth of investigation into the effect of surface hydrophilicity on protein adsorption,
however, the effect of the specific surface chemistry on protein adsorption was also of

interest.

Finally, the use of the polystyrene materials as an antibacterial was of interest since
antibacterial materials and coatings are used in a wide range of applications in vivo and
otherwise. More specifically, the ability to support antibiotics on the material surface was

investigated using penicillin V.
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Chapter 2: Synthesis of organic coatings and solution phase

investigations

The Scheme outlined previously (Schemel.16) demonstrates the chemical modification of
polystyrene surfaces using carbene intermediates. This approach proceeds with modification
with diazo 65 followed by diazonium coupling to control the terminal surface functionality.
The chemicals needed for the surface modifications are not all available commercially so
further synthesis was required, as discussed in this Chapter. Furthermore, an investigation
into the efficiency of the diazonium coupling reaction was carried out in solution to gain
insight into the coupling chemistry. Initially, benzophenone 87 (Scheme 2.1) was reacted
with a selection of the diazonium salts after which diazonium coupling to N,N-dimethyl

aniline was explored.
2.1 Preparation of organic compounds for material modifications
2.1.1 Synthesis of diaryldiazo for surface modification

The synthetic process followed to afford diazo 65 is detailed below (Scheme 2.1); 4-
bromomethyl benzophenone 86 was provided by Oxford Advanced Surfaces Ltd where it

was synthesised following literature methods.®*
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Scheme 2.1: Synthesis of diaryldiazo 65. Conditions: (i) N-bromosuccinimide, CHClI3; (ii)
NaH, THF, -78 °C-RT (65-77%): (iii) NH,NH,.H,0, EtOH, reflux (51-100%).

Deprotonation of 2-ethylanilinoethanol with sodium hydride followed by reaction with
bromide 86 provided benzophenone 87 reliably in good yield (65-77%).2! Hydrazone 88 was
prepared as a 1:1 mixture of the cis and trans isomers as shown by NMR spectroscopic
analysis, with two singlets at 4.53 and 4.62 ppm indicating the ArCH,O protons of each
isomer. In some cases, alcohol 89 (Scheme 2.2) was formed as a by-product of the hydrazine
reaction; this was signified by extra NMR signals comprising of doublets at 2.33 ppm and
5.87 ppm representing the O-H proton and adjacent C-H proton, respectively, and a singlet

at 4.54 representing the ArCH,O protons.

o NNH, OH

O T O
e N < B
Scheme 2.2: Products afforded in the reaction of 87 with hydrazine monohydrate.

Conditions: NH>,NH,.H,0, EtOH, reflux.

Usually by-product alcohol 89 was generated in small amounts, but it was observed that as
the hydrazine monohydrate reagent aged, the quantity increased to up to 79% of the product

mixture. Hydrazone 88 is acid sensitive, so could not be purified by silica column
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chromatography; when a small amount of alcohol 89 was produced, as shown by NMR
spectroscopic analysis, the product mixture was nonetheless taken forward to the diazo
intermediate, in the knowledge that 89 could not insert into the polystyrene surface and
should wash out. However care was taken to use relatively fresh hydrazine monohydrate

82, 83 and

wherever possible. It is known that ketones can be reduced to an alcohol by diimide;
as the bottle of hydrazine monohydrate aged, oxidation to diimide seems to become more
likely, leading ultimately to formation of more of the alcohol (Figure 1.2).

[Ox]
Hy;N—NH, HN=NH

Diimide
I
O,/ﬁ/N OH

Figure 2.1: Proposed mechanism for the formation of by-product 89.

The final step of the synthetic route (Scheme 2.1) was oxidation of hydrazone 87 with
manganese dioxide, providing target diazo 65 as a distinctive dark pink oil, in 79-96% vyield.
The yield depended upon how extensively the manganese residue was washed during the
celite filtration, as the product was found stick to the manganese residue in the flask and
larger scale reactions (2 — 5 g) were at times prone to lower yields. IR spectroscopic analysis
of diazo 65 revealed a distinctive sharp peak at 2038 cm™ which is indicative of N=N=C
diazo stretch. Alcohol 89, formed during the hydrazine step, was not oxidised back to the
benzophenone during the manganese oxidation as the relevant NMR *H resonances were

still observed.
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2.1.2 Synthesis of diazonium salts and amine precursors

A range of diazonium salts 91a-c, e-j were prepared by reaction of the amines 90a-c, e-j
with isopentyl nitrite and tetrafluoroboric acid in ethanol (Scheme 2.3)* at -5 — 0 °C; the
resulting brightly coloured solutions were used to tailor the surface chemistry of the

polystyrene.

\J

R ° R
BF
H,N N

2 R = t-Bu NZ
90a-c, e+ R =CgHy3 91a-e, e-j

R=1

R=H

R = O(CH,CH,0)CHj
R = OH

R = CH,P(O)(OEt),
R = NH,

R = CH,COOH

—_—-sQ 00T

Scheme 2.3: Preparation of diazonium salts. Conditions: Isopentyl nitrite, HBF4, EtOH, -
5-0 °C (General Procedure 1).

Diazonium salts are known to be unstable above 0 °C® and can be explosive when dry so
the salts were not isolated and used directly after preparation. Thanks to the strong colour of
the salts, their formation could be easily observed over time; when the solution was no
longer increasing in colour intensity completion of the reaction was assumed, with up to 1
hour being needed. A colourimetric H-acid test was also used to confirm the formation of
the diazonium salts;®® a sample of the salt solution was extracted then its pH adjusted to pH
4 using sodium acetate, and 4-amino-5-hydroxy-2,7-napthalene disulfonic acid, also known
as H-acid, was added and the presence of the salt indicated by the solution turning dark

purple (Scheme 2.4).
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Scheme 2.4: H-acid test confirming the presence of diazonium salts.

All of the amines are commercially available apart from glycol and phosphonate diester
amines 90f and 90h which required synthesis. Preparation of 4-(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)aniline 90f (Scheme 2.5) began with protection of 4-
hydroxyaniline 92 with di-tert-butyl dicarbonate®® followed by reaction with 2-(2-(2-
methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate 96,%" itself produced by tosylation
of triethylene glycol monomethyl ether 95 affording 96 (83-95% vyield), with purification
not necessary. The low yielding tosylation step was due to material being retained in the
aqueous layer which could not be avoided due to the highly aqueous soluble triethylene
glycol chain. Removal of the BOC protecting group®” proved to be more difficult since the
product amine 90f tended to be retained on the column, thus reducing the yield, at times

significantly, with yields in the range of 44-78%.

/@/OH (ii) J©/O\/\O/\/O\/\O/ (i) @/O\/\O/\/o\/\o/
_— _—
RHN BocHN H,N
92 R=H g
(i)
|:, 93 R= )J\OJ<
o 0

94 90f
Ho S OO _w /@/S\O/\/O\/\O/\/O\

95 96

Scheme 2.5: Synthesis of 4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)aniline  90f.
Conditions: (i) NayCOs, di-tert-butyl dicarbonate, THF, RT, (90%); (ii) 96, K,COs,
acetonitrile, reflux (83-95%); (iii) 6:1 TFA:water 6:1 mixture, RT, 4 hrs (44-78%); (iv)
NaOH, p-toluenesulfonyl chloride, THF:water 4:1 mixture, 0 °C, 4 hrs (27-52%).
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Synthesis of 90h (Scheme 2.6) began with a Michaelis-Arbuzov conversion of 4-nitrobenzyl
bromide to the corresponding phosphonate 98* in good yield (78%), after which 98 was

reduced to the desired amine 90h.%

/@/\Br (i) /@/\p(o)(c)a)2 (ii) J©/\p(o)(OEt)2
e —— e ——
O,N O,N HoN
97 98

90h

Scheme 2.6: Synthesis of Diethyl 4-aminobenzylphosphonate. Conditions: (i) triethyl
phosphite, BuN4l, 120 °C, 4.5 hrs. (78%); (ii) SnCl,, HCI, EtOH, reflux 3 hrs. (72%).

2.2 Solution study of diazonium coupling

2.2.1 Diazonium coupling to benozophenone 87

The hexyl diazonium salt 99b was produced using sodium nitrite in a mixture of water and
diethyl ether as a pink solution at 0 °C.** Benzophenone 87 was added to the mixture then
reacted for 5 hours at 0 °C then room temperature for 18 hours (Scheme 2.7, Procedure 2). It
was anticipated that the coupling reaction should proceed quickly in high yield at 0 °C,
however, regular analysis by TLC showed that benzophenone 87 was not consumed
completely and 100b was isolated in only 37% vyield and starting material 87 had not
completely reacted. An alternative solvent system of water and THF was trialled to improve
the miscibility of the reaction since two phases were observed previously. After stirring at 0
°C for 6 hours and room temperature for 18 hours, diazonium coupled product 100b
(Scheme 2.7) was isolated in 64% yield (General Procedure 4); when this synthesis was also

carried out with stirring at 0 °C, 100b was obtained in 64% yield (Procedure 3).
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Scheme 2.7: Diazonium coupling of 4-hexylbenzenediazonium chloride with 87.
Conditions: Procedure 2 (i) NaNO,, HCI, Et,0, water, 0 °C; (ii) 87 (1 eq), 5 hrs at 0 °C then
18 hrs at RT (37%); Procedure 3 (i) NaNO,, HCI, THF, water, 0 °C; (ii) 87 (0.5 eq), 6 hrs at
0 °C (64%); General Procedure 4 (i) NaNO,, HCI1, THF, water. 0 °C; (ii) 87 (0.5 eq), 6 hrs
at 0 °C then RT for 18 hours (64%).

Acid 100j (Scheme 2.8) was prepared using General Procedure 4, as discussed above, but
with a disappointing yield of 10%. The crude mixture was comprised of the product and
starting material 87; separation by silica column chromatography proved to be difficult,
since the mixture streaked on the column. Amine 100i was furnished in 19% vyield; again
purification using a silica column proved difficult and the product was contaminated with
starting material 87. In addition, enough of 87 was isolated to account for 74% of the
material put into the reaction. In both of these reactions neither of the starting materials
amines 90i and 90j, their salts or the side-products associated with other reactions of the
diazonium salts were recovered, and it was assumed that the products which were formed

must be water soluble.
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Scheme 2.8: Diazonium coupling using General Procedure 4. Conditions: i) NaNOy,
HCI, THF, water, 0 °C; ii) 87 (0.5 eq) was added and the mixture stirred for 6 hours at 0 °C
and RT for 18 hours. 100i (19%), 100j (10%).

Diazonium salts 91h-j were synthesised with isopentyl nitrite and tetrafluoroboric acid in
ethanol after which benzophenone 87 was added to the salt solutions and the mixtures stirred
at -5-0 °C then room temperature (Scheme 2.9, General Procedure 5). Reaction of 87 with
acid diazonium salt 91j followed by aqueous extraction resulted in starting material 87 only,
but curiously, prior to work-up, benzophenone 87 did not dominate the NMR spectrum; the
NMR spectrum was more similar to that observed for 101h and 101i. Synthesis of amine
coupled product 101i followed by an aqueous work up proceeded in 61% yield; the *H NMR
spectroscopy data suggests that the product is the salt rather than the neutral product as
discussed below. This reaction was repeated but only stirred at 0 °C for 1 hour, warmed to
room temperature then exposed to aqueous work up (Procedure 6), and the same product
amine product 101i was furnished in 81% yield. Amine 101i was washed with aqueous
potassium carbonate in an effort to isolate the neutral product, however, this proceeded with

complete conversion back to benzophenone 87 with the amine residue lost to the aqueous
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phase. Furthermore, exposure of amine 101i to methanol and acetonitrile also resulted in
decomposition to 87. Phosphonate 101h was produced as the salt but the mixture was

contaminated with amine 90h.

@ o
NH, (i) : N2 BF,
—_— >
R R
90h R = CH,P(O)(OEt), 91h R = CH,P(O)(OEt),
90j R = CH,COOH 91j R =CH,COOH
90i R =NH, 91i R=NH,

o}
PN
O BF
@ 4
®

91h R = CH,P(O)(OEt), Ny~ BF,®
oi R=NH, /©/ 101h R = CH,P(O)(OEY),
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O O O\/\N/\

87 @D S}
N BF,
(ii) Q ’ ) R
91j o
HO
o o
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Scheme 2.9: Diazonium coupling. Conditions: (i) isopentyl nitrite and tetrafluoroboric
acid in EtOH at — 5 °C; (ii) General Procedure 5 after addition of 87 (1 eq) the mixture was
stirred at -5-0 °C for 4 hours and RT for 18 hours. 101h (100%), 101i (61%), 101j (0%);
Procedure 6 after addition of 87 (1 eq) the mixture was stirred at -5-0 °C for 1 hour. 101i
(81%).

Generation of the salts 101h,i as opposed to their neutral forms can be explained by
considering the number of equivalents of acid used in their synthesis. General Procedure 4
used one equivalent of hydrochloric acid to generate the highly reactive NO," cation leading
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to the formation of the diazonium salt, whereas General Procedure 5 and Procedure 6 used
two equivalents of tetrafluoroboric acid in the mixture, when only one is in fact needed to
synthesise the diazonium salts, leaving the second equivalent available to protonate the

product.

2.2.1.1 Characterisation of products

The structure of 100b (Scheme 2.7) was determined using NMR and UV spectroscopy
(Figure 2.2). The protons ortho to NEt have a distinctive *H resonance of an apparent
doublet at 6.77 ppm of integration 2. AA'XX" coupling would be expected here, however,
there is not enough fine structure in the NMR to identify the two coupling constants. This
resonance couples clearly to another apparent doublet at 7.85 ppm, confirming the para
substitution. The NMR spectra of benzophenone 87 is below in Figure 2.3 as a comparison;
the protons ortho and para to NEt resonate as a doublet at 6.75 and triplet at 6.70,
respectively. Since the "H NMR resonances and splitting patterns of the other aromatic rings
did not change it can be assumed that diazonium coupling has not occurred on these rings
UV spectrometry revealed an absorbance at 415 nm, indicative of the n—n* transition of the
molecule containing an azo functionality.*> The trans orientation is known to be the
dominant state of an azo bond unless the cis isomer is particularly stabilised, for example, by
hydrogen bonding. The cis orientation can be accessed by exposure to UV light, however
this is reversible upon exposure to visible light.” Compounds 100i and 100j followed
similar patterns with UV absorptions at 419 and 421nm and *H resonances at 6.78 and 6.77

ppm respectively.
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Figure 2.2: Proton NMR spectrum of 100b in deuterated chloroform.
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Figure 2.3: Proton NMR spectrum of benzophenone 87 in deuterated chloroform.

NMR spectroscopic analysis of the phosphonate and amine salt coupled products 101h and

101i proved to be difficult as the aromatic protons resonate in the 7-8 ppm region and there

are no distinguishing protons (Figure 2.4). However, in both cases the absence of an

apparent doublet of integration 2 at 6.8 ppm suggests that the neutral para coupled products

56



Chapter 2

were not formed. NMR spectroscopy of amine 101i was performed in deuterated methanol
whereas the rest of the compounds were analysed in deuterated chloroform. When analysed
in deuterated methanol, benzophenone 87 has resonances in the form of a triplet at 6.55 and
a doublet 6.8 ppm representing the ortho and para protons of the ring in question. It is
thought that the products were protonated at the ammonium (NEt) position, literature reports
equivalent protons at 7.8 ppm.* The instability of acid 101j to aqueous work up and of
amine 101i and phosphonate 101h to aqueous potassium carbonate suggests that change in
NMR spectrum is not simply a result of ortho diazonium coupling. Consequently, the

assignment of para coupling is based upon the neutral coupled products 100b, i and j.
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Figure 2.4: NMR spectrum of amine 101i in deuterated methanol.

High resolution mass spectrometry supports the assignment of the phosphonate coupled salt
101h, but the presence of amine analogue 101i was not determined by mass spectrometry,
and only the benzophenone starting material 87 was detected; addition of solvent to the
brown oil of 101i resulted in a colour change to bright yellow which presumably signifies

conversion of 101i back to its starting materials. More information was gained from the UV
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spectra of 101i; it has been reported that (E)-4-dimethylaminoazobenzene absorbs UV light
at 420 nm (in EtOH) whilst the ammonium cation absorbs UV light in the region of 320 nm
and the azonium cation absorbs light at 520 nm (in EtOH).*® UV analysis of amine coupled
salt 101i revealed a weak absorbance at 419 nm with an extinction coefficient of 4212 mol
Ydm3cm™, also a group of absorbances in the region of 250-320 nm including a shoulder
peak at 320 nm and finally a very weak absorbance at 550 nm. The shoulder peak arises
from the ammonium isomer which dominates the mixture, as confirmed by NMR
spectroscopic analysis, whilst the absorbance at 419 nm and 550 nm may be due to the
neutral product and the azonium cation. However, these could not be identified by NMR
spectroscopic analysis. From the NMR spectroscopic and mass spectrometry data it is
proposed that amine and phosphonate 101i and 101h are in fact the ammonium cation salts.
UV spectroscopy of amine 101i corroborates this, however, absorbances indicative of the
azonium cation and the neutral product were also observed suggesting that a mixture is a

possibility.

2.2.2 Diazonium coupling to N,N-dimethyl aniline

Diazonium salts 91a-c, h-j were prepared using isopentyl nitrite and tetrafluoroboric acid,
and then were reacted with N,N-dimethyl aniline 102 at room temperature with and without
sodium acetate (Scheme 2.10). General Procedure 7, without sodium acetate, required a
basic extraction to obtain the neutral products but where sodium acetate was used (General
Procedure 8), a basic extraction was not necessary. Addition of sodium acetate has been
shown to improve the yields of diazonium coupling reactions by increasing the pH of the
diazonium salt solution prior to addition of the nucleophile.?® The yields and reaction times
of the couplings can be found below in Table 2.1. The t-butyl, hexyl, iodo and amine

derivatives 103a, b, c, i all showed improvements in yield when sodium acetate was used,
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whilst the addition of sodium acetate caused a decrease in yield for the phosphonate and

acid derivatives 103h and 103i.

\N/

R

90a R =t-Bu

90b R = CgH43

90c R=1

90h R = CH,P(O)(OEt),
90i R=NH,

90j R =CH,COOH

(i) 91a-c, hj

)

—_—

@® O

N, BF4
R” :

91a R=t-Bu

91b R = CgH43

91c R=1

91h R = CH,P(O)(OEt),
91i R=NH,

91XjR = CH,COOH

O

102

NN
103a R =tBu
103b R =CgHyz
103¢ R=1
> Ns 103h R = CH,P(O)(OEt),
N 103i R=NH,
R = CH,COOH

103j

Scheme 2.10: Diazonium coupling to N,N-dimethyl aniline. Conditions: i) isopentyl
nitrite, HBF4, EtOH, -5 °C; ii) General Procedure 7 102a-c, h-j were added then the
mixture warmed to room temperature and stirred; General Procedure 8 NaOAc then 102a-
¢, h-j were added and the mixture stirred at room temperature.

Table 2.1: Yields and reaction times of N,N-dimethyl aniline diazonium coupling

products.
Reaction time at
Compound®® R room temperature | % Yield | Amax(NM)
(hours)
(E)-4-dimethyl d
: - - - 411
aminoazobenzene
103a* t-Bu 18 72
103a° t-Bu 4 91 412
103b* CsH13 18 20 410
103b" CeH13 20 73
103c? | 0.5 47
103c” | 0.5 57 425
103h? CH,P(O)(OEt), 1 96 416
103h° CH,P(O)(OEt), 1 46
103i? NH, 18 0
103/ NH, 18 12° 413
103j? CH,COOH 20 95 415
103jb CH,COOH 18 34
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“Reaction completed in absence of sodium acetate; "reaction completed in presence of
sodium acetate; °product is impure so exact yield unknown; %literature value.®’

In all of the coupling reactions, aniline 102 and unreacted amine 90a-c, h-j were recovered,
with the amounts reflecting the yields above, indicating that the diazonium salt synthesis
was not going to completion. Furthermore, evidence of decomposition of the hexyl
diazonium salt was observed by the detection of 4-hexylphenol by mass spectrometry.
Noteworthy is the reaction to generate iodide 103c, with sodium acetate present (General
Procedure 8) returned the product 103c along with starting materials 102 and 90c along with
1,3-bis(4-iodophenyl)triaz-1-ene 104 (Figure 2.5), as shown by NMR and mass
spectrometry analysis. By-product 104 was formed by reaction of the iodo diazonium salt

91c with 4-iodoaniline 90c.

H
NN
1~ : : S

104

Figure 2.5

Reaction of aniline 102 with amine diazonium salt 91i by both procedures proceeded with
low yields. When the pH of the mixture was not adjusted by sodium acetate, the desired
product was not generated and only N,N-dimethyl aniline 102 was recovered. Addition of
sodium acetate improved the yield to 12% but aniline 102 was recovered as the major

product.

The reaction times after addition of N,N-dimethyl aniline 102 vary, as can be seen in Table
2.1. Thin layer chromatography (TLC) was used to follow the reactions, but in most cases
aniline 102 was not completely consumed, and unreacted amines 90a-c, h-j were recovered

in the crude mixtures, indicating that the diazonium salt formation was not going to
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completion. The H-acid test confirms the presence of this salt, but does not indicate extent of
reaction, and TLC and mass spectrometry could not be used to follow progress as the
diazonium salts all decomposed when these techniques were applied. The coupling step was
usually left for 18 hours to allow for maximum reaction time, but some were taken off after
a shorter amount of time; similar problems were encountered earlier in coupling of
benzophenone 87. That the coupling reaction could proceed rapidly was indicated by the

high yield of 103a after only 4 hours and 103h after only 1 hour.

As expected, these coupling reactions with N,N-dimethyl aniline 102 generated the para —
product, as signified by four apparent doublets in the aromatic region of the *H NMR
spectra. Again AA'XX' coupling is expected however the NMR spectra do not reveal
enough structure to quantify it. The trans geometry of the azo- link was separately
confirmed by UV spectroscopy. Table 2.1 shows the wavelength of adsorption signifying
the n—n* transition; the values are in the same region as that quoted for (E)-4-dimethyl
aminoazobenzene at 411 nm.*” The bathochromic shift observed for iodide 103c has been

observed previously; the analogous chloride diazene has an adsorption at 422 nm.%

2.3 Conclusions

The first part of this chapter discusses the methods followed in order to synthesise
diaryldiazo 65 needed for the modification of polystyrene. Also, the amines needed to
prepare the diazonium salts used to prepare the necessary library of materials. The syntheses

generally proved to be dependable and relatively efficient.

Investigations into diazonium coupling in solution were hindered by the lack of
dependability of the diazonium salt synthesis, and incomplete synthesis of the salts was

indicated by the recovery of the starting material amines. Furthermore, evidence of the
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decomposition and side reactions of the diazonium salts was detected. Coupling to
benzophenone 87 resulted in two groups of compounds, the neutral products 100b, i, j and
their salts 101h, i, j, whereas coupling to N,N-dimethyl aniline 102 generated only the
neutral products since a base-wash was included in the reaction work up. Generally,
diazonium coupling to N,N-dimethylaniline 102 was more successful than coupling to
benzophenone 87; acid 103j was isolated in good yield after coupling with aniline 102 but
the acid benzophenone coupled product 100j was isolated in low yield and the salt 17j could
not be isolated at all. Coupling of the amino diazonium salts 91i and 99i proved to be low
yielding in all cases apart from when the salt 101i was generated by coupling to

benzophenone 87, but even this was unstable in the presence of base.

The common reaction time of 18 hours that was adopted, before the root of the problem was
known, was shown to be far too long and possibly too warm, after some reactions repeated
at cooler temperatures and for shorter time periods were found to be superior. In hindsight,
this work would benefit from more investigation into the increasing the number of

equivalents of the diazonium salt as well as reducing the reaction times.
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Chapter 3: 2-D Model Study

The chemistry discussed in Chapter 2 was applied to polystyrene films coated on various
base substrates (Figure 3.1 and Scheme 3.1) to generate a selection of functionalised
polystyrene surfaces with a range of surface chemistry. A characterisation study was
performed to determine the effects of the surface modifications on the chemical composition
of the surfaces and their surface properties. The aim of the work recorded in this thesis is to
determine the effect of these chemical modifications on biofouling, and with that in mind,
the effect of protein adsorption was investigated. Quartz crystal microbalance-dissipation
(QCM-D) is a technique that monitors the change in mass, layer thickness and viscoelastic
properties of a piezoelectric crystal and the layers applied to it in real time. A quartz-gold
crystal was coated with polystyrene then chemically functionalised. The different functional
surfaces were exposed to the protein bovine serum albumin and the change in mass was

determined with QCM-D analysis.

This work was completed in collaboration with Geoffrey Nelson who is under supervision of
Professor John Foord, University of Oxford. Geoffrey developed the polystyrene film,

carried out the XPS experiments and also completed modelling of the QCM-D data.

3.1 Preparation of materials

Three different substrates were modified in this work, namely UV-crosslinked polystyrene
on glass 105, divinylbenzene-crosslinked polystyrene on gold on silicon wafers 106 and
divinylbenzene-crosslinked polystyrene on a gold coated quartz crystal 107 that was
required for the QCM-D experiments (Figure 3.1). The crystal was sourced from Q-sense
and the silicon-gold substrate prepared by metal vapour deposition, carried out by Dr Robert

Jacobs from the University of Oxford.
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DVB-Polystyrene

DVB-Polystyrene

UV-Polystyrene

Gold

Gold crystal

Glass

Silicon wafer

Quartz crystal

105
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107

Figure 3.1: Substrates used in chemical modifications.

The polystyrene films were prepared using the protocols outlined in Chapter 6, pages 170-

171. The polystyrene film on glass substrate 105 was crosslinked by exposing the film to

UV light for 30 minutes, while the polystyrene films on gold 106-107 were crosslinked with

divinyl-benzene (DVB) with benzoyl peroxide as an initiator. UV crosslinking is known to

crosslink the surface of a polymer whereas DVB with an initiator will crosslink throughout

the polymer film, resulting in a polymer more resistant to damage by solvents and the

chemical treatments to follow. Consequently the DVB crosslinking method was used for the

QCM-D experiments.*

In order to determine the most efficient temperature to use for decomposition of the diazo

coating to the carbene, bis(4-iodophenyl)diazomethane 61 (Scheme 3.1) was coated onto

three glass-polystyrene substrates 105 and each was heated at 93, 120 and 180 °C for;

heating was terminated when the bright pink diazo coating had turned colourless.

N2
Substrate 105
—_—
| | | |
61 108

Scheme 3.1: Surface modification with bis(4-iodophenyl)diazomethane 61. Conditions:

DCM, heating to 93, 120 or 180 °C.

XPS analysis detected iodine on each of the samples 108 at ~620 eV (I 3d5/2) and ~630 eV

(1 3d3/2); the iodine 3d5/2 to carbon ratio was calculated to be 0.005, 0.011 and 0.0177 for
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heating at 93, 120 and 180 °C, respectively. Since the amount of iodine detected, and
presumably the amount of compound inserted, increased as the temperature increased,
samples were subsequently all heated at 180 °C for the carbene activation and insertion step.
However, when the glass-polystyrene substrate was modified, the samples were heated to

only 120 °C during the carbene insertion step.

To prepare the samples for characterisation and QCM-D analysis, the different substrates

were treated under the conditions detailed in Scheme 3.2.

Substrate 105-107

N2
—_— >
. O\~ Substrate 105-107 O™
Product Substrate
109 105
110 106

111 107

.. R
(i)
o @ ,
BF, Ny 91b, e, h-j

O\/\N/\

X

bR =C4H,;
Product Substrate eR=H
2 a0 f R = O(CH,CH,0)CHj N
e 107 h R = CH,P(0)(OE),

iR =NH,

j R = CH,COOH

Scheme 3.2: Chemical modification of polystyrene film on gold. Conditions: i) 65 in
DCM (1 wiv%), polystyrene substrate, 180 °C; ii) diazonium salt synthesis using General
Procedure 1 (Scheme 2.3), samples soaked in salt solutions for 18 hours, 5 °C.

The substrate was first coated with a pink coloured solution of diazo 65 in DCM (1 w/v%)
such that the substrate was completely covered (~0.2 ml per 1 cm? substrate was applied).

Once the DCM had evaporated, the sample was heated to 180 °C for 2 minutes until the pink
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colour was completely diminished. After washing with DCM and drying under nitrogen
linker-terminated materials 109-111 were obtained. These were then soaked in the relevant
diazonium salt solution in ethanol for 18 hours at 5 °C, washed with EtOH and DCM and
then dried under nitrogen. Six diazonium salt solutions 91b, e, h-j were prepared thus giving

access to six materials of varying functionality on each of the substrates 105-107.

3.2 Characterisation of surfaces

3.2.1 Optical microscopy

Optical microscopy of the silicon-gold based substrate 106 was used to determine if the
chemistry was destroying the polystyrene film. Figure 3.2 (overleaf), a and b, are images of
the gold-coated silicon wafers prior to any treatment. The details on the surface are due to
dust and small gaps in the gold coating, and image b displays the edge of the sample; the
large black area is silicon that was not coated. Images ¢ and d are of the unmodified
polystyrene film, substrate 106, which was crosslinked with 1% DVB. The pale mottling
detail, most pronounced in image d, is presumed to be a result of excess polymerisation
resulting in clusters within the polymer. Whilst optimising the polystyrene layer, a mixture
with a larger percentage of DVB was trialled, 5% instead of 1%. The images of the 5%
crosslinked film, g and h, show evidence of the mottling effect at a greater concentration.
After chemical modification, there was no change in the appearance of the surfaces by
optical microscopy, as seen in images e and f. The mottling effect, resulting from aggregates
in the polymer, is still apparent and the larger grey detail in image e is due to damage of the
entire surface such that the silica base was revealed, possibly by scratching. This work does
not give in-depth information concerning the structure and the effects of the chemistry on
the polystyrene film; however it does demonstrate that the polystyrene was not removed

during the chemical treatment with diazo 65.
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.
.
.

Figure 3.2: Images of the substrates before and after modification. a and b: untreated
gold on silicon wafer; ¢ and d: polystyrene film (substrate 106); e and f: linker terminated
surface 113; g and h: polystyrene film with 5% DVB.
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3.2.2 XPS

X-ray photoelectron spectroscopy (XPS) of the chemically modified materials on substrate
105, glass coated with a UV-crosslinked polymer film, was conducted to detect nitrogen and
other significant elements after modification; nitrogen was found to have been added
consistently in both modification steps. Surface 109, which had only been modified by the
linker molecule, had a nitrogen (N1s) emission at 407 eV. The diazonium coupled substrates
all had nitrogen emissions (N1s) in the region of 400-401 eV and the nitrogen carbon

(N1s/C1s) ratios are displayed in Table 3.1.

Table 3.1: N/C ratios calculated using XPS data for modified glass-polystyrene
surfaces.

Material R N/C ratio found N/C ratio expected
109 - 0.012 0.040
112b CeHis 0.046 0.081
112f O(CH,CH,0)CH3; 0.061 0.079
112h CH,P(O)(OEt), 0.058 0.083
112i NH, 0.036 0.129
112j CH,COOH 0.035 0.091

All of the materials have a lower N/C ratio than would be expected; amine-terminated
substrate 112i is especially low, so XPS analysis was repeated for this substrate, giving a
second analysis giving a ratio of 0.022. However, in both cases, two peaks at ~400 and ~396
eV were seen in this region, only one peak at ~400-410 eV was observed for the other
surfaces; the second peak is conformation of the presence of a different environment of
nitrogen which may be NHs". As expected, oxygen and carbon were detected in all of the
materials as was silicon, presumably as a residue from glass pipettes and laboratory

equipment; Ols was detected between 532-533 eV, and there were multiple C1s peaks
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between 285-288 eV. Finally, phosphorus (2p) was detected on phosphonate-terminated

substrate 112h at 126 eV (2p).

3.2.3 Contact angle

The angle at which a droplet of solvent settles on a surface can be used to measure the
wettability of a surface with a solvent of choice; water contact angles give an indication of
the degree of hydrophilicity of the surface, and by altering surface chemical functionality of
the polystyrene beads, it was expected that there would be a change in wettability. The
water contact angles of silicon-gold based surfaces 106, 110, 113b, e, g, h-j were measured
to gain insight into the hydrophilic nature of the surfaces and to determine if the wettability

was altered by the chemical modifications (Table 3.2).

Table 3.2: Contact angle analysis.

Contact angle | Standard

Substrate R (deg rees)g deviation
106 Unmodified 87.2 6.3
110 - 83.6 4.8
113b CeH13 94.3 4.4
113e H 89.8 2.9
113f O(CH,CH,0)3CHj3 92.9 3.8
113h CH,P(O)(OEt), 82.6 7.9
113i NH, 99.0 6.9
113j CH,COOH 91.1 3.2

®Average of six values.

Prior to chemical modification, the polystyrene film 106 has a contact angle of 82.7° and
conversion to linker-modified substrate 110 has a very small effect on the contact angle.
Hexyl and phenyl terminated surfaces 113b and 113e both became more hydrophobic as
expected, however, the glycol, amine and acid terminated surfaces 113f, 113i and 113j also

revealed an increase in hydrophobicity, which is opposite to the expected. The standard
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deviations are large, suggesting that the polymer surface is not homogeneous and with no
closer imaging of the surfaces after chemical modification, it is not possible to see how
uniform the modified surfaces have become. The mottling observed by optical microscopy
has been accounted for by aggregates within the polymer, and these may disrupt the surface

uniformity.

It is notable that the contact angles are in a relatively small range of 83.6-99.0° with large
standard deviations, which may signify that the surfaces are all relatively similar. The n-n
stacking interactions between the polystyrene film and the surface chemistry may result in
the modification chemistry adopting a horizontal structure instead of a vertical structure
(Figure 3.3). Consequently, the functional end-groups may be less exposed, and so will not

have a significant effect on the surface wettability.

1917 s

Verticle structure Horizontal structure

Figure 3.3: Possible surface structure of chemical modifications.

3.2.4 Ellipsometry

This technique was used to determine the thickness of the polystyrene film and the layer of
chemical modification, and the results are displayed below (Table 3.3). The base substrate
was silicon-gold with DVB crosslinked polystyrene, 106. The polystyrene film thickness is
82 nm, but this is based on one measurement only; multiple measurements were taken but
only one could be successfully fitted as the laser beam did not have a smooth path through

sample, which is itself a further indication of an inhomogeneous film. This problem was not
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encountered after chemical modification, suggesting that the film may have contained air

pockets that were filled with solvent or the chemistry during the modification steps.

Table 3.3: Thickness of chemical modification layers.

. XPS
Sample R Thickness Star_1dr?1rd thickness
(nm) deviation (nm)

106 Unmodified 82° - -
110 - 6.5" 15 6.6
113b CeHas 12° 2.1 8.9
113f | O(CH,CH,O)CH;| 7.8° 3.4 16.6
113h CH,P(O)(OEt), 9.3 2.1 10.3
113i NH, 11° 6.9 -
113j CH,COOH 13° 0.0005 -

0One measurement only; "average of three measurements.

The thickness of the chemical modifications ranges from 6.5 nm for linker-terminated
surface 110 to 12 nm for acid-terminated surface 113j. The linker-terminated surface has the
thinnest layer, but the surfaces terminated with longer chains are notable in their greater
thicknesses; the glycol-terminated chain has one of the thinner measurements but also one of
the larger standard deviations. Notably, the acid terminated surface 113j has the thickest
chemical layer with the smallest standard deviation. If an error of +/- 1 standard deviation is
assumed for the ellipsometry data, then the difference in thickness between the surfaces is

S1% are also featured in

not especially significant. The layer thicknesses estimated by XP
Table 3.3; it is evident that these values are of the same magnitude as those obtained using
ellipsometry. However, there are some significant differences, such as the measurements
obtained for glycol terminated 113f. It is notable that the substrate and polymer crosslinking
method differ for the two experiments. Also, XPS is carried out under vacuum; the surface

structure may have changed during vaporisation of excess solvents under vacuum which

could change the polystyrene and modification layer thicknesses.
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3.3 QCM-D analysis

Quartz crystal microbalance-dissipation (QCM-D) is used to detect incremental changes of
mass in real time experienced by an oscillating piezoelectric crystal. When a voltage is
applied the crystal it will resonate, however, the mass of the crystal will alter the frequency
of vibration. The change in frequency Af'is directly proportional to the change in mass A4m as

described by the Sauerbrey equation:

Am = —(CAf/n)

where C is the mass sensitivity constant (17.7 ng/cm? for a 5 MHz crystal) and n is the
overtone number. This relationship can be applied to rigid, thin adsorbed layers that couple
directly to the crystal surface. In contrast, layers that are soft, have viscoelastic properties, or
do not couple directly to the crystal, are not best analysed with this relationship since it
underestimates the mass adsorbed onto the crystal. Soft layers can be better analysed by
simultaneously recording the change in frequency and dissipation of the crystal. Dissipation

D is defined as:

D = E(lost)/2nE (stored)

E(stored) refers to the energy stored in the oscillator and E(lost) is the energy lost when the
voltage connected to the oscillating crystal is switched off. Adsorbed layers that are not
tightly bound and have more freedom will have a higher dissipation. Using the VVoigt model,
the change in frequency and dissipation can be used to calculate the mass, thickness, elastic
shear modulus and the viscosity of adsorbed layers that are ‘soft’ with viscoelastic

properties, 1010
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This technique has been widely used to monitor protein adsorption, with the reversibility of
protein adsorption being demonstrated by water and phosphate-buffered saline washing
sequences.' %17 The 4D/Af relationship has been used to gain information concerning the
rigidity of adsorbed layers as well as water content; as the protein films become stiffer the
ADIAf term decreases which can be indicative of protein rearrangement to enhance binding
to the crystal surface, on the other hand, as the water content of the adsorbed layer increases

ADIAf increases.'*

Gold coated quartz crystals were coated with polystyrene resulting in substrate 107.
Chemical treatment of 107 furnished linker terminated 111 and surfaces 114b, e, f, h-j, as
discussed above. The crystals were loaded into the cell then exposed to phosphate buffered
saline (PBS), usually for ~16 hours, until the crystal had equilibrated. Bovine serum albumin
(BSA) in PBS (80 mg/L) was pumped across the crystal until the frequency change
plateaued. A PBS rinse was used to remove unbound protein, after which the surfaces were

exposed to Hellmanex solution (2% in water) to clean the crystal (Figure 3.4).

Figure 3.4, over the page, displays the QCM-D trace for hexyl-terminated surface 114b.
After addition of the BSA/PBS solution the frequency decreases as the modified polystyrene
film adsorbed BSA, whilst the dissipation increased. Rinsing with PBS was accompanied by
a small gain in frequency signifying loss of some of the protein from the surface. Each of the
surfaces 114b, e, f, h-j, linker-terminated surface 111, unmodified polystyrene 107 and bare
gold were all exposed to the same procedure although the timings differed, as the rate and

amount of protein adsorbed and desorbed differed between the surfaces.
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Figure 3.4: Example QCM-D trace of hexyl terminated surface 114b.

Below is a discussion concerning the change in mass of the modified crystals after exposure
of BSA/PBS and after the PBS rinse using the Sauerbrey and Voigt models. The 5%, 7" and
9™ overtones were used for the calculations, with higher overtones being more sensitive to
changes of the surfaces applied to the crystal; the 3™ overtone is not very sensitive to
changes at the surface, it is more affected by changes to the crystal, whilst the 11" and 13™
overtones are more sensitive to the periphery of the adsorbed layers. For the purpose of
modelling the zero-point was taken to be the time at which the BSA/PBS solution was
added. All of the data associated with this work can be found in Chapter 6, Tables 6.5-6.7,

pages 173-174.

3.3.1 BSA deposition

Since the surfaces were exposed to the protein solution for different times, the change in
mass was calculated at 20, 36 and 53 minutes, as well as just before the PBS rinse, this mass

has been termed the total mass. Figures 3.5 and 3.6 display the mass adsorbed using the
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Saurebrey and Voigt models for calculation, for some of the surfaces the later times have no

data since the PBS rinse was started at different times.

Using the Sauerbrey relationship to calculate the mass change after exposure to BSA (Figure
3.5), it was revealed that the phenyl- 114e and phosphonate diester- 114h terminated
surfaces have the smallest mass uptake at 20 minutes with 174.6 and 220.5 ng/cmz,
respectively. They continue to have a low mass uptake through the other time intervals.
Phosphonate diester terminated surface 114h actually loses mass throughout across all of the
time intervals, this suggests that the adsorbents are easily taken back into the bulk solution
and that the binding interactions are disrupted by the flow of the protein solution across the
sample. This is surprising as the phosphonate diester is capable of forming hydrogen bonds
with water and the protein as are other terminal groups that have a much higher mass
increase, the acid terminated surface 114j for instance. The hexyl, amine and acid
terminated surfaces 114b, 114i and 114j all continued to increase in mass throughout the
time intervals, with the total deposition time being 77.1, 43.6 and 60.3 minutes for these
experiments, respectively. This could be indicative of a number of things: increase in water
adsorption, increase in protein adsorption, and the reorganisation of the proteins on the
surface to achieve stronger binding and increase surface protein contact. The Sauerbrey
relationship is sensitive to surface contact so as protein surface contact increases so will the
apparent mass. After 20 minutes, the surface with the largest mass is glycol terminated 114f
with 468.5 ng/cm?® and hexyl 114b has a similar mass 445.1 ng/cm?, the second highest
mass. Polyethylene glycol functionalised materials are known to decrease protein adsorption
through highly hydrated surfaces,? the high mass uptake observed may be due to water
rather than BSA. The hexyl surface 114b was designed to be hydrophobic and encourage

protein adsorption; van der Waals forces of interaction are expected to be the dominant
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interaction force of this surface which lends itself to protein adsorption and reorganisation

rather than hydration.

600

300

400

= 20 minutes
™ 36 minutes

® 53 minutes

Sauerbrey mass (ng/em?®)
&
=3

m Total mass

[=]
=3
=3

100

Au 107 111 114b 114e 1141 114h 114i 114
Surface

Figure 3.5: Sauerbrey mass increase after exposure to BSA/PBS solution.

The masses calculated using the Voigt model (Figure 3.6) were generally greater than those
observed with the Sauerbrey model, after 20 minutes the Voigt range is 180.8-1401.7
ng/cm? where the Saurebrey range is 174.6-468.5 ng/cm®.This is to be expected, since the
Voigt model will take into account species not directly bonded to the crystal, even though
they still form part of the adsorption layer. The phenyl and phosphonate surfaces 114e and
114h have the smallest masses again, with the hexyl and amine terminated surfaces 114b
and 114i having the largest masses; after 20 minutes 114b has adsorbed 1817.3 and 114i
1401.7 ng/cm?. The most significant difference between the two models, apart from a
general mass increase with Voigt, is the placement of glycol terminated surface 114f; the
Sauerbrey model shows this surface to have the largest mass after 20 minutes, however the
Voigt model determines that this surface adsorbs 660.5 ng/cm? in the same time period, 64%

less than the absorbed by hexyl terminated 114b.
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Figure 3.6: Mass increase calculated using the Voigt model.

A direct comparison of the mass calculated using both methods after 20 minutes (Figure 3.7)
reveals that both models calculated similar masses for the phenyl, phosphonate diester and
acid terminated materials 114e, 114h, 114j, suggesting that the layers adsorbed on the
surfaces are rigid and that they have strong contact with the polystyrene film/crystal. The
glycol terminated surface 114f has a relatively small difference of 192 ng/cm® The
difference in mass calculated using the two models for the rest of the surfaces is appreciable,
suggesting that the layers adsorbed are not rigid and that they are made up of extended

multilayers with reasonable flexibility and viscoelasticity.
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Figure 3.7: Comparison of mass uptake of surfaces after 20 minutes of exposure to
BSA/PBS.

Comparison of mass with contact angle was carried out in order to determine the effect of
surface hydrophilicity on adsorption, with its effect on protein adsorption being of particular
interest (Figure 3.8). The Sauerbrey masses do not reveal a correlation with contact angle. It
could be said that there are two groups in the Voigt correlation, both of which have
increasing adsorption with increasing contact angle, as the surfaces become more
hydrophilic. One of the groups is made up of 107, 111, 114b and 114h (unmodified
polystyrene, linker, hexyl and phosphonate diester terminated) and the other is made up
114e, 114f, 114i and 114j, which are terminated with the phenyl, acid, glycol and amine
functionalities. However, no common themes connect the surfaces in the groups, implying
that the two groups may be coincidence rather than a trend. It is notable that the measured
contact angles do not reflect the terminal functional groups, for example, the glycol surface
114f has a more hydrophobic contact angle (92.9°) than unmodified polystyrene 107 (87.2°%)
and a similar contact angle to the hexyl terminated surface 114b (94.3°), even though glycol
functionality has produced highly hydrophilic surfaces previously, as discussed in Chapter
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1. These contact angles were taken under open conditions, however, the closed aqueous

conditions of the QCM-D cell may result in rearrangement of the surface chemistry to

expose the more hydrophilic distinguishing functional groups.
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Figure 3.8: Correlation of Sauerbrey and Voigt mass uptakes after 20 minutes

3.3.2 PBSrinse

exposure to BSA/PBS with contact angle.

The surfaces were exposed to PBS, pH 7.4, in order to remove any BSA not bonded to the

modified polystyrene surfaces. The resulting mass was calculated after 29, 35 and 41

minutes using the Sauerbrey and Voigt models (Table 3.4); the mass at 29 minutes proved to
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be most useful since not all of the samples were rinsed for as long as 35 and 41 minutes. The

mass lost is based in the difference between the mass after 29 minutes of the PBS rinse

relative to the mass of the sample just prior to the PBS rinse, the total mass. According to

the Sauerbrey calculations, the gold and amine 114i surfaces increase in mass during the

PBS rinse, whilst the Voigt calculations reveal an increase in mass for the hexyl surface

114b only (Figure 3.9). The increase in mass may be due to the following: the adsorption of

water and ions from the PBS, reorganisation of the protein to strengthen the binding with the

surface, and irreversible protein binding to the surface.®” The mass increase due to protein

reorganisation is more applicable to the Sauerbrey results due to those masses being more

influenced by contact of the layer with the crystal.

Table 3.4: Change mass after PBS rinse. All masses reported in ng/cm?.

Sauerbrey Voigt
Rinse mass Mass Rinse mass | Mass
Surface ;Ztsz!i (standard lostin ;ggii (standard | lostin
deviation) rinse deviation) | rinse
Au 245 358 (1.3) -113 1156 699 (21.2) 456
107 419 367 (1.8) 53 1096 761 (9.4) 334
111 316 140 (1.3) 176 892 150 (0.3) 743
114b 520 502 (1.9) 19 1777 1974 (27.2) | -196
114e 188 188 (0.9) 0 193 189 (0.5) 4
114f 527 398 (1.3) 129 647 407 (1.0) 240
114h 169 123 (1.5) 45 151 109 (1.0) 43
114i 469 714 (3.9) -244 1725 710 (3.6) 1015
114j 333 316 (1.6) 17 399 191 (0.1) 209

®Total mass is the mass adsorbed prior to the PBS rinse.

Figure 3.9 below displays a graph comparing the mass lost during the PBS rinse as

calculated using both methods. All of the surfaces except the hexyl and phosphonate diester

terminated materials 114b, 114h exhibit greater loss of mass by the Voigt calculations. In
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the case of amine terminated 114i this is very significant, where a loss of 710 ng/cm? as
calculated by the Voigt model and a gain of 244 ng/cm? of mass was calculated by the
Sauerbrey model. This suggests that during the PBS rinse loosely bound species that are not
in direct contact with the surface are lost, thus decreasing the Voigt mass. However, the
increase in Sauerbrey mass suggests that the contact of the polymer surface with adsorbents
IS increasing; this is in indicative of protein rearrangement to increase surface-protein
interactions. The opposite trend was observed by hexyl terminated 114b in that the
Sauerbrey mass deceased by as 19 ng/cm? whilst the Voigt mass increased by 196 ng/cm?.
Protein interactions with the hexyl terminated surface will be via the non-polar regions of
the protein, thus leaving the polar regions exposed to adsorb water and other ions during the
PBS rinse. This has been shown by the Voigt mass since these ions and water will not be

directly bound to the polymer surface.
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Figure 3.9: Graph displaying the mass lost during the PBS rinse.

Phenyl-terminated surface 114e is of particular interest, since very little mass was lost, the

Sauerbrey calculation showed no change in mass whilst the Voigt calculation resulted in a
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loss of 4 ng/cm?. In addition, phosphonate diester surface 114h lost 45 ng/cm? and 43
ng/cm? by the Sauerbrey and Voigt calculations. This may be further evidence supporting
the hypothesis that these surfaces adsorb thin rigid layers, which are not altered significantly
during the rinse process. However this could also be a result of the surfaces having a low

affinity for the protein so the characteristics of the polystyrene film are dominating.

Figure 3.10 displays a graphical representation of the masses of the crystals after the PBS
rinse, termed the rinse mass in Table 3.4. It is of interest that the resulting Sauerbrey masses,
for 111, 114e, 114f, 114h and 114j (linker, phenyl, glycol, phosphonate diester and acid
terminated) are all similar or the same as their Voigt counterparts; the PBS rinse has
removed the loosely bound proteins to leave rigid layers that are tightly bound to the

surface.
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Figure 3.10: Sauerbrey and Voigt masses after the PBS rinse.

As mentioned above, the change in the A4D/Af value can give an indication as to the change

in rigidity of the adsorbed layer as well as the change in water content, where an increase in
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AD/Af is indicative of a more viscoelastic layer with a greater a water content. Figure 3.11
displays these values after 20 minutes exposure to BSA, at the total mass (before the PBS

rinse) and after the PBS rinse.
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Figure 3.11: Plot of AD/Af after 20 minutes exposure to BSA (BSA), the end of the BSA
exposure (total mass) and after a PBS rinse for 29 minutes (PBS).

It is immediately obvious that the phosphonate-terminated surface 114h generally exhibits
lower AD/Af values at all three times, indicating that the surface has a much lower water
content and that the adsorbed layer is the most rigid of all the surfaces. Between the BSA
and total mass points, the linker, phenyl and glycol terminated surfaces 111, 114e, 114f
exhibit the largest increases in AD/Af, with the glycol surface showing the largest increase.
The other surfaces exhibit very little change in AD/Af up to the total mass. During the PBS
rinse, all of the surfaces except Au and 114i exhibit an increase in 4D/Af with the glycol
surface 114f having the largest increase; this is presumably a result of water uptake during
the rinse step. The decrease in 4D/Af by the untreated gold surface is small, however, amine

surface 114i experiences the largest decrease in AD/Af of all the observed changes. This is
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thought to be a consequence of reorganisation of the protein on the surface resulting in a

more rigid layer.

3.3.3 QCM-D conclusions

Determining the effect of the surface chemistry on protein adsorption has proved difficult
using the QCM-D technique as it does not differentiate between protein and water
adsorption. Hook et al. carried out a study into the adsorption of various proteins onto
titanium oxide using QCM-D, ellipsometry and optical waveguide light spectroscopy
(OWLS).'® Consistently across all six proteins investigated, QCM-D exhibited larger
masses than the other two techniques; ellipsometry and OWLS both use the change in
refractive index of different layers to determine the mass of protein adsorbed and so the
mass measured can be described as the ‘dry mass’, since water is excluded. QCM-D,
however, only measures the change in frequency due to mass and structure, therefore the
difference in mass between QCM-D and the ‘dry mass techniques’ is due to water bound by
the surface or the proteins. In an earlier publication, Hook presented an investigation into
adsorption of the mussel adhesive protein Mefp-1 onto methyl-terminated SAMs using
QCM-D and ellipsometry. Hook reported that the Sauerbrey mass was composed of 91%
water whilst the Voigt mass was composed of 94% water.'® In an effort to estimate the
amount of water contained in each of the adsorption layers after exposure to BSA/PBS
silicon-gold-polystyrene based surfaces 106, 113b, e, f, h-i were soaked in BSA/PBS and
then ellipsometry was used to determine the amount of BSA on each of the surfaces. The
thicknesses of the surface-BSA layers were smaller than the polystyrene and surface
chemistry layers measured in Table 3.3, so modelling of the surface-BSA layers was
unsuccessful. This could be attributed to discrepancies in the polystyrene and chemical

modification layer thicknesses between samples. Consequently, whilst the surfaces do
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perform differently, their performance in relation to protein adsorption only cannot be
rationalised. The discussion below attempts to explain the performance of the chemistry in

relation to water and protein adsorption.

When trying to understand the adsorption patterns after 20 minutes of BSA exposure, it is
important to remember that the Sauerbrey mass accounts predominantly for species bonded
directly to the crystal but may include multilayers as long as they are rigidly attached to the
preliminary layer. The Voigt mass takes into account extended multilayers that are not
rigidly attached, especially water. Although the untreated gold surface will bind protein by
formation of S-Au bonds, its capability to hydrogen bond is minimal. Consequently, the
Sauerbrey mass will be dominated by protein adsorption, but the VVoigt mass will take into
account multilayers of proteins that are not bound directly to the crystal as well as water
contained within the protein layers. The 4D/Af values of Au do not exhibit much variation
between the different points, however, the values are generally smaller than most of the
other surfaces, this also lends itself to the protein dominating the adsorption layer.
Unmodified polystyrene 107 can bind protein by hydrophobic van der Waals interactions.
The surface again has comparatively small 4D/Af values indicating that protein adsorption
dominates relative to the other surfaces. The masses calculated differ greatly between all of
the functionalised surfaces indicating that the end groups are exposed and influencing
adsorption. When the Sauerbrey mass after 20 minutes of BSA exposure is considered for
the linker and phenyl-terminated materials 111 and 114e (175 and 295 ng/cm?), the masses
are relatively small, indicating that water and protein adsorption at the surface is minimal.
This implies that the linker molecule does not coordinate water or protein significantly.
Addition of the azo linkage only giving 114e leads to a minor increase in adsorption directly
to the surface. As discussed in Chapter 1, PEG terminated surfaces are known to decrease
protein adsorption via extensive hydration of the surface; glycol surface 114f has a high
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Sauerbrey mass, relative to the other surfaces, which may be a result of hydrogen bonding
water to the surface rather than protein adsorption. The Voigt mass of 114f after 20 minutes
is only 192 ng/cm? more than the Sauerbrey mass, which is a very small difference
compared with those for some of the other surfaces, suggesting that protein adsorption is
minimal as a result of the hydration layer at the surface. Furthermore, the AD/Af values
increase significantly throughout, which correlates to an increase in water content within the
adsorption layer. The hexyl-terminated surface 114b exhibits high adsorption behaviour
with both models, and the difference between this surface and the linker-terminated surface
111 is an azo-bonded 4-hexylaniline group which will not have a high affinity to water, so
that the mass determined by the Saurbrey method is most likely as a result of BSA bonded
by van der Waals forces. Protein adsorption may dominate with Voigt mass as well,
however, it is likely that water will be trapped in the protein layer. There is little change in
AD/Af during BSA exposure, however, a small increase during the PBS rinse may signify
more water being adsorbed into the protein layer. Carboxylic acids are known to have a high
affinity to the basic binding sites in BSA,*** and this, combined with the similarity
between the Sauerbrey and Voigt masses of acid terminated 114j after 20 minutes, 295 and
342 nglcm?, respectively, suggests that the proteins are forming strong bonds with the
surface, generating a compact layer and that any water adsorption is within the proteins. The
mass lost during the PBS rinse was calculated to be 17 and 206 ng/cm? by the Sauerbrey and
Voigt models, respectively. The Saurebrey mass loss suggests that the proteins are bound
very strongly to the modified polymer surface and the VVoigt mass corroborates with this and
suggests that the extended multilayers are also bound relatively strongly, especially when
the surface is compared to the linker and hexyl-terminated surfaces 111 and 114b which lose
significantly more mass during the rinse. It has been mentioned already that phosphonate

diester 114h exhibits similar levels of adsorption by the Voigt and Saurbrey models with
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low levels of adsorption, and it is noteworthy that phosphonate terminated materials have
been found to be biocompatible as a result of their ability to absorb water.®® This surface,
114h, has the lowest values of 4D/Af suggesting that the adsorbed layer is more rigid than
the other materials. The amine-terminated surface 114i has the ability to bond water by
hydrogen bonding and could also bind protein by deprotonation of the aniline resulting in
electrostatic effects. The significant decrease in 4D/Af during the PBS rinse suggests that

protein adsorption may dominate since the decrease is indicative of protein reorganisation.

3.4 Conclusions

Chemical modification of the surfaces proved successful, as confirmed by XPS which
detected iodine, nitrogen and phosphorous on the relevant samples. Contact angle analysis
was used to observe the effect of the surface chemistry on surface wettability since this
property has proved to have a large impact on protein adsorption. In fact, the different
terminal functional groups did not appear to influence the contact angles as would be
expected, with the surface designed to be hydrophilic such as glycol 113f actually having a
more hydrophobic contact angle than unmodified polystyrene. However, it is notable that
the range of contact angles was relatively small with large standard deviations. These two
points promoted the question as to how the chemistry was aligned on the surface and
whether the end functional groups, attached by diazonium coupling, were actually exposed.
Also, the large standard deviations suggest that the polystyrene film or the surface
modifications are not homogenous. Ellipsometry and XPS were used to determine the
thickness of the surface modification layers, which was in the order of 10 nm. This is
comparable to the thickness of modification performed by Leonard and Moloney featured in
Scheme 1.9 (Chapter 1), where 6.3 nm was measured. It was assumed that a monolayer of

the modification chemistry had a height of 0.75 nm, consequently the thickness measured
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was thought to be equivalent to approximately 9 monolayers. The chemistry used by
Leonard et al. was slightly different to that described in this chapter but the methods and
molecular compositions are similar.>® Ellipsometry of the unmodified polystyrene proved to
be problematic due to inhomogeneity within the polystyrene layer; this suggests that the

contact angle data was affected by the bulk polystyrene layer rather than the chemical layers.

The QCM-D investigations revealed that all of the surfaces affected water and protein
adsorption differently. It was hypothesised that the end functional groups were not exposed
to influence the water contact angles, but the QCM-D results contradict this; if the end
groups were not exposed, the surfaces would be expected to exhibit similar adsorption traits.
The two techniques exposed the surfaces to different environments, during contact angle
analysis the surfaces were open to the atmosphere and exposed to only one drop of water,
whilst the surfaces were in a closed cell for QCM-D under a constant flow of aqueous based
solutions. It is possible that the effect of the agueous system alters the conformation of the
chemistry on the surface, exposing the end functionalities more effectively. To determine
the effect of the surface chemistry on protein adsorption, an alternative technique is needed
since water and protein adsorption cannot be distinguished by QCM-D; ellipsometry has
been used in the literature but attempts to replicate this were hindered by inhomogeneity of
the polystyrene film. Nonetheless, the work described in this Chapter confirmed that surface
modification was occurring and that the surface chemistry did alter the adsorption properties

of the surfaces in a biological environment.
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Chapter 4: Preparation and Characterisation of XAD-4 Based

Materials

Following the interesting results discussed in Chapter 3, an investigation of a library of
materials with more diverse surface chemistry was made. This Chapter describes the
preparation and extensive characterisation of materials based on XAD-4 polystyrene beads;
characterisation was carried out in order to obtain evidence for surface modification, as well
elucidation of the surface structure and properties, both of which would be expected to affect
protein adsorption. Two groups of materials were prepared; the first group were prepared by
diazo modification, creating a linker to which diazonium coupling was carried out 116a-m,
the second group were prepared by diazonium coupling directly to the polystyrene surface
117a-m. The first group will be described as ‘linker coupled’ and the second group as

‘directly coupled’ (Figure 4.1).

XAD-4 Polystyrene XAD-4 Polystyrene

N
O\/\N/\ Linker i

Linker coupled <) Directly coupled

Figure 4.1

The use of the newly applied surface chemistry to bind penicillin VV producing an
antibacterial material was of interest also. The preparation and characterisation of these

penicillin-loaded materials is also discussed.
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4.1 Choice of base material and target surface functionalities

Amberlite™ XAD-4™ polystyrene beads were chosen as the base material as they are easily
available, economical, safe to work with and solvent resistant due to crosslinking. XAD-4
polymer beads are one of a range of highly porous adsorbents developed by Rohm and Haas;

115

having been designed to adsorb hydrophobic molecules and surfactants,”™ with a surface

area of 725 m?/g, a pore size of 40 A and particle size of 0.3-1.2 mm.*®

For the surface modification work, thirteen terminal functionalities were chosen (Scheme
4.1) in order to generate a wide range of functionally modified materials for detailed
investigation. Alkyl terminated materials 116a and 116b were designed to generate
hydrophobic surfaces. The iodine terminated material 116¢c was prepared as a useful
characterisation tool, since iodine was expected to be useful marker in XPS and combustion
analysis, as had been earlier demonstrated with bis(4-iodophenyl) terminated surface 108
(Chapter 3). As discussed in Chapter 1, hydrophilic materials are known to minimise protein
adhesion, as extensive investigation of glycol-terminated surfaces has shown, and for this
reason glycol and hydroxyl-terminated materials 116f and 116g were prepared. Amine-
terminated surfaces have previously proved to produce more hydrophilic surfaces and
primary amine 116i could be easily converted to the dimethylamine 116d.” Carboxylic acid

113, 114 since

groups are known to have a high affinity for the protein bovine serum albumin;
adsorption of this protein would be a key focus in this work, the known affinity of this
functional group on surface 116j would provide a useful reference in the modified materials.
Phosphonate and calcium phosphonate surfaces have previously been shown to enhance cell

adhesion and growth; conversion of 116h to the phosphonate monoester 116k, phosphonic

acid 116l and the calcium phosphonate 116m materials was straightforward thus widening
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the library of functional materials. The materials were numbered in order of increasing %

polar surface area as calculated in Chapter 5.1, page 124.

4.2 Preparation of biopassive materials

Amberlite™ XAD-4™ polystyrene beads are supplied wet with aqueous sodium chloride
and sodium carbonate salts to prevent bacterial growth.*® Prior to use, these beads were
washed extensively with water and acetone, then dried on a sinter funnel under vacuum,

although in this state, the beads were brittle and required careful handling.

4.2.1 Preparation of linker coupled materials.

Polystyrene XAD-4

N2
-
o) Et - o) _Et
~ ’Tl/ Polystyrene XAD \/\'T‘
65 Ph 115 Ph
(if)
@
Polystyrene XAD-4
91aR =t-Bu
o £ 91b R = CgHy3

116a R = t-Bu ~">N7 ::CE::-i
116b R = CgHy3 eR=
116cR=1 g:f IT: %(SHZCHZO)3CH3
116d R = NMe, gR=
116e R=H 91h R = CH,P(0O)(OEt),

91i R = NH,

(iv)

(il 116f R = O(CH,CH,0)5CHs 116k X = CH,P(O)(OH)(OEt) N i
116g R = OH SV 91j R = CH,CO,H
116h R = CH,P(O)(OEt) i)

i
116i R = NH, 1161 X= CH,P(O)(OH), — 116m X = CH,POCa
116j R = CH,CO,H v)

Scheme 4.1: Preparation of materials. Conditions: i) 120 °C; ii) diazonium salt solution in
EtOH, 18 hrs, 5 °C; iii) Mel, EtOH, 18 hrs; iv) 5% aq. NaOH, 18 hrs; v) 1M aq. HCI, 18 hrs
; vi) 10% ag. CaOH.

Scheme 4.1 outlines the modification process used to manipulate the surface chemistry of

the beads. The beads were first immersed in a dark pink solution of the diazo 65 (5% w/v) in
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diethyl ether such that the beads were completely covered and the solvent was then removed
in vacuo, giving intensely coloured pink beads on which the diazo compound 62 was
physisorbed; the rotary motion ensured that all of the beads were coated. These beads were
heated to 120 °C, giving an off white/pale yellow colour, consistent with conversion of the
diazo function to the carbene by loss of nitrogen. Washing with acetone and then drying on a
sinter over vacuum resulted in linker-terminated polymer 115; the aniline group on the
polystyrene surface acts as a linker molecule to facilitate diazonium coupling. Material 115
was soaked in ethanol-diazonium salt solutions 91a-c, e-i at 5 °C; this was done to stop the
diazonium salts decomposing before they had reacted with the surface of 115. In each case,
the salt solution had deepened or changed colour and the beads had done so also, images of

the resulting materials that can be found in Figure 4.2,

The phosphonate diester terminated surface 116h could be manipulated further by

hydrolysis in acidic and basic conditions®'"’

resulting in phosphonic acid 116k and
phosphonate monoester 116l. Material 116h was washed with 10% aqueous calcium
hydroxide affording 116m and a dimethyl terminated surface 116i was made by stirring
116d in methyl iodide. For these modifications, agitation was avoided since the beads were

brittle and broke up very easily and when required, only gentle stirring was used.

4.2.2 Preparation of directly coupled materials

Directly coupled materials 117a-c, e-i, in which the diazonium salts 91a-c, e-i were reacted
with the polystyrene, without the use of a linker, were prepared also (Scheme 4.2). The
washed beads were soaked in the diazonium salt solutions whilst standing at 5 °C in a direct
replication of the conditions used to prepare materials the linker-coupled materials discussed

above. Further manipulation of the surface chemistry was attempted in steps ii-vi (Scheme
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4.2) using the same conditions as those for used for preparation of materials 116d and 116k-

m as discussed in section 4.2.1.

® U Folystyrene Xo2 117aR = t-Bu
N, R e | 117b R = CgHys
Polystyrene XAD-4 N\\ 117¢R =1
N 117d R = NMe,
91aR =¢-Bu 117e R=H (iv)
91b R = CgHys (i 117f R = O(CH,CH,0)sCHs 117k X = CH,P(O)(OH)(OEt)
91cR=1 117g R=0OH
91eR=H 117hR = CHZP(O)(OEt)Z—l
91f R = O(CH,CH,0)3CH3 R 117i R = NH, 1171 X= CH,P(O)(OH),
91g R = OH 117j R = CH,CO,H v)
91h R = CH,P(O)(OEt), l (vi)
91i R = NH,

91j R = CH,COH 117m X = CH,POCa

Scheme 4.2: Preparation of materials. Conditions: Conditions: i) 120 °C; ii) diazonium
salt solution in EtOH, 18 hrs, 5 °C; iii) Mel, EtOH, 18 hrs; iv) 5% ag. NaOH, 18 hrs; v) 1M
aq. HCI, 18 hrs ; vi) 10% ag. CaOH.

The directly coupled materials 117a-m were prepared to determine if the aniline linker
mediated and improved the diazonium coupling step, as well as determining if the
diazonium salt would couple directly with the polystyrene. The presence of the azo linkage
was expected to lead to highly coloured materials if coupling to the polymer occurred.
Furthermore, since XAD-4 is a highly absorbent material, it is possible that instead of
reacting with the materials, the salts would merely be physisorbed onto the beads. If this
occurred, then the diazonium salt might be expected to decompose and the colour due to the

N=N chromophore would not be observed.

4.3 Visual indication of diazonium coupling

Figure 4.2 below show images of all of the materials produced using the modification
techniques discussed above. Unmodified polystyrene is white and there is no distinctive
colour change after modification with the diazo 65 to generate 115. Linker coupled materials
116a-m are strongly coloured in shades of dark red, purple, brown, orange and yellow; in

contrast the directly coupled materials 117a-m are generally much paler in colour.
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Linker terminated

Unmodified XAD-4

115
LTRES A TR WA o R
Linker Directly Linker  Directly
Functionality Coupled  coupled Functionality Coupled coupled
116 117
a (t-Bu) h (CH,P(O)(OEt),)
b (CeHas) i (NH2)
c(l) j (CH,COOH)
d (NMe,) K
2 (CH,P(O)(OEt)(OH)
e (H) | (CH2P(O)(OH).)
f
((OCH,CH2)sCHs) m (CH,P(0O)(0O,Ca)
g (OH)

Figure 4.2: Library of functionalised materials.

Coloured species are observed when the wavelength of light they absorb falls in the visible
region of the electromagnetic spectrum. Azo bonds are known to be highly coloured
chromophores and as such are commonly used in dyes.”? As previously mentioned, the

linker molecule was expected to react with the diazonium salts in the standard coupling
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mechanism, resulting in the azo linkage that would generate highly coloured materials; the
aromatic ring was made nucleophilic by the presence of the electron donating nitrogen. By
contrast, the aromatic rings on unmodified polystyrene are not particularly nucleophilic and
have no electron donating groups to promote diazonium coupling to the salts. The relative
colours of the materials corroborate with these hypotheses, with the linker-coupled materials

being much stronger coloured than their directly coupled material counterparts.

4.4 Characterisation of biopassive materials

The characterisation of the modified materials was done in collaboration with Professor
Cleo Choong and Meghali Bora from NTU in Singapore; the XPS, contact angle, SEM,

DCS and TGA experiments were carried out by Choong and Bora.

441 XPS

To determine the change in surface elemental composition of the materials after
modification, X-ray photoelectron spectroscopy (XPS) was employed. The technique relies
on the characteristic binding energies of electrons of different atoms and their electronic
environments to identify specific elements. XPS is typically sensitive to a depth of 10 nm;
previous work has shown that diazo modification results in a layer of 6.3 nm thick where
4,4'-(diazomethylene)bis(methoxybenzene) was used to modify silicon (Scheme 1.9), which

is in the same range of XPS penetration.>®

XPS was carried out on the linker coupled materials only. Carbon, oxygen and nitrogen
were observed on all materials with typical binding energies of 282 (C1s), 531 (O2s) and
398 (N1s) eV. Calcium was observed at 439 eV on the calcium phosphonate terminated
material 116m, however, the additional elements of phosphorous and iodine were not
observed on materials 116c, h, k and | (iodide, phosphonate diester, phosphonate monoester
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and calcium phosphonate terminated). Finally, sodium (Nals) was detected on unmodified
polystyrene at 1069 eV, which may be due to residual sodium chloride and sodium

carbonate left from the aqueous medium that the beads were transported in.

Reaction of amine terminated 116i with methyl iodide could have produced a number of
possible products or a mixture of these products, and monomethylamine, dimethyl amine or
the quaternary ammonium salt terminated polystyrene are all possible. Ochoa et al. found
that corrosion inhibition layers on carbon steel containing a nitrogen-based quaternary
ammonium salt have a N1s peak at 402 eV whereas layers containing the amine revealed
the N1s peak at 400 eV."® The dimethyl amine and amine-terminated materials 116d and
116i do not exhibit vast differences in their N binding energies, 397 and 398 eV,
respectively, but other methods of surface analysis along with how they interacted with the
proteins (Chapter 5) show the materials to be different so for the purpose of this work 116d

has been defined as dimethyl amine terminated.

Table 4.1 displays the N1s/Cls ratios calculated using the % atomic concentrations
determined by XPS and those expected; the expected values are based on the coatings only
and do not include the polystyrene. Prior to any modification, nitrogen is detected in a small
amount on the polystyrene which is assumed to be due to contamination. The ratio observed
for linker-terminated material 115 is 0.056, and when compared with the expected value of
0.04, the discrepancy is not that large. All of the ratios of the diazonium-coupled materials
are smaller than the expected, some significantly; 116b, d, g, i and k (hexyl, dimethyl
amine, hydroxyl, amine and phosphonate terminated) are all under half of the expected
value. The calculated ratios are based upon 1:1 coupling of the diazonium salts to the linker

on the polystyrene surface, the small ratios may be evidence of the coupling step not being
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very efficient, which may be expected due since the porous nature of the materials and the

steric restrictions of the surfaces may restrict the diazonium coupling step.

Table 4.1: Comparison of N1s/C1s ratios found with those expected.

Material R N/C ratio N1s/C1s ratio
expected found®
XAD-4 - 0 0.010
115 - 0.04 0.056
116a t-Butyl 0.086 0.048
116b CeH1sz 0.081 0.020
116¢ I 0.097 0.041
116d NMe, 0.117 0.042
116e H 0.097 0.074
116f O(CH,CH,0)3;CHj3 0.079 0.044
1169 OH 0.097 0.031
116h CH,P(O)(OEt), 0.083 0.038
116i NH, 0.129 0.026
116j CH,COOH 0.091 0.041
116k CH,P(O)(OH)(OEt) 0.088 0.033
116l CH,P(0)(OH), 0.094 0.050
116m CH,P(0)0,Ca 0.094 0.039

®Ratios calculated using the % atomic concentrations of the surfaces and are an average of
two experiments.

4.4.2 Attenuated total internal reflectance infra-red analysis (ATR-IR)

ATR-IR spectroscopy allows for direct IR analysis on solids without the need for dispersion
in an inert medium. The sample is loaded onto a diamond crystal, through which the IR
beam is emitted, and a sample depth ranging from 0.5 and 5 pm is analysed.’*® ATR IR
spectroscopy relies on close contact between the sample and the crystal, and this is often
achieved by clamping the substrate onto the diamond platform. For the modified polymers,
this inevitably crushed the beads and in so doing exposed more of the unmodified areas. In
addition, contact of these powders is confined to small areas; consequently weak spectra
were obtained for some of the materials.*?® In an attempt to observe absorption bands that
were weakly or not at all observed in the raw spectra, the base material spectrum was

subtracted; unmodified polystyrene was subtracted from linker-terminated material 115 and
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the directly coupled materials 116a-m, whilst the spectra of linker-terminated material 115

was subtracted from the linker-coupled materials 117a-m.

The significant stretches of the materials are displayed below in Tables 4.2 and 4.3 (a
complete record of the data is in Chapter 6, Tables 6.10-6.12). Notably, absorbances were
not observed for the azo bond resulting from diazonium coupling in any of the materials; the
pseudo symmetrical nature of the diphenyl azo linkage makes this group relatively inactive
to IR. In all spectra, a set of two broad peaks in the region of 2160-1980 cm™ were observed
and these are due to the diamond on which the materials were supported. Literature records
XAD-4 with significant peaks at 2931, 1657, 1604, 1446, 1220, 990, 902 cm™;>* these were

observed on the modified materials as well as other peaks as shown in Tables 4.2 and 4.3.

4.4.2.1 Linker coupled materials

Linker-terminated material 115 shows the significant groups resulting from the first step of
modification. As expected, alkyl C-H stretches were observed as one broad peak at 2960-
2931 and a strong single peak at 2859, but of course the polystyrene base material also
contributes in this region. The ether group in the linker was signified by the aryl-O and
alkyl-O stretches at 1252 and 1084 cm™, whilst there are two stretches due to C-N vibration,
the aromatic stretch at 1535 and the aliphatic stretch at 1169 cm™. Finally, a stretch at 1601
cm™ due to the vibration of the aromatic C=C bonds was observed also, although this is
observed in the blank material at 1603 cm™ as well. After diazonium coupling, the peaks
resulting from the linker were still generally observed. Notable diagnostic peaks are a
hydroxyl stretch at 3400 in hydroxyl terminated 116g, N-H stretches at 3404 and 3280 cm™
on the amine terminated material 116i and a peak at 1723 cm™ as a result of the carbonyl
bond on the acid functionalised material 116j. The phosphonate diester material 116h

displayed peaks at 1217 and 1017 for the P=O and P-OEt groups respectively, whilst the
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phosphonate monoester 116k presented peaks at 1298 and 1040 cm™ for the P=0 and P-OH
groups. The phosphonic acid functionalised material gave the P=0O stretch at 1298 as well as
a P-OH stretch at 1040 with a peak at 2601 due to the OH groups,ao P-OEt band at 1017 cm’
! was not observed indicating complete hydrolysis. The final material in this group 116m is
terminated with a phosphonic calcium salt; ATR IR spectroscopic analysis of this material
indicated the stretches due to the linker as discussed above, but the only other absorbance

observed was of P(0)-O group at 2617 cm™.

Table 4.2: Significant stretches observed by ATR IR spectroscopy.

Material R ATR IR (cm™)

XAD-4 - 2931, 1657, 1604, 1446, 1220, 990, 902
115 - 1601, 1511, 1252, 1169, 1090
116a t-Butyl 1603, 1513, 1354, 1252, 1178, 1085
116b CeHas 1326, 1602, 1080
116¢c | 1601, 1377, 1286, 1075, 547
116d NMe, 1601, 1511, 1351, 1170, 1086
116e H 1602, 1511, 1316, 1195, 1092
116f O(CH,CH,0);CH; 1603, 1511, 1362, 1252, 1085
116g OH 3400, 1603, 1512, 1252, 1169, 1086
116h CH,P(O)(OEt), 1602, 1276, 1217, 1191, 1062
116i NH, 3404, 3280, 1602, 1328, 1217, 1062
116j CH,COOH 3020, 1793, 1723, 1602, 1329, 1085
116k | CH,P(O)(OH)(OEY) 2606, 1602, 1298, 1081, 1071
116l CH,P(0)(OH), 2601, 1602, 1352, 1276, 1251, 1170, 1083, 1018
116m CH,P(0)0.Ca 2625, 1601, 1511, 1252, 1170, 1084

Glycol and iodide materials 116f and 116¢ have additional distinctive absorbances at 1240
and 541 cm™, respectively, the former being due to an aromatic C-O bond and the latter, a C-
| bond; in both materials the aromatic C-H stretches were concealed by strong broad peaks
at 3247 and 3215 cm™, respectively, and this is due to excess moisture in the samples or in
the atmosphere. The t-butyl, hexyl, dimethyl amine and hydrogen modified materials 116a,

b, d and e do not have any other distinctive absorbances other than those for the linker
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molecule described above; for the first three, this is to be expected since the R groups add no

additional bonds.

4.4.2.2 Directly coupled materials

Table 4.3 below displays the diagnostic IR absorbances. In each material, C-H stretches are
observed in the region of 3000-2700 cm™. Materials 117f, h-m (glycol, the phosphonate
material and its derivatives, acid and amine terminated) display broad absorbances of
prominent intensity in the region of 3200 cm™ which is attributed to excess water on the
samples. The terminal groups all have the ability to bind water so removing excess water
from the samples would be expected to be more difficult with these materials. This broad
absorbance unfortunately would obscure any spectral detail from introduced N-H and O-H

groups.

Table 4.3: Significant absorbance bands observed on directly coupled materials.

Material R ATR-IR (cm™)
117a t-Butyl 2967-2940, 1603
117b CeHi3 2929, 2856
117¢c [ 2930, 2859
117d NMe, 2973-2910, 1604
117e H 2963, 2691, 1602
117f O(CH,CH,0)3CH; 2957, 2858
117g OH 3020, 2974-2883, 1603
117h CH,P(O)(OEt), 2932, 2903, 2857
117i NH, 2930, 2858
117j CH,COOH 2929, 2858
117k | CH,P(O)(OH)(OEt) 2923, 2853, 1277
1171 CH,P(0)(OH), 2926, 2855, 1276
117m CH,P(0)0,Ca 2930, 2165

In materials 117a, d, e, and g, with t-butyl, dimethylamine, phenyl and hydroxyl

functionalised surfaces, the aromatic C=C stretch is observed in the region of 1603 cm™,
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although this is seen in blank polystyrene also so does signify additional functionality. P=O
stretches at 1277 cm™ and 1276 cm™ in phosphonate monoester terminated 117k and
phosphonic acid terminated 1171 are observed, but these are the only two materials that

display any significant absorbances resulting from chemical modification.

4.4.3 Combustion Analysis

Addition of nitrogen during both of the modification steps meant that the percentage of
nitrogen in each material could be used to calculate the surface loading of the chemical
modification. From the % N value, nitrogen loading in mmol/g was calculated, and from this
the loading of surface modification chemistry in mmol/g was deduced; in the case of the
linker modified materials 1:1 diazonium coupling of the salts to the linker molecules was
assumed with 100% efficiency. With the knowledge of the bead surface area at 725 m?/g
(manufacturer’s data), the number of molecules per cm? could be calculated. To estimate the
% surface coverage, a limiting factor (Ao) was used, this being an estimate of the area that
each molecule of surface modification occupies along the polystyrene surface. A film made
up of para benzene derivatives has been found to have a limiting factor of 0.24
nm?molecule and films based on anthracene derivatives have limiting factors of 0.45-0.48
nm?molecule.** The limiting factor of the directly coupled materials was assumed to be
0.24 nm’/molecule whilst the limiting factor of the linker coupled materials was 1.17
nm?molecule, as determined by the average cross sectional area of the linker and linker
coupled molecules, calculated using Chemicalize (Table 5.1, Chapter 5, page 125).*% It was
possible to calculate the diazonium coupling efficiency of the materials that were modified
with the diazo linker first. Finally, the value N representing the ratio of unmodified to
modified sites was calculated; for the purpose of the calculation, a site is assumed to be

equivalent to a styrene monomer and only one reaction per monomer can occur due to space
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restrictions. Below is a discussion of the combustion analysis of the linker coupled and
directly coupled materials. The raw data can be found in Chapter 6, Table 6.13-6.14 and

Appendix Il contains example calculations.

The surface loading of the chemistry, based on the percentage of nitrogen, was found to
range from 0.038 mmol/g (116d) to 0.357 mmol/g (116c) which results in a surface
coverage range of 5-51%, and Table 4.4 displays the full range of data. The diazonium
coupling efficiency was calculated for materials 116a-m using the number of mmol/g of
nitrogen on linker-terminated polymer 115, 0.179 mmol/g, producing a wide range of

values, 21-200%.

Table 4.4: Combustion analysis of linker coupled materials.

mmol
surface Molecules Surface | Coupling
Material R modification [em2? | coverage efficiency | N
/ g polymer (%)° (%)°

(%N)
115 - 0.179 (0.25) | 1.48 x 10" 25 n/a 50
116a t-Butyl 0.062 (0.26) | 5.14 x 10™° 9 35 149
116b CeH13 0.067 (0.28) | 5.54 x 10™ 9 37 138
116¢ | 0.357 (1.50) | 2.97 x 10" 51 200 20
116d NMe, 0.038 (0.21) | 3.11 x 10" 5 21 251
116e H 0.167 (0.70) | 1.38 x 10" 24 93 52
116f | O(CH,CH,0)sCHs | 0.124(0.52) | 1.03 x 10" 18 69 71
1169 OH 0.057 (0.24) | 4.75 x 10" 8 32 163
116h CH,P(O)(OEt), | 0.121(0.34) | 1.01 x 10" 17 68 72
116i NH, 0.046 (0.26) | 3.86 x 10™° 7 26 202
116j CH,COOH 0.052 (0.22) | 4.35 x 10™ 7 29 178
116k | CH,P(O)(OH)(OEt) | 0.150 (0.63) | 1.25 x 10" 21 84 58
116l CH,P(O)(OH), | 0.145(0.61) | 1.21 x 10" 21 81 60
116m CH,P(0)0,Ca 0.076 (0.32) | 6.33 x 10™° 11 43 120

*Calculated on the basis of 725m°/g surface area for XAD-4; °limiting area of 1.71
nm?molecule is assumed as calculated using Chemicalize (www.chemicalize.com);
“diazonium coupling efficiency = expected N/actual N in mmol/g where expected N = 0.179
mmol x number of N in the molecule; °N is the ratio of unmodified sites to modified sites
calculated using the combustion analysis.
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lodo and phenyl-terminated materials 114c and 114e exhibited the highest efficiencies,
200% and 93%, respectively; the 200% efficiency suggests that that multiple reactions with
the surface linker may be occurring. The terminal groups on both materials are the smallest
of all the terminal functionalities, so the space occupied by these groups will be much less.
This allows for greater amounts of the diazonium salt to pack into the pores of the material

and around the visible surface which lends itself to increased efficiency.

Combustion analysis also detected phosphorous on phosphonate and phosphonic acid
materials 116h, I, m and iodine on iodide-terminated 116¢ (Table 4.5). The coupling
efficiencies were calculated using the expected ratio of N:P and N:1 being 1:3, with the iodo-
terminated material 116¢ having a very large coupling efficiency of 1383%. The calcium
phosphonate material 116m exhibited a coupling efficiency of 38%, significantly smaller
than phosphonic acid material 1161 from which it was made; this may be result of reaction

conditions eroding the surface of the beads.

Table 4.5: Combustion analysis of selected materials.

Expected
Material Functionality Objg:;/ed 5;( ‘I)%Crt ?Dg r(non? c?f/[gvf?))r Effi(?fe)n e
P
1160 | ooz | 02 | i | 1
116k | CH,P(O)(OH)(OE) Z:,Z:; %’_éé 0.21 (8:832) >2
116l CHP(O)(OH), %ﬁi %,%;71 0.20 (8:822) 83
116m CH,P(0)0.Ca ?)//f,i. 8_'28 0.16 (8:8?3) 38

Expected % of P or | = % N/3; "efficiency = actual/expected in mmol/g.

Two different methods of estimating the diazonium coupling efficiency have been

presented. The method based on the percentage of nitrogen only (Table 4.4) is dependent
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upon the loading of the linker being the same for all the materials, whereas the second
method (Table 4.5) does not depend upon this, so it may give a more reliable value for the
coupling efficiencies. However, the efficiency of coupling of the iodo material 116c,
calculated using the second method, is extremely large, which leads to questioning of the
validity of the values, unless this is accounted for by physisorption of the diazonium salt
occurring also.

Table 4.6: Combustion analysis of directly coupled materials.

mmol surface Surface

M . modification/ | Molecules/ ¢

aterial R 2a coverage N
g polymer cm (%)"
(%N)

117a t-Butyl <0.036 (<0.1) <2.97 x 10% <0.7 64
117b CsH1z <0.036 (<0.1) <2.9x 10" <0.7 65
117c I 0.318 (0.89) <2.6 x 10" 6.2 4
117d NMe, <0.024 (<0.1) <1.9 x 10" <0.5 42
117e H 0.121 (0.34) 1.0x 10* 2.4 18
117f O(CH,CH,0)3CH3 0.154 (0.43) 1.28 x 10" 3.0 12
1179 OH <0.036 (<0.1) <2.97 x 10* <0.7 65
117h CH,P(O)(OEt); 0.054 (0.15) 4.45 x 10" 1.0 41
117i NH, 0.010 (0.04) 7.91 x 10" 0.2 110
117j CH,COOH 0.011 (0.03) 8.90 x 10" 0.2 222
117k CH,P(0)(OH)(OEt) 0.139 (0.39) 1.16 x 10" 2.7 14
1171 CH,P(O)(OH), 0.164 (0.46) 1.36 x 10" 3.2 12
117m CH,P(0)0O,Ca <0.036 (<0.1) <2.97 x 10% <0.7 64

*Calculated on the basis of 725m°/g surface area for XAD-4; °limiting area of 1.71
nm?molecule is assumed as calculated using Chemicalize (www.chemicalize.com); °N is
the ratio of unmodified sites to modified sites calculated using combustion analysis.

Nitrogen was detected on all of the directly coupled materials but in significantly lower
quantities than the linker-coupled analogues (Table 4.6). The loadings and surface coverage
calculated for materials that have <0.1% N are the upper limit values, since the amount of
nitrogen on the surface was below the measurable detection limit. The loading of the
chemistry ranges from 0.024 (117d) to 0.318 (117c), thus giving a surface coverage range of
0.2 — 6.2%. Notably, iodo-terminated material 117c demonstrates the highest loading and

surface coverage by far, indication again of the small terminal group allowing for tighter
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packing of the diazonium salt and its residues in the pores of the materials; the iodo-linker
coupled material 116c also had the highest loading of the linker coupled materials.
Combustion analysis detected phosphorous on the phosphonate diester, monoester,
phosphonic acid and calcium phosphate materials 117h, k, I and m with % P of 0.04, 0.06,
0.09 and 0.10, respectively. Again, the percentage of phosphorous detected is much smaller

than that for the corresponding linker-coupled materials.

Comparison of the loadings of the linker-coupled materials with those made previously in
the group is very positive. Leonard used 4,4'-(diazomethylene)bis(methoxybenzene)
(Scheme 1.14, Chapter 1) to modify the same polystyrene beads and diazonium coupling
with two salts to obtain materials loaded with 1.5 x 10" and 2.99 x 10'? molecules/cm?
corresponding to surface coverage of 9 and 1.8%, respectively.”® The number of
molecules/cm? observed in this thesis are in the same region as those obtained by Leonard,
although there is an improvement in surface coverage with some diazonium salts.
Commercially available functionalised polystyrene resins have loadings ranging between
1.5-3 mmol/g for an amine modified resin 118 (Figure 4.3), 0.6 - 1.7 mmol/g for hydroxyl
resin 119 and lower loadings of 0.6 - 1.2 mmol/g for resins modified with longer chain
groups such as 120.*%*2 The loading of linker terminated material 115 has a loading at the
lower end of the range of the resins commercially available and these loadings decrease after
diazonium coupling. However, the commercial loadings result from a bespoke method
finally tuned for the specific groups applied to the surface and the method in this thesis
offers a simple process that may be applied to a wide range of base materials. The benefit of
this generality was considered to be more important for the purpose of this thesis than

further optimising the loadings.
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Figure 4.3: Examples of commercially available resins.

4.4.4 Contact Angle

Since the base material was spherical polystyrene beads, standard methods of contact angle
measurement were not possible since usually a flat surface is required to support the droplet.
A flotation method (Figure 4.4) was used in which a bead of each material was floated on a
water droplet resting on a glass slide and the angle 0 analysed using contact angle software
and video imaging'®* with 6 decreasing as hydrophilicity increases. The data presented

below is an average of 5 measurements carried out on 5 different beads.

Water

Figure 4.4: Flotation method of contact angle measurement.*?*

Prior to any chemical treatment, the contact angle of XAD-4 polystyrene was 53°, after
reaction with the diazo the contact angle was reduced to 37°; linker-terminated material 115
is the most hydrophilic of all the materials which may be a consequence of residual sodium
chloride or sodium carbonate left behind after transportation in an aqueous medium. The
materials generated after diazonium coupled 116a-m exhibited a range of surface wettability

with contact angles of 43-73°. Phenyl-terminated material 116e demonstrates the effect of
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diazonium coupling without a significant terminal group (R=H) and has a contact angle of
64°. Materials that are more hydrophilic than phenyl-terminated 116e include 116f-k, these
materials are terminated with glycol, hydroxyl, phosphonate diester, amine, acid and
phosphonate monoester groups, all of which are capable of hydrogen bonding with water.
Materials 116a-d are the more hydrophobic with contact angles ranging from 55-60°.
Interestingly, the two most hydrophobic materials are 1161 and 116m which are terminated

with phosphonic acid groups and calcium phosphonate.

Table 4.7: Contact angle analysis of linker coupled materials.

. Contact angle | Standard
Material R (degrees)? deviation
XAD-4 - 53 9
115 - 37 7
116a t-Butyl 59 7
116b CeHi13 55 7
116¢ I 59 6
116d NMe, 60 10
116e H 64 5
116f O(CH,CH,0)3CHj3 43 5
116g OH 53 11
116h CH,P(O)(OEt), 49 5
116i NH, 51 6
116j CH,COCH 50 10
116k CH,P(O)(OH)(OEt) 50 3
116l CH,P(O)(OH), 73 8
116m CH,P(0)0O,Ca 73 7

®Values averaged from five measurements.

The standard deviations are significant and if an error of + standard deviation is assumed,
then the diazonium coupled materials all overlap with each other to some degree. A more
pronounced effect with smaller standard deviation may have been seen on a material that is
more homogenous; Amberlite XAD-4 beads are porous with an extensive rough surface
structure which is not ideal for contact angle analysis as the pores will disrupt the alignment

of the water to the bead. Furthermore, a different bead was used for each measurement, and
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although all spherical, they were not identical in size and morphology, and this will have a
significant effect on the standard deviations. Advancing and receding contact angles would
give more accurate information for the inhomogeneous bead surface, however, it would not
have eliminated the variations between individual beads and their sizes.!”® Nonetheless,
noteworthy correlations were observed between protein adsorption and contact angle as will

be discussed in Chapter 5.

445 Imaging of beads with SEM

Scanning electron microscopy (SEM) was necessary to observe the microscopic surface
structure of the beads and how it was affected by the chemical modifications; the materials

were all coated in gold before the imaging was conducted.

Images a and b in Figure 4.5 are of the polystyrene beads before modification, however, the
beads had been washed with acetone and dried. Image a shows the beads to be spherical but
with rough surface structure; clusters of pores are observed as well as some areas in which
sections of the beads have flaked away; the beads are brittle when dry and abrasion during
transportation seems likely to lead to surface erosion. A closer image of the bead, 4.5.b,
shows that there are crystals on the surface which are thought to be sodium carbonate or
sodium chloride, since sodium was also observed by XPS analysis. Since chloride ions were
not detected by XPS, sodium carbonate is more likely. After modification with the diazo
generating linker-modified material 115, the spherical structure of the beads was maintained
(Figure 4.5.c). However, the outer surface of the bead is covered irregularly with raised
globular structures (Figure 4.5.d) which are large enough to give the beads an uneven
morphology (Figure 4.5.c). The globular structures are likely to be a result of aggregation of
diazo 65 in solution or during coating. Some of the structures appear to be raised from the

surface, indicating that washing did not remove all of the material that did not react with the
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bead surface. Since the globular structures are not observed on any of the diazonium coupled
materials except glycol 116f, it is assumed that they did not react with the polystyrene and

were removed during the diazonium coupling reaction.

S.8kV X188

10rm 14445086
{

Figure 4.5: SEM images. a and b are images of unmodified XAD-4 whilst ¢ and d are
images of linker terminated 115.
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SEM images of a selection of linker-modified materials that have undergone diazonium
coupling can be found in Figure 4.6. The fragile nature of the beads is illustrated in image
4.6.b where large sections of the beads have broken off and one of the beads shows a section
flaking away; the cleanliness and shape of the damaged areas suggests a physical force such
as abrasion as the cause rather than the chemistry. Image 4.6.a is of a bead that has not
succumbed to the same fate. Images 4.6.c and 4.6.d exhibit the rough surface morphology
that results from the porous structure of the beads and that there are localised clusters of
pores, but these clusters are thought to be too large to have been created by chemical
modification since they are in the order of 10 um in length. The surface structure attributed
to excess sodium chloride and sodium carbonate was not detected on any of the diazonium
coupled materials suggesting that the diazonium coupling step helps to clean the sample, and
soaking of the beads in EtOH or water for a prolonged time period may have been a more

effective method of cleaning them after the first modification step.
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>188 1060mm

Figure 4.6: SEM images. a and b are images of hydroxyl terminated material 116g, c is
amine terminated material 116i and d is diester phosphonate material 116h.

Globular deposits were observed on the glycol modified material 116f as seen in images
4.7.aand 4.7.b (Figure 4.7), and this is the only diazonium coupled material that showed this
type of deposit. In solution, the glycol chains can interact with each other; either the chains
will align via van der Waals interactions, or hydrogen bonding mediated by EtOH and water
will cause the salt molecules to aggregate. If diazonium salt 116f aggregated in solution and
deposited on the surface, this sort of structure could be expected. Furthermore, if the salt
synthesis did not go to completion, the unreacted amines could also aggregate and then

deposit on the surface. These images are evidence of the need to wash the samples more
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effectively and that an alternative way of coating is needed for the glycol diazonium salt

such that aggregation of the salt does not occur.

Images c-f in Figure 4.7 feature the surfaces of the beads were modified using methods that
extend beyond diazonium coupling. Phosphonate diester material 116h was stirred in an
aqueous solution 1 M HCI to give phosphonic acid 1161 (Figure 4.7.c); track marks can be
seen on the surface bead, probably a result of stirring with a stirrer bar. Hydrolysis of 116h
in aqueous sodium hydroxide resulted in phosphonate monoester 116k and SEM analysis of
the outer surface (Figure 4.7.d) showed needle-shaped crystals which could be sodium
hydroxide. Also, there are right angle and linear shaped fractures in the surface of the bead
which appear to be fractures in a crystalline surface; since the beads are amorphous, this
suggests that there is a crystalline coating on the outer surface of the bead, since an
amorphous structure would not result in such ordered deformation. However, XPS analysis
does not show any sodium on the surface; the only explanation can be that these crystalline
regions are localised rather than covering the whole surface and the XPS and SEM observed
different areas. The linear fractures are also observed in the calcium phosphonate-terminated
material 116m (Figure 4.7.e) and it is possible that there is residual calcium hydroxide on
the surface. Image 4.7.e displays regions of indentation where the pores are more localised,
this will disrupt any inorganic film which may lead to fractures being more irregular.
Finally, image 4.7.f shows dimethylamine-terminated material 116d, as an example of the

beads maintaining the spherical structure even after three modification steps.
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Figure 4.7: SEM images. Images a and b feature the glycol material 116f, ¢ is phosphonic
acid terminated material 1161, d displays the surface of material 116k which is terminated
with a phosphonate mono-ester group image e shows the calcium phosphonate terminated
material 116m, and f is the dimethyl amine terminated bead 116d.
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4.4.6 Thermal analysis

Thermal gravitational analysis (TGA) was used to measure the change in mass, whilst the
samples were heated a rate of 10 °C per minute up to 600 °C, and from this the
decomposition temperature of the materials was calculated. Unmodified XAD-4
decomposed at 475°C whilst linker-terminated 115 decomposed at 473°C and the
decomposition temperature of coupled materials 116a-m ranged from 473 to 477 °C for
phosphonic acid and phosphonate diester materials 1161 and 116h, respectively. These
temperatures are comparable to data reported by Bernard et al. who described the
decomposition of catechol modified XAD-4 due to degradation of the aromatic groups to be

at 490 °C.%»

Table 4.8: Table to show the decomposition temperature measured by TGA analysis
and the thermal event as measured by DSC between 25 °C and 260 °C.

Material R TGA Decomposition DSC
temperature ("°C)? Thermal
event ("C)?

XAD-4 - 475 101
115 - 473 105
116a t-Butyl 473 98
116b CsHis 474 9
116¢ I 476 98
116d NMe, 476 97
116e H 474 98
116f O(CH,CH,0)sCH3 474 98
1169 OH 476 96
116h CH,P(O)(OE), 477 97
116i NH; 475 9
116j CH,COOH 471 98
116k CH,P(O)(OH)(OEY) 477 99
116l CH,P(O)(OH); 473 96
116m CH,P(0)0,Ca 474 96

®Average temperatures.
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The thermal activity of the materials was further analysed using differential scanning
calorimetry (DSC) which allows measurement of thermophysical properties such as the
glass transition, melting and crystallisation temperatures. Since the polystyrene is
amorphous, the glass transition temperature was of particular interest, specifically if it was
altered by the chemical modifications. The materials were heated at from 25 to 260 °C and
the temperatures at which there was a thermal event can be found above in Table 4.8. An
event at 101 was observed for XAD-4, 105 for 115 and a range of 94 to 99 °C for the
diazonium coupled materials. The glass transition temperature for non-crosslinked
polystyrene has been measured to be in the range of 96.9 - 99.8 °C and also at 107 °C.*2**?
The thermal events in Table 4.8 are thought to be the glass transition temperatures of
residual non-crosslinked polystyrene within the beads and that the glass transition
temperature of crosslinked polystyrene exists out of the range measured. Branger et. al.*®
conducted DSC analysis of XAD-4 up to 800 °C and observed further events such as
depolymerisation at 343 °C and degradation of the aromatic groups at 627 °C. The data
obtained by TGA and DSC do not demonstrate significant changes between the modified
and unmodified materials signifying that the thermal properties of the materials have been

conserved during the modification processes.

4.5 Preparation and characterisation of antibacterial materials

Amine-terminated material 116i was soaked in a solution of penicillin V in PBS (phosphate
buffered saline) to produce material 121 (Scheme 4.3), in which it was assumed that the
penicillin would be bound to the surface via electrostatic interaction between the carboxylate
group on the penicillin and the protonated aniline on the bead surface. After diazonium

coupling in acidic conditions, the material was not washed with base so that the protonated
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aniline would be present on some or all of the surface. Unmodified XAD-4 was exposed to

penicillin V using the same protocol (Scheme 4.3) giving material 122 for comparison.
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Scheme 4.3: Preparation of penicillin loaded materials. Conditions: materials soaked in a
solution of penicillin V in PBS (5 umol/ml) followed by thorough washing with water.

XPS and combustion analysis were used to determine if penicillin VV was present on the
materials after washing. XPS analysis detected oxygen, carbon, nitrogen, silicon and sodium
in both cases, but no sulfur was observed. Silicon was observed due to contamination of the
materials in the lab environment and from glassware used during the chemical treatments.
However, combustion analysis did detect sulfur, and from the percentage of sulfur the
loading of penicillin V could be calculated; 0.14 mmol/g of penicillin V was detected on
amine-modified material 121, whilst material 122 has a loading of 0.18 mmol/g. Although
both materials have very similar loading levels, this gave no information for the binding

behaviour of penicillin. Amberlite XAD-4 is a polystyrene based resin designed for the

116



Chapter 4

adsorption of small molecules, usually from polar solvents; this appears to function on the
basis of pore entrapment, and the materials prepared herein were washed with water which

was not successful in removing absorbed penicillin V. **°

4.6 Conclusions

Successful modification of XAD-4 polystyrene has been demonstrated with XPS and ATR-
IR confirming the presence of significant elements and functional groups that were are
expected by the chemical treatments. Combustion analysis provided further evidence, with
confirmation of nitrogen after each of the modification steps as well as detection of
phosphorous and iodine on a selection of the linker-coupled materials that had been
functionalised with these elements. The loadings of the chemistry exhibited by the linker-
coupled materials are significantly higher than those of the directly coupled counterparts,
suggesting that the mechanism of retention of the diazonium salts differs between the two
groups of materials. Furthermore, the linker-coupled materials are more intensely coloured
than the corresponding directly coupled materials. This evidence suggests that the linker
coupled materials were modified by covalent attachment of the diazonium salts via an azo
linkage, whereas the directly coupled materials retain the decomposed diazonium salt
residues by physisorption. The effect of the chemical modifications on surface contact angle
was investigated; variations in the contact angles were observed and typically the chemistry
influenced the hydrophilicity of the polystyrene, with materials that have the ability to
hydrogen bond water being generally more hydrophilic and the materials terminated with
alkyl groups more hydrophobic. However, the effect of the surface chemistry on the contact
angle was not strongly pronounced and the angles were accompanied by significant standard

deviations for reason already discussed.
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SEM, DSC and TGA analysis were carried out determine the effect of the chemical
modifications on the structure and physical properties of the beads. SEM analysis
demonstrated that the overall structure of the beads was left intact but interesting surface
structure was observed in the form of globular and crystalline deposits on the surface of the
beads. Where macroscopic destruction of the beads was observed, the fracture lines were
clean and looked to be a result of abrasion; this confirmed the need to take care when
handling the dry materials since they are brittle. The thermal events observed on modified
and unmodified polystyrene are all very similar suggesting that the chemistry is not altering
the thermal properties of the beads and the glass transition temperatures measured by DSC is
that of residual non-crosslinked polystyrene. Notably, the glass transition temperature for
linker terminated 115 is 105 °C, where the other materials range between 94 - 100 °C. The
globular deposits left behind after carbene modification, thought to be unreacted carbene

residue, may have affected increased the Tg of the non-crosslinked polystyrene.

The presence of penicillin VV on antibacterial materials 121 and 122 was confirmed by
detection of sulfur by combustion analysis, however both materials were revealed to have
similar loadings; 121 and 122 are based in amine-terminated material 116i and XAD-4
respectively. The absorbent properties of XAD-4 makes it difficult to establish if amine
modified 121 is supporting the penicillin by electrostatic interaction rather than adsorption
into the pores as occurs in XAD-4 based material 122. In order to gain more information
regarding the mechanism by which penicillin V is supported on an amine-modified
substrate, an alternative polymer that is less porous and can be washed more thoroughly will

need to be investigated; a flat polymer may prove to be more successful.
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Chapter 5: Assessment of Biological Properties

Biomaterials that can control biofouling and reduce infection are of great interest, for
applications ranging from implants to wound dressings and clothing; the library of materials
discussed in Chapter 4 provided a wide range of functionality suitable for investigation of
biological properties. This Chapter initially reports an investigation of how chemical surface
functionality can control protein adsorption (Figure 5.1), and reports preliminary results
which make use of such modified polymers as antibacterial materials and drug delivery

vehicles, using penicillin V as the prototype.

Surface

Functional Surface Active Polymer

. Polymer
Chemically
Activated Add k ] ( .
Chemically Polymer - 4 U L Protein -
modify | |
Lo bbb, daddd O
Polystyrene XAD Polystyrene XAD Polystyrene XAD Polystyrene XAD
Hydrophilic Hydrophobic > Hydrophilic
| I
CHyCH,CH,CH,CHCHy - OCH,CHOCH,;CHsOCH,CHoOCHS,
Me:N  HoN CH,P(0)(OH)(OEY), GH,P(O)(OH),,  CHeP(O)(0)Ca
C(CHy)s, CHPONCEY2  OH, CH,CO,H
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Figure 5.1: Surface modification strategy to control protein adsorption.

5.1 Protein Adsorption

Protein adsorption has implications for understanding the biocompatibility of a surface,
since upon implantation of any foreign body, the first bio-response is non-specific protein
adsorption on the implant surface. Non-specific protein adhesion on biomaterials can result
in a range of undesirable or unexpected events,? for instance, when plasma proteins such as
fibrinogen interact with synthetic surfaces, their conformation can be significantly altered,®

resulting in enhanced platelet and erythrocyte adhesion as well as induced coagulation; these
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reactions are invariably detrimental to the acceptance and function of the device. The control
of non-specific protein adhesion is therefore an important task in the design of new

biomaterials.

The effect of surface functionality on protein adsorption was investigated using materials
115 and 116a-m (Figure 5.2), whose preparation and characterisation was fully described in
Chapter 4. The protein adsorption experiments were kindly carried out under the supervision

of Professor Cleo Choong, NTU Singapore.

Polystyrene XAD-4 Polystyrene XAD-4
0 Et o Et 16a R=tBu
NN SN 116b

R =CgHq3

116c R=|

15 116d R =NMe,
116f R = O(CH,CH,0)3CH3;
116g R=O0OH

116h R = CH,P(O)(OEY),
Ny 116i  R=NH,
N 116j R =CH,COOH
116k R = CH,P(O)(OH)(OEt)
1161 R= CH,P(O)(OH),
116m R = CH,P(0)0,Ca

Figure 5.2: Materials used for protein adsorption studies.

5.1.1 Protein adsorption after three hours

Following sterilisation, the materials 115, 116a-d, f-m were incubated in a solution of the
protein, bovine serum albumin (BSA), in phosphate-buffered saline (PBS) at physiological
pH. The beads were filtered to remove the supernatent solution and then soaked in sodium
dodecyl sulfate (SDS), a surfactant which removes the adsorbed protein from the material,
the optical density of the resulting solution was measured and from this the amount of
protein adsorbed onto the beads was calculated by comparison to an appropriate calibration

curve, and the data are presented in bar chart form (Figure 5.3).
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Figure 5.3: The amount of protein adsorbed on the variously modified beads and
unmodified XAD-4 after a three hour incubation time. Data presented is of one
measurement of protein adsorption per material.

The majority of the materials show increased protein adsorption relative to unmodified
XAD-4, and in particular the phosphonate monoester-terminated material 116k adsorbed the
greatest amount of protein of all materials. On the other hand, the t-butyl, dimethyl amine
and hydroxyl terminated materials 116a, d and g show a lower level of BSA adsorption,
whilst the glycol-modified material 116f has a comparable level of adsorption to that of
XAD-4. Since the loadings of the introduced chemical surface functionality do vary, as
calculated using combustion analysis (Table 4.4, Chapter 4), these initial binding data were
adjusted to grams of protein adsorbed per mmol of surface modification, termed the adjusted
protein adsorption, the results of which are displayed in Figure 5.4. The protein adsorptions
range from 0.126 to 0.667 g/mmol, with the iodide terminated material 116¢ having the
lowest adsorption. Phosphonate monoester terminated material 116k remains as a material

with high adsorption, and is similar to 116b, i, j and m (iodo, amine, acid and calcium
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phosphonate terminated), with acid terminated 116j having the highest adjusted adsorption

at 0.03 g/mmol of surface modification.
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Figure 5.4: Protein adsorption adjusted to allow for the surface chemical functionality
loading. Data presented is of one measurement of protein adsorption per material.

The effect of the hydrophilicity on the capability of a surface to absorb proteins has been
extensively discussed with the conclusion that protein adsorption is hindered by hydrophilic
surfaces. That being the case, it was expected that a correlation of water contact angle with
protein binding be observed. Comparison of the adjusted protein adsorption with the average
measured contact angle of the materials (Figure 5.5; contact angle data taken from Table 4.7,
Chapter 4) shows a general trend; a broad linear correlation is observed in the central region
from 115 to 116m, although materials 116c¢, I, k, j, i and b (iodo, phosphonic acid,
phosphonate monoester, acid and amine terminated) in particular deviate from the trend,

suggesting that the ability of the materials to adsorb protein is affected by other factors.
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Figure 5.5: Correlation of adjusted protein adsorption with contact angle. Errors of

plus and minus one standard deviation are displayed.

Chemicalize (www.chemaxon.org) was used to calculate cheminformatic molecular

descriptors often used in the design of drug candidates.™*® Although this software is designed

for molecules in solution, considering the length of the linker molecule to which the

functional groups of interest are joined, a high degree of freedom is possible; thus it was

proposed that the calculable parameters may provide insight into the surface properties and

therefore the behaviour of the materials when exposed to BSA. Table 5.1, contains the

results of the cheminformatic analysis. The structures used to calculate the parameters are

displayed in Figure 5.6.
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Table 5.1: Parameters calculated using Chemicalize (www.chemaxon.org).
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Polar

%

. L Molecular | surface Molecular Polar | Volume | Minimum | Maximum
Material R ClogP | Polarisability - surface 3 2 2
refractivity | area A2 | surface (A% | area (A% | area (A%
(A3 | area A | area

123 - 8.6 55.7 114.9 12.5 743.6 1.7 453.0 85.6 120.0
124a t-Bu 12.6 74.2 197.9 37.2 1009.5 3.7 610.4 111.4 170.6
124b CeH1s 13.8 77.9 207.3 37.2 1006.0 3.7 643.7 113.3 182.8
124c I 12.0 71.6 192.6 37.2 906.2 4.1 565.5 105.6 161.0
124d NMe; 11.1 73.8 193.7 40.4 965.8 4.2 587.7 107.9 168.6
124e H 11.0 66.9 179.2 37.2 870.1 4.3 540.8 104.0 152.8
124f O(CH,CH,0);0CH; | 10.8 82.4 218.8 74.1 1164.6 6.4 697.5 119.5 200.2
1249 OH 10.7 67.4 181.2 57.4 892.2 6.4 549.9 104.4 157.2
124h CH,P(O)(OEt), 11.4 80.6 213.6 72.7 1119.1 6.5 672.5 113.9 192.5
124i NH, 10.2 68.0 183.9 63.2 896.3 7.1 551.9 103.8 159.2
124j CH,COOH 10.4 71.0 190.5 74.5 950.9 7.8 586.7 1115 165.7
124k CH,P(O)(OEt)(OH) 9.5 76.7 204.3 83.7 1049.0 8.0 636.2 113.3 179.7
1241 CH,P(O)(OH), 8.5 72.7 195.1 94.7 980.1 9.7 601.3 112.1 167.3
124m CH,P(0)(0,Ca) 8.5 725 192.8 100.4 975.6 10.3 596.5 114.6 166.0
Average areas of 124a-m 110.5 171.2
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124m R =CH,P(0)0,Ca

Figure 5.6: Structures used for cheminformatic parameter calculations.

ClogP is the partition coefficient between water and octanol and it gives a measure of
lipophilicity; as expected the alkyl terminated 124a and b species show the most preference
for octanol with the highest values of 12.6 and 13.8, respectively, as a result of the terminal
groups interacting with the octanol carbon chain by van der Waals interactions. The
phosphonic acid 1241 and calcium phosphonate 124m terminated molecules have the lowest
value of 8.5. Polarisability is a measure of the tendency of the electronic distribution of the
molecule to be distorted by an external electric field; species that have more polarisable
bonds will be prone to distortion. This is observed by the glycol system possessing the
highest polarisability at 82.4 whilst the linker system 123 has the lowest at 55.7. Calculated
molecular refractivity (CMR), a parameter representing the effect of the volume and
dispersive interactions that influence ligand receptor interactions was also calculated; linker
123, with the smallest volume, has the smallest CMR of 114.9 and phenyl terminated 124e
has the smallest value out of the diazonium coupled species. The latter is an indication of
that the terminal groups, added by diazonium coupling, enhance the ability of the species to
interact with the protein receptors. The molecular surface area (MSA) measures the area of

the molecule accessible to solvent whilst the polar surface area (PSA) represents the area of

125



Chapter 5

the molecule made up of polar atoms, a parameter that has shown good correlation with the
ability of drugs to move through cell membranes and the % polar surface area (%PSA) is the
polar surface area relative to the molecular surface area. The PSA and %PSA values follow
similar trends as would be expected, where the alkyl and iodo terminated species 124a, b
and c have the smallest values and an increase is observed with an increase in polar bonds
and atoms. Finally, the volume and the minimum and maximum area of the molecules has

also been calculated.1?#130-132

The adjusted protein adsorption was correlated with each of the parameters listed, and a full
set of the results can be found in Appendix Il, the correlations with PSA and %PSA showed

the most interesting trends (Figure 5.7).

Three groups follow the pattern of increasing protein adsorption with increasing PSA and
%PSA (Figure 5.7); at the higher adsorption level, this includes 116b, i and j (hexyl, amine,
and acid terminated), at the medium adsorption level, 115, 116a, d, g, k and m (linker only,
t-butyl, dimethyl amine, hydroxyl, phosphonate monoester and calcium phosphonate
terminated) at the low adsorbing level, 116c, f, h and | (iodo, glycol, phosphonate diester
and phosphonic acid terminated). This is perhaps not surprising, since the increase in polar
bonds, indicated by increasing PSA, the possibility of surface-protein electrostatic
interactions will be increased, thus increasing the likelihood and strength of the binding

interaction.
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Figure 5.7: Correlation of PSA and %PSA with adjusted protein adsorption.

5.1.2 Time-course protein adsorption

In order to develop understanding into the adsorption of BSA over a period of time, a

selection of the materials were exposed to a known concentration of BSA in PBS for 1, 3, 6,

12, and 24 hours; the amount of protein adsorbed after the different times was calculated

from the change in optical density of the protein solution, and quantified by calibration using
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standard curve. The experiments were carried out in triplicate, resulting in the protein

adsorption data presented in Figure 5.8 and in Table 6.18 in Chapter 6.

m 1 hour
m 3 hours
= 6 hours
w12 hours

% Protein Adsorption

= 24 hours

XAD4 115 116a 116b 116d 1161 116g 116h 116i 116
Material

Figure 5.8: Average % protein adsorption generated from three measurements, with
error of plus and minus one standard deviation assumed.

The % protein adsorption was adjusted to account for the surface loading of the chemistry,
as presented in Figure 5.9. The adjusted protein adsorption gave more information
concerning the effect of the applied surface chemistry. It is apparent that variability of BSA
adsorption over time is observed over a 24 hour time period (Figures 5.8 and 5.9); hexyl-
functionalised material 116b is the only substrate which continued to adsorb protein over the
full assay time period, while the rest have the maximum adsorption point before 24 hours.
This signifies that protein adsorption is initially rapid but reversible and tends to a steady-
state value, which is possibly influenced by protein displacement by water. Protein
adsorption has been described to occur in two steps: the first step is reversible adsorption,
while the second requires a change of protein conformation resulting in irreversible

adsorption.’® Water adsorption will most likely compete with the proteins until the water-
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surface and protein-surface equilibriums are at a steady state. Once adjusted to account for
surface loading of the chemistry (Figure 5.9), materials 116a, b, d, i and j (t-butyl, hexyl,
dimethyl amine, amine and acid terminated) exhibit high levels of adsorption, while the
lower binding materials are terminated with oxygen rich units, such as glycol, hydroxyl and

phosphonate diester functionalities 115, 116f, 116g and 116h.
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Figure 5.9: Adjusted percentage protein adsorption. Three replicates per material was
performed and an error plus or minus one standard deviation is displayed.

The average adjusted % protein adsorption data at 1, 12 and 24 hours was compared with the
contact angle data which revealed interesting time-course behaviour (Figure 5.10). When the
average contact angles and protein adsorption quantities are considered, after one hour,
adsorption has a broad linear correlation with contact angle with an R* value of 0.7542
indicating that generally increasing the hydrophobicity of a surface leads to increased
protein adsorption. Notably, however, acid and amine terminated materials 116i and j
deviate from the trend, giving higher levels of protein adsorption than their surface contact

angles would predict. By 12 hours, this linear trend is preserved only weakly, with an R?
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value of 0.5168, for which the glycol and acid functionalised materials 116g and j deviate
significantly. Between 1 and 12 hours, materials 115, 116f and g (linker modified, glycol
and hydroxyl terminated materials) have lost protein rather than continued to adsorb it,
presumably due to the hydration layer surrounding the surface that restricts adsorption and
displacement behaviour of the protein by water. The hydrophobicity correlation is
completely lost at 24 hours, with two distinct groups of materials observed. The lower
adsorbing materials are terminated with the linker molecule, glycol, hydroxyl and
phosphonate diester groups 115, 116f, g and h. The higher adsorbing materials are 116a, b,
d, i and j (t-butyl, hexyl, dimethyl amine, amine and acid terminated), all of which have
contact angles at the higher end of the range, with the exception of the acid and amine

terminated materials 116i and j.

Vogler et al.™®* describe the Gibb’s energy of adsorption (AG) as being the sum the
following three parameters: AG (hydrophobic effect), the energy gained in the protein
coming out of solution and water hydrogen bonding with itself, this can be assumed to be
constant for purified proteins; AG (dehydration), the energy required to displace water
contained within the hydration layer on the surface of the material; AG (interaction) which
considers the affinity of the protein for the surface functionality and the bonding interactions

that are formed.

AG = AG(hydrophobic) + AG(dehydration) + AG (interaction)

With Vogler’s hypothesis in mind, the linear correlation of contact angle with adsorption at
1 hour suggests that initially the AG (dehydration) term dominates. For the materials that do
not gain or retain significant amounts of protein after 1 hour, such as 115, 116f and g (linker,

glycol and hydroxyl terminated), this term continues to dominate, with the hydration layers
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becoming more extended and thus requiring more energy to displace. However, when
materials continue to adsorb more protein, the AG (interaction) term competes and
eventually dominates. The phosphonate diester terminated material 116h is interesting in
that the amount of protein it adsorbs generally increases throughout the experiment, albeit
slowly, but then decreases after 12 hours; this implies that the phosphonate diester group
will interact with binding sites of BSA, but the interaction is not strong enough to compete
with water, suggesting that the phosphonate diester does not compliment the BSA binding
sites. Finally, the acid and amine terminated materials 116i and 116j show high affinity for
BSA from the outset with their adsorption levels being consistently higher than those
expected based in their surface contact angles, suggesting that the AG (interaction) term
dominates in Vogler’s equation. This is consistent with the known binding sites of BSA that

bind acidic functional groups, in particular carboxylic acids as discussed below.

Correlation of average protein adsorption at 1, 12 and 24 hours with % PSA (Figure 5.11)
revealed interesting patterns across the three time points. After 1 and 12 hours, two groups
follow a linear trend of increasing adsorption with increasing % PSA. The first group is
composed of materials terminated with the linker, t-butyl, hexyl and dimethyl amine groups
115, 116a, b and d which will bind BSA through van der Waals interactions. The other is
made up of materials 116f, g, h, i and j, terminated with glycol, hydroxyl, phosphonate

diester, amine and acid groups, these groups bind BSA with electrostatic hydrogen bonding.
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Figure 5.10: Correlation of contact angle with adjusted percentage protein adsorption

at 1, 12 and 24 hours.

132



250 5

(=3
[=3
=

% protein adsorption per mmol/g of chemistry

&
3

=
2

n
=

1 hour

us ¢

116a 4
116d

116b 1

116j ¢
116g + 116i ¢

116h
116f ¢

4"’/«l’SAS

=3
=3
<

I
=

% Protein adsobsorption mmol/g of chemistry

=]
=
s

w
=
"

12 hours

+115

116d

116b
116a

}llﬁj

¢ 116i

+ 116h

lle{%llﬁg

Y% PSA

=
(=)

=
=

% Protein adsorption per mmol/g of chemistry
[=2)
=)

=]

2
S

=
S

%0
=

s
=)

[*]
=3

24 hours

116b+

1162%

116d

——————

116j+

116i

116h
116g

116f $‘

%PSA

6 7 8

hours.

133

Chapter 5

Figure 5.11: Correlation of %0PSA with adjusted % protein adsorption at 1, 12 and 24
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Investigations into human serum albumin (HSA) have revealed that the protein has two
dominant binding sites both of which are generally hydrophobic, but with polar regions as
well.™° The sites differ in their size and location of the polar cavities; one site is larger and
has two polar regions, one close to the entrance and one further into the cavity, whereas the
other binding site has one small polar region located close to the entrance.*! Two of the
binding sites observed on BSA have proved to have similar binding affinities to that of
HAS. *? The two groups observed in the % PSA correlations may be due to interactions with
the two dominant binding sites of BSA, one group for each site. Furthermore, acidic groups
and specifically aromatic carboxylic acids have a high affinity for both protein binding sites

1314 which accounts for the

as a result of the basic residues found in the cavities
consistently high % protein adsorption exhibited by acid terminated 116j, relative to the
measured contact angle, from the outset. By 24 hours, three groups of materials are
observed in the correlation; the first, 116f, g and h (glycol, hydroxyl and phosphonate
diester terminated) all of which have low protein adsorption and bind water preferentially;
the second, 116a, b and d (t-butyl, hexyl and dimethyl amine), all of which bind the protein
with van der Waals interactions; finally the third, 116i and j, which interact with the protein
via hydrogen bonding. Material 115 does not fit into any of these groups; surface analysis
revealed that sodium salts were present of the surface of this material which will influence
the surface properties and protein adsorption abilities. BSA has an isoelectric point of 4.7 so
at pH 7.4 will possess a significant negative charge™*® which will result in repulsion of any
negative ions on the material surface, such as CI" or CO3 from residual sodium chloride and
sodium carbonate. BSA deposition on a cellulosic membrane was reduced when the negative
charge character of the membrane was increased by y-irradiation, resulting in an increase in

6

surface hydroxyl groups,*®® although whether this was a result of increased surface
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hydrophilicity also is not commented on. Furthermore, the repulsion between surface ions

and solution ions contained in the PBS buffer will also reduce protein adsorption.*®’

5.1.3 Conclusions

The protein adsorption experiments indicate that whilst surface hydrophilicity is important
for reducing protein adsorption, it is not the only factor to be considered. Correlations with
contact angle data indicate that materials terminated with functionality that has a high
affinity for the protein will adsorb protein, regardless of the hydrophilicity of the surface,
and acid terminated material 116j is good example of this. Furthermore, the time course
adsorption investigation showed that whilst hydrophilicity is initially important, over time
surface functionality becomes more dominant, with Vogler’s expression for the Gibbs
energy of adsorption providing a useful tool for the discussion of the various factors. The
correlations with cheminformatic parameters PSA and % PSA demonstrated some
interesting trends, especially in the time course analysis; notably these parameters do not
take into account the natural affinity of functional groups for protein receptors and water
hydration effects so the correlations have limitations. However, correlation of protein
adsorption with % PSA at 1 and 12 hours revealed two distinct groups of materials that that
interact with the protein by different mechanisms and it is proposed that during initial
binding the groups interact with the two known binding sites on BSA, but by 24 hours, this
correlation is no longer observed, at which point the limitation of using the molecular

parameters to explain patterns in protein adsorption is observed.

This work has shown that chemical surface modification can produce a set of materials that
will interact with BSA to different degrees thus allowing for the control of protein

adsorption on surfaces.
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5.2 Antibacterial materials

As discussed in Chapter 1, tethering antimicrobial agents onto surfaces can lead to a
decrease in biofilm formation as a result of contact killing of bacteria. Urban et al. showed
that tethering penicillin to ePTFE (expanded polytetrafluoroethylene) via a polyethylene
glycol spacer resulted in a surface that was resistant to bacteria and biofouling, however, the
length of the linker was essential for the bioactivity.** As a preliminary investigation into the
use of the functional materials to deliver antibiotics, amine-based material 121 was
prepared, as described in Chapter 4. XAD-4 control 122 was also prepared using the same
conditions so that the effect of the amine surface functionality could be observed (Figure

5.12).

XAD-4 Polystyrene

XAD-4 Polystyrene
O\/\ N N H H

J—oxk
Na o/\
N
H
o] N oH 122
/}7/ !
(¢}
e
o S o NH
o//\o ®
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Figure 5.12: Antibacterial materials.

Materials 121 and 122 were tested for their activity against Gram negative bacterium E. coli
and Gram positive bacterium S. aureus using cephalosporin C as a standard with a hole plate
assay. Both materials proved to be active against E. coli, with the % relative potencies of the
materials being in the following ranges: 0.028-0.124% for amine-modified material 121 and
0.134-0.427% for 122. The % relative potency compares the amount of penicillin with the

amount of cephalosporin C required for the same level activity, thus giving a further
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indication as to the activity of the antibacterial in comparison with a known antibacterial (%
relative potency = (moles of penicillin VV/moles of cephalosporin C)x100). Figure 5.13
below demonstrates the change in % relative potency with mass of modified polymer per
incubation well. It was expected that the % relative potency should be relatively constant
across the different sample masses, but the amine-modified material 121 exhibits some
variation, with the majority of points localised around 0.1%. XAD-4 material 122
demonstrates much wider variation, indicating that the release of penicillin is less controlled,

this contrasts with more controlled behaviour of the amine modified material 121.
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Figure 5.13: Variation in % relative potency as it changes with sample mass. One
replication of antibacterial activity per material was performed with each type of
bacteria.

Penicillin V is a highly active antibiotic with percentage relative potency values in the
region of 250% relative to cephalosporin C (Appendix Ill); this, coupled with the wide
variation of the data stated above, prompted the question as to how much of the penicillin
was being released from the materials. A hole plate assay of the activity of penicillin V in

solution against E. Coli was performed by Apichat Aphaiwong (Appendix I11), and from this
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data, the moles of penicillin V released from the materials could be calculated (Table 5.2).
The range of % relative potency based on the amount of penicillin V released was found to
be 140-480% for 121 and 139-1201% for 122. Interestingly, the moles of penicillin V
released over the time course of the assay is actually only a small fraction of the number of
moles loaded onto the materials. It is notable that, for both materials, the percentage of
penicillin V released decreases exponentially as the sample mass increases (Figure 5.14),

and this accounts for the observed trend of increasing % relative potency.

Table 5.2: Table displaying the calculated available amount of penicillin V compared
with that released.

Total Total
Mass | amount | Penicillin % Mass | amount | Penicillin %
of of V| Penicillin | O of V| Penicillin
121 | penicillin | released released 122 | Penicillin | released released
(mg) \Y (nmoles) (mg) \Y (nmoles)
(nmoles) (umoles)

7.6 1.06 0.90 0.085 5.1 0.92 1.30 0.141
10.9 1.53 0.40 0.026 10.7 1.94 1.65 0.085
15.7 2.20 1.55 0.071 16.7 3.02 1.80 0.060
21.4 3.00 1.60 0.053 19.9 3.60 2.40 0.067
26.7 3.74 1.65 0.044 26.3 4.76 2.70 0.057
32 4.48 2.00 0.045 314 5.68 2.85 0.050
40.7 5.70 2.00 0.035 41.6 7.53 2.90 0.039
49.3 6.90 2.05 0.030 49.7 9.00 3.20 0.036
55.4 7.76 2.10 0.027 61 11.0 3.10 0.028
715 10.0 2.50 0.025 69.6 12.6 3.20 0.025
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Figure 5.14: Release of penicillin from materials 121 and 122.

When the activity of the materials against S. aureus was tested, it was found that both
materials had extremely potent activity and that the zone sizes observed far exceeded that of
the standard calibration. Material 122 generated zone sizes all of which are approximately
41 mm, whilst amine-modified material 121 had slightly smaller zone sizes in the range of
31-41 mm. The complete data can be found in Table 6.20, Chapter 6, page 196. The range of
% relative potencies based on the total amount of penicillin V present are 140-480 % and
149-640% for 121 and 122, respectively (Figure 5.15). The variation in values is wide, with
amine 121 showing generally lower relative potencies and less variation with the exception
of one data point. The amount of penicillin V released could not be determined since the

penicillin V in solution proved to be too potent to obtain the necessary results.
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Figure 5.15: Variation of % relative potency with sample mass.

5.2.1 Conclusions

The bioassay experiments revealed that both materials are active against E. coli and S.
aureus, with 122 which was based on unmodified XAD-4, showing slightly increased
activity against both strains of bacteria; this may be a consequence of the higher loading of
penicillin on 122 or it may be due to the different method by which the penicillin was being
bound, with the electrostatic binding of amine polymer 121 leading to a slower and more
controlled release. Comparison of the activity against E. coli with that of penicillin V in
solution showed that the amount of penicillin needed to generate the activity by the
materials was far less than the amount loaded onto the surface. In addition, a trend of
decreasing relative potency and percentage of penicillin V released with increasing sample
mass was observed in both materials. This trend may be due to surface exposure of the beads
to the agar-bacteria gel. Different masses of beads were all placed in wells of the same size
(1 cm diameter) so that as the sample mass increased the contact area decreased,

consequently the core of the beads are not in such efficient contact with the agar. This
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preliminary work was successful in showing that penicillin V is still active when absorbed

into XAD-4 based materials.

5.3 Summary

This thesis has demonstrated surface modification of polystyrenes by carbene insertion,
followed by diazonium coupling, is a simple and successful method to prepare a collection
of materials that share bulk properties and yet differ in their surface chemistry. Further
reaction of a selection of the functional surfaces were carried out, including hydrolysis of the
phosphonate diester group and conversion of amine-terminated surface 116i to dimethyl
amine 116d. It has also been shown that the surface chemistry influences protein adsorption

on two different polystyrene substrates.

TGA, DSC and SEM analysis of modified XAD-4 materials confirmed that the polymers
shared the same thermal properties as untreated XAD-4, within the temperature ranges
analysed, and that the physical nature of the beads was maintained during the chemical
modifications. XPS and ATR-IR spectroscopic analysis provided conformation of the
presence of the functional groups and elements expected after modification. However, it is
notable that iodine could not be detected by XPS on the XAD-4 based material 116c;
conversely, combustion analysis successfully detected iodine at high percentage and the
strong dark purple colour of the linker coupled material was indicative of successful
modification. A similar occurrence was observed on penicillin-loaded materials 121 and
122, where sulphur was detected by combustion analysis but not by XPS. Combustion
analysis of the linker-coupled XAD-4 materials 115 and 116a-m also confirmed successful
modification of XAD-4 by the detection of nitrogen after the carbene insertion and
diazonium coupling, and phosphorous analysis was similarly effective when applicable. This

also provided information concerning the loadings of the surface chemistry, which ranged
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from 0.038 mmol/g to 0.357 mmol/g. When these loadings were compared to those of their
directly coupled counterparts, that were prepared without the electrophilic linker, they were
found to be consistently larger. This combined with the intense colouration of the linker
coupled materials indicates that the linker facilitates diazonium coupling resulting in the
highly coloured azo linkage. When the linker molecule it is not used, as in materials 117a-
m, physisorption of the diazonium salts is probably operating. Chemical modification of
spun polystyrene films on gold and glass was also conducted and XPS was used to show that

addition of the requisite functional groups was successful.

QCM-D was employed to monitor BSA adsorption of the different functional surfaces based
on polystyrene films. The experiments revealed that all of the surfaces performed
differently, suggesting that chemical surface functionality does influence adsorption,
however, the adsorption of BSA could not be differentiated from the adsorption of water and
ions from the PBS solution. The protein assay, based on changes in optical density of
BSA/PBS solutions, performed on the XAD-4 materials 115 and 116a-m proved to be more
conclusive, since the change in optical density corresponded directly to the amount of
protein adsorbed. Again, the materials all performed differently with interesting time-course
behaviour and relationships with contact angle and % polar surface area (PSA) of the
functional groups were established. It was concluded that surface hydrophilicity influenced
protein adsorption initially, with a general trend of increasing protein adsorption with
increasing surface contact angle and so hydrophobicity. However, over time the strength of
the interactions between the protein binding sites and the surface functional groups became
more dominant and any correlation with contact angle was lost. Comparison of protein
adsorption with % PSA demonstrated that in the first 12 hours increasing % PSA resulted in
increased protein adsorption in two groups of materials relating to two different binding sites

on BSA, however by 24 hours the correlation was lost.
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Preliminary investigations into the use of the functional materials for drug delivery and
antibacterial materials was carried out, where amine-terminated material 116i and untreated
XAD-4 were exposed to penicillin V. The resulting materials 121 and 122 were assayed
using the hole plate method and exhibited activity against E. coli and S. aureus, Gram-
negative and Gram-positive bacterium respectively. Future work in this will aim to
determine the role of the amine functionality in binding the penicillin as well as controlling
its release. Furthermore, an alternative assay such as a broth assay may give more

conclusive results quantifying the materials’ activity.
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Chapter 6: Experimental

Protocols not carried out by Emily Parker have been indicated by , but these protocols have
been included for information since Emily Parker conducted all the analysis and the results

are discussed in detail in this thesis.

6.1 General procedures and equipment

Reactions were carried out in oven dried flasks open to the atmosphere using standard
solvents, petrol refers to petroleum ether with boiling point 40-60 °C; dry solvents and inert
nitrogen atmosphere were only used when indicated in the experimental procedures. Dry
THF was obtained by passage through a dry alumina column. Water refers to the use of de-
ionised water. Where necessary, temperatures below room temperature were achieved using
cooling baths; ice/NaCl/water (-5 °C) ice/water (0 °C) and acetone/CO,(s) (-78 °C). When
possible, reactions were followed with thin layer chromatography (TLC) with Merck
aluminium foil backed sheets pre-coated with 0.2 mm Kieselgel 60 F,s4 silica gel, product
spots were visualised with UV fluorescence (Amax 254 nm). Column chromatography was
performed with Merck Geduran Si 60 silica gel (0.040-0.063 mm). Solvents were
evaporated under reduced pressure at 40 °C on a Buchi Rotavapor R-210 with a Vacuubrand

CVC2 pump and pressure control system.

Characterisation of compounds was done using the following equipment and settings.
Melting points were measured with a Stuart Scientific SMP1 melting point apparatus. UV-
visible spectra were obtained with a Perkin-Elmer UV Lamda 14P spectrometer with
solutions in DCM,; the path length is 1 cm and the data is reported in nanometers (nm) with
the molar extinction coefficients (dm®mol™*cm™). Infrared (IR) spectra were recorded on a

Bruker Tensor 27 FT-IR spectrometers; selected absorption maxima are reported in
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wavenumbers (cm™). *H NMR were recorded on Bruker DPX200 (200 MHz), DPX400 (400
MHz), DQX400 (400 MHz) and AVC500 (500 MHz) spectrometers and COSY were
obtained on a Bruker DQX400 and AVC500. *C NMR were recorded on DQX400 (100
MHz) and AVC500 (125 MHz) spectrometers, HMBC, HSQC HMQC and DEPT spectra
were obtained with these instruments also. Chemical shifts (6y, d¢c) are reported in parts per
million (ppm), coupling constants (J) are in hertz (Hz) and the following abbreviations are
used: s (singlet), br s (broad singlet), d (doublet), dd (doublet doublet), t (triplet), q (quartet),
m (multiplet), app. (apparent). Low resolution mass spectra (m/z) were obtained with a
Fisons Platform spectrometer with electrospray ionisation (ESI) and a Fisons AutoSpec-
oaTpf spectrometer with field ionisation (FI). A Bruker microTOF was used to obtain high
resolution mass spectra; m/z values are reported in Daltons and their intensities are a

function of the base peak.

Surface characterisation discussed in Chapter 3 was carried out with the following
equipment: XPS was performed on a lab built spectrometers at 10° — 10° Torr, with an Al
K-a X-ray source (1486.6 eV); contact angle analysis was conducted with an IT concepts
Tracker Drop Shape Analysis and the angles presented are an average of the two sides of the
droplet; a Picometer Ellipsometer, Beaghole Instruments and Igor Pro software were used to
carry out ellipsometry analysis, three measurements per sample were conducted over a range
of 30 to 80°, and a Mitutoyo microscope with Nplan Apolo magnification accessory was
used to capture images of the substrates, images are 460 um wide. QCM-D was performed
with an E1 QCM-D instrument with Q-soft software, and Q-tools software was used to

process the data.

Characterisation of the materials described in Chapter 4 was performed with following

instruments; XPS spectroscopy was carried out on a Kratos Axis Ultra Spectrometer with a
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monochromatic Al-Ka (1486.71 ¢V) X-ray source, the surface wide scans were recorded
with a pass energy of 160 eV and elemental narrow scans were obtained with 40 eV; Bio-
Rad FTS-6000 was used to conduct ATR-IR analysis of the materials with a diamond screw
tip accessory; a JSM6360A JEOL scanning electron microscope was used to image the
surfaces of the XAD-4 beads and TA Instruments Q2950, Q500 and DSC Q10 were used to
carry out the thermal analysis of the materials with the Q2950 and Q500 instruments being
used for TGA analysis. XPS spectroscopy of penicillin materials 121 and 122 was
performed by Cardiff Catalysis Institute and all combustion analysis of all the materials was

provided by MEDAC Ltd. (www.medacltd.com).

6.2 Chapter 2
6.2.1 Organic coatings and amines used for diazonium salt synthesis
The numbering system that has been used in the NMR data description of some compounds

differs to that used for their names, the numbering system is displayed in Figure 6.1. Other

compounds have been assigned according to their compound names.

Figure 6.1

In the case of para substituted benzene moieties, the resonances have been described as

apparent (app.) doublets. AA'XX" coupling is expected but there is not enough fine structure
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in the NMR spectra, however the broad base of the doublet suggests that the resonances are

not just straightforward doublets.

(4-((2'-(Ethyl(phenyl)amino)ethoxy)methyl)phenyl)(phenyl)methanone 875

(o]
O
O
-

This procedure was carried out under an nitrogen inert atmosphere using dry THF. A
solution of 2-(N-ethylanilino)ethanol) (3.32 g, 20.0 mmol) in THF (20 ml) was added to
sodium hydride (0.74 g, 31.0 mmol) in THF (10 ml) at — 78 °C. The mixture was warmed to
room temperature then stirred for 30 minutes after which it was re-cooled to 0 °C. A solution
of 4-methylbromobenzophenone® (4.95 g, 17.8 mmol) in THF (20 ml) was added through a
cannula, the mixture warmed to room temperature and then stirred for 72 hours. The THF
was removed in vacuo then the reaction was quenched with sat. ag. NaHCO3 (20 ml). The
resulting mixture was extracted with DCM (15 ml), after which the organic phase was
washed with water (2 x 20 ml), dried over MgSO, then filtered and concentrated to a dark
green oil (8.32 g). Purification via column chromatography (eluent 9:1 petrol:EtOAc) gave
87 as a yellow oil (4.59 g, 72%). R;0.45 in 6:1 petrol:EtOAC; vmad/cm™ 2970 (C-H), 1926,
1818, 1652 (C=0), 1505; 84 (400 MHz, CDCl5) 1.21 (3H, t J 7.1, NCH,CHs), 3.48 (2H, q J
7.1, NCH,CHs3), 3.61 (2H, t J 6.2, OCH,CH2N), 3.73 (2H, t J 6.2, OCH,CH:N), 4.65 (2H, s,
ArCH,0), 6.70 (1H, t J 7.2, H-4""), 6.75 (2H, d J 8.3, H-2'", 6'"), 7.26 (2H, app. t J 7.8, H-
3'",5"), 7.46-7.53 (4H, m, H-3", 5, 3, 5), 7.62 (1H, t J 7.4, H-4), 7.83 (4H, app. d J 7.3, H-
2',6', 2, 6); 5 (100 MHz, CDCl3) 12.2 (NCH,CHs), 45.5 (NCH,CHj), 50.1 (OCH,CH;N),
68.5 (OCH,CH,N), 72.7 (ArCH,0), 111.8 (C-2'', 6''), 115.8 (C-4), 127.1, 128.3, 129.4,
130.1 and 130.3 (C-3'",5'",2',3",5,6',2, 3, 5, 6), 132.4 (C-4), 136.8 and 137.8 (C-1', 1),
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143.2 (C-4"), 147.7 (C-1""), 196.4 (C=0); m/z (ESI*) 382 ([M+Na]", 40%), 360 ([M+H]",

100%.

(4-((2'-(Ethyl(phenyl)amino)ethoxy)methyl)phenyl)(phenyl)hydrazone 88

HZN b.N

|
"
o0
O\/\N/\

1"

Hydrazine monohydrate (2 ml, 4.2 mmol) was added to a solution of 87 (3.10 g, 8.36 mmol)
in EtOH (15 ml) and the mixture was heated to reflux. Analysis by mass spectrometry after
16 hours showed complete consumption of 87 so the reaction mixture was cooled to room
temperature. Water (5 ml) was added then the EtOH was removed in vacuo. DCM (10 ml)
was added to the residue and the solution was washed with water (3 x 10 ml), then dried
over MgSO, and filtered. Concentration in vacuo gave a 1:1 mixture of two
diastereoisomers in the form of a colourless oil (3.12g, 91%). vma(film)/cm™ 3406 (N-H),
3026 (N-H), 2866 (C-H), 1598 (C=N); &y (400 MHz, CDCl3) 1.41-1.22 (3H, m, NCH,CHs),
3.40-3.50, 3.52-3.55, 3.59-3.67 and 3.73-3.76 (6H, 4 x m, NCH,CH; and OCH,CH;N), 4.53
(1H, s, 0.5 x ArCH,0), 4.62 (1H, s, 0.5 X ArCH,0), 6.65-6.75 (3H, m, H-2"", 4'*, 6'"), 7.20-
7.32 (TH, m, H-3"", 5", 2", 6', 2, 4, 6), 7.46-7.57 (4H, m, H-3", 5", 3, 5); 8¢ (100 MHz,
CDCl;) 12.2 (NCH,CHs), 45.5 (NCH,CHs), 50.1, 68.0 and 68.4 (OCH,CH,N and
OCH,CHsN), 73.0 and 73.1 (ArCH,0), 111.7 and 111.8 (C-2'", 6''), 115.7 and 115.8 (C-
4'"), 126.5, 126.5, 127.4, 128.1, 128.5, 128.8, 128.9, 129.3, 129.3 and 129.4 (C-2, 3, 5, 6, 2,
3,5,6,3 and5""), 132.2, 132.9, 137.9, 138.2, 138.4, 139.2 and 147.7 (C-1, 1,4, 1"),

149.0 and 149.1 (C=NNH,); m/z (ESI*) 374 ([M+H]*, 100%).
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(4-((2'-(Ethyl(phenyl)amino)ethoxy)methyl)phenyl)(phenyl)methanol 89

Alcohol 89 was generated as a by-product in the conversion of benzophenone 87 to
hydrazone 88. 89 could not be isolated, it was only observed in the product mixture. &y (400
MHz, CDCl3) 1.16-1.22 (3H, m, NCH,CHs), 2.33 (1H, d J 3.4, Ar,CHOH), 3.41-3.49, 3.54-
3.62 and 3.65-3.75 (3 x m, 6H, NCH,CHs3, OCH,CH,N), 4.54 (2H, s, ArCH,0), 5.87 (1H, d
J 3.4, CHOH), 6.67-6.76 (3H, m, H-2'', 4'*, 5'"), 7.21-7.27, 7.30-7.34 and 7.37-7.44 (3 x m,
H-3"", 6,2, 3,5,6,2 3 4,5 6); 5 (100 MHz, CDCls) 12.2 (NCH,CH3), 45.5
(NCH,CHs), 50.1, 68.0 and 68.4 (OCH,CH,N and OCH,CH3N), 73.0 and 73.1 (ArCH,0),
111.7 and 111.8 (C-2"", 6""), 76.1 Ar,CHOH, 115.7 and 115.8 (C-4'"), 126.5, 126.5, 127.4,
128.1, 128.5, 128.8, 128.9, 129.3, 129.3 and 129.4 (C-2,3,5,6,2',3",5,6',3" and 5""),
132.2, 132.9, 137.9, 138.2, 138.4, 139.2 and 147.7 (C-1, 1', 4, 1'"), 149.0 and 149.1

(C=NNHy,); m/z (ESI") 362 ([M+H]", 100%).

(4-((2'-(Ethyl(phenyl)amino)ethoxy)methyl)phenyl)(phenyl)diazo 65"

Manganese (IV) oxide (activated 98%) (1.38 g, 15.6 mmol), potassium hydroxide (0.361 g,
6.43 mmol) and sodium sulphate (1.24 g, 8.73 mmol) were added to a stirring solution of

hydrazone 88 (2.25 g, 6.00 mmol) in MeOH (30 ml). The mixture was stirred in the dark for
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3 hours after which analysis by mass spectrometry showed complete consumption of starting
material 88. The methanol was removed in vacuo and then DCM was added (30 ml). The
mixture was filtered through a celite plug and the filtrate was washed with water (20 ml),
dried over MgSQy, filtered and concentrated to give the product 65 as a dark pink oil (2.13
g, 96%). max(neat)/cm™ 2866 (C-H), 2038 (N=N=N); & (400 MHz, CDCl3) 1.18 (3H, t J
7.0, NCH,CHs), 3.45 (2H, q J 7.0, NCH,CHjs), 3.57 (2H, t J 6.4, OCH,CH:N), 3.69 (2H, t J
6.4, OCH,CH;N), 4.55 (2H, s, ArCH.0), 6.66-6.73 (3H, m, H-2"", 4", 6'"), 7.19-7.25, 7.27-
7.32 and 7.36-7.43 (11H,3xm, C-2,3",5',6',2,3,4,5,6,3"",5""); 6c (100 MHz, CDCl5)
12.1 (NCH,CHs), 45.4 (NCH,CHj3), 50.1 (OCH,CH,N), 68.0 (OCH,CH,N), 68.0 (ArCH,0),
111.7 (C-2'",6'""), 115.7 (C-4'"), 125.2, 125.6, 128.6, 129.1 and 129.3 (C-2, 3, 4, 5,6, 2" 3",
5,6',3" and 5'"), 128.9 (C(Ny)), 129.6 (C-1', 1), 135.7 (C-4"") and 147.7 (C-1"'); m/z

(ESI*) 372 ([M+H]*, 100%).

tert-Butyl(4-hydroxyphenyl)carbamate 93%

OH

HN 0]

s

A solution of di-tert-butyl dicarbonate (1.10 g, 5.04 mmol) in THF (10 ml) was added
portion wise to a stirring solution of 4-aminophenol 92 (5.06 g, 4.58 mmol) and Na,COs
(4.85 g, 13.7 mmol) in THF (50 ml) at 0 °C. The mixture was warmed to room temperature
then stirred for 17 hours. The THF was removed in vacuo then the resulting solid dissolved
in DCM (20 ml) and washed with water (4 x 20 ml). The organic phase was dried over

MgSO,, filtered and concentrated to 93 as a white/brown solid (8.61 g, 90%). mp 139-141

°C {lit. *** mp 144-145 °C}; vma(neat)/cm™ 3360 (N-H/O-H), 1697 (C=0); &y (400 MHz,
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CDCIs) 1.52 (9H, s, C(CHs)3), 5.18 and 6.34 (2H, 2 x br s, OH and NH), 6.75 (2H, app. d J
8.5, H-3, 5) 7.18 (2H, app. d J 8.5, H-2, 6); 6c (100 MHz, CDClI3) 28.3 (C(CHs)s), 80.8
(C(CHs)s), 115.7 (C-3, 5), 121.2 (C-2, 6), 131.0 (C-1), 151.9 (C-4), 153.4 (C=0); m/z (EST)

208 ([M-HT", 100%).
tert-Butyl(4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)carbamate 94°’

O/\/O\/\o/\/o\

HN\f\({)/
Portions of tert-butyl(4-hydroxyphenyl)carbamate 93 (202 mg, 0.97 mmol), 2-(2-(2-
methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate 96 (307 mg, 0.97 mmol) and
potassium carbonate (283 mg, 1.94 mmol) were combined in acetonitrile (15 ml) then heated
to reflux for 21 hours. The reaction mixture was cooled to room temperature then filtered
and the filtrate concentrated in vacuo to a brown liquid (363 mg, 95%). vmax(neat)/cm™ 3325
(N-H), 2875 (C-H), 1715 (C=0); &y (400 MHz, CDCl3) 1.50 (9H, s, C(CH)s)s, 3.38 (3H, s,
OCHz), 3.54-3.56, 3.64-3.69 and 3.72-3.74 (8H, 3 xm, 2x H-1"",2"",1""",2"""), 3.83 (2H, t
J4.8,2xH-2"),4.09 (2H, t J 4.8, 2 x H-1"), 6.43 (1H, br s, NH), 6.84 (2H, app. d J 8.5, H-
3, 5), 7.25 (2H, app. d J 8.5, H-2, 6); 8¢ (100 MHz, CDCls) 28.4 (C(CHs)s), 59.0 (O-CHs),
67.7 (C-1)), 69.8 (C-2'), 70.5, 70.6, 70.8, 71.9 and 76.7 (C-1'", 2", 1'"", 2'""), 80.2
(C(CHs)s), 115.0 (C-3, 5), 120.4 (C-2, 6), 131.6 (C-1), 153.1 (C-4), 154.8 (C=0); m/z (ESI")
378 ([M+Na]*, 100%); HRMS (ESI") Ci1gH2sNNaOs", ([M+Na]") requires 378.1887 where

found 378.1889.
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4-(2-(2-(2-Methoxyethoxy)ethoxy)ethoxy)aniline 90f%’

O/\/O\/\o/\/o\
NH,

A mixture of tert-butyl (4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)carbamate 94
(2.84 g, 8 mmol) in 6:1 TFA:DCM (18 ml) was stirred at room temperature for 4 hours. The
reaction was quenched with 5% ag. NaOH and the organic phase extracted. The aqueous
layer was washed with DCM (2 x 10 ml) and the combined organic fractions were dried
over MgSO., filtered and concentrated in vacuo to a brown oil (1.66 g). Purification via
silica column chromatography (eluent EtOAc) gave 90f as a brown liquid (1.32 g, 65%). R¢
0.16 (2:1 petrol:EtOAc); vmax(neat)/lcm™ 3355 (N-H), 2875 (C-H), 1350 (ArC-N), 1235
(ArC-0), 1107 (C-O); 8y (400 MHz, CDCl3) 3.38 (3H, s, OCHg), 3.54-3.56, 3.64-3.69 and
3.72-3.74 (8H,3xm,2x H-1"",2"",1""",2"""),3.81 (2H,tJ 5.0, 2 x H-2"), 4.05 (2H, t J 5.0,
2 x H-1"), 6.62 (2H, app. d J 8.6, H-2, 6), 6.75 (2H, app. d J 8.6, H-3, 5); 5¢c (CDCls, 100
MHz) 59.0 (OCHs), 68.1 (C-1'), 69.9 (C-2"), 70.5, 70.6, 70.8 and 71.9 (C-1"",2"", 1", 2"""),
115.6 and 116.3 (C-2, 3, 5, 6); 140.2 (C-1), 151.9 (C-4); m/z (ESI*) 511 ([2M+H]", 100%),

278 ([M+Na]", 100%) and 256 ([M+H]", 50%).

2-(2-(2-Methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate 96%

:: 1S/O\V/A\O/A\V/O\V/A\O//

NS
o” ~o

A portion of NaOH (2.14 g, 53.5 mmol) was added to a stirring mixture of triethylene glycol
monomethyl ether (5.8 ml, 36.0 mmol), THF (40 ml) and water (20 ml). The mixture was

cooled to 0 °C then p-toluenesulfonyl chloride (7.41 g, 38.9 mmol) was added slowly after
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which the mixture was stirred at 0°C for 4 hours. Water was added to the mixture then the
organic phase separated and the aqueous layer extracted with DCM (3 x 15 ml). The
combined organic fractions were washed with 1 M HCI (15 ml) then brine (15 ml) after
which the organic fraction was dried over MgSQy, filtered and concentrated to a mixture of
a white solid and yellow oil (7.12 g, 62 %). The crude product mixture was purified via
silica column chromatography (eluent 3:1 petrol:EtOAc then EtOAc) to afford 96 as a
colourless liquid (3.62 g, 31%). Rs 0.85 (2:1 petrol:EtOAc); vmax(neat)/cm™ 2879 (C-H),
1356 (S=0), 1247 (C-0), 1177 (S=0), 1018(C-0); &4 (400 MHz, CDCls) 2.39 (3H, s, Ar-
CHs), 3.31 (3H, s, OCH3), 3.46-3.48 and 3.53-3.57 (8H, 2 x m, 2 x H-1"", 2", 1", 2'""),
3.63 (2H,tJ 4.9, 2 x H-2"), 4.10 (2H, t J 4.9, 2 x H-1"), 7.29 (2H, app. d J 8.1, H-3, 5), 7.74
(2H, app. d J 8.1, H-2, 6); 8¢ (100 MHz, CDCl3) 21.6 (Ar-CHg3), 58.9 (OCHs), 68.6, 29.3,
70.5, 70.5, 70.6, 71.8 (C-1',2'. 1", 2", 1'"", 2'""); 127.9 (C-2, 6), 129.8 (C-3, 5), 132.9 (C-

4), 144.8 (C-1); m/z (ESI+)341 ([M+Na]*, 75%).

Diethyl 4-nitrobenzylphosphonate 98%°

/©/\P<O><0Et>2
O,N

2

Triethyl phosphite (2 ml, 11.7 mmol), tetrabutyl ammonium iodide (132 mg, 0.36 mmol)
and 4-nitrobenzyl bromide (1.09 g, 5.05 mmol) were combined and stirred at 120 °C for 4.5
hours. The mixture was cooled to room temperature then purified via silica column
chromatography (eluent 4:1 petrol:EtOAC) to yield 98 as a yellow liquid (1.07 g, 78%). R¢
0.27 4:1 petrol:EtOAc; vmax(neat)/cm™ 2985 (C-H), 1520 (N-O asym.), 1348 (N-O sym.),
1249 (P=0), 967 (P-0); 8y (400 MHz, CDCl3) 1.20 (6H, t Jun 7.1, 2 X OCH,CHs), 3.20 (2H,
d Jup 22.4, ArCH,P), 3.96-4.03 (4H, m, 2 x OCH,CHs), 7.42 (2H, app. dd Juy 8.7 Jup 2.3,

H-2, 6), 8.11 (2H, app. d Jun 8.7, H-3, 5); 8¢ (100 MHz, CDCls) 16.3 (d Jcp 6.0, 2 X
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OCH,CHj), 33.8 (d Jcp 136.1, ArCH,P), 62.4 (d Jcp 7.0, 2 X OCH,CHs), 123.6 (d Jep 3.0, C-
2,6), 130.6 (d Jcp, 6.0, C-3, 5), 139.7 (d Jcp 9.1, C-1), 146.9 (d Jep 4.0, C-4); m/z (EST") 272

([M-HT", 100%).

Diethyl 4-aminobenzylphosphonate 90h™

/©/\P(O)(0Et)2
HsN

2

Tin (I1) chloride di-hydrate (333 mg, 1.48 mmol) and conc. HCI (0.2 ml, 6.58 mmol) were
added to a stirring solution of diethyl 4-nitrobenzylphophonate 98 (140 mg, 0.513 mmol) in
EtOH (15 ml). The mixture was heated to reflux for 3 hours then cooled to room
temperature before the pH was adjusted to 8-9 using 5% ag. NaOH. The mixture was
extracted with CHCI3 (3 x 20 ml) and the combined organic fractions washed with water (40
ml) then brine (40 ml). The resulting organic solution was dried over MgSO,, filtered and
concentrated in vacuo to give 90h as a yellow solid (67.1 mg, 74%). R¢ 0.39 (EtOAc); mp
84-85 °C{lit. mp* 93-95 °C}; vmax(neat)/cm™ 3430 (N-H), 2980 (C-H), 1615, 1225 (P=0),
1050 (P-0), 965, 850; &4 (400 MHz, CDCl3) 1.24 (6H, t Jun 7.1, P(O)(OCH,CHa),), 3.1
(2H, d Jup 20.9, ArCH,P), 3.95-4.05 (4H, m P(O)(OCH,CHs),), 6.64 (2H, app. d Jun 8.4, H-
3, 5), 7.08 (2H, app. dd Juy 8.4 Jup 2.4, H-2, 6); 8¢ (CDCls, 100 MHz) 16.4 (d Jcp 6.0,
P(O)(OCH,CHy),, 32.7 (d Jcp 138.8, ArCH,P), 62.0 (d Jcp 7.0, P(O)(OCH,CHa),), 115.3 (d
Jep 3.0, C-3, 5), 121.0 (d Jcp 10.1, C-1), 130.6 (d Jcp 7.0, C-2, 6), 145.2 (C-4); m/z(ESI)

242 ([M-H]', 100%).

H-acid test

A sample of the diazonium salt solution (1 ml) was removed and the pH adjusted to pH 4
with sodium acetate. H-acid, (4-amino-5-hydroxy-2,7-napthalene disulfonic acid) (1 mg)
was added to the pH adjusted salt solution resulting in a suspension. After thorough mixing
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the suspension was left to stand at room temperature for 15 minutes. In the presence of the

diazonium salt the suspension turned from pale brown to dark purple.

General Procedure 1: Preparation of diazonium salts 91a-c, e-j**

a R =t-Bu R o R a R =¢tBu

b R = CgHys BF, b R = CgHys

c R=I —_— & c R=I

e R=H H,N _N e R=H

f R = O(CH,CH,0)CH, N7 f R = O(CH,CH,0)CH;
g R =OH 90a-c, f-j 91a-c, - g R=0OH

h R = CH,P(O)(OEt), h R = CH,P(O)(OEt),

i R = NH, i R = NH,

j R = CH,COOH j R = CH,COOH

A stirring solution of the amine (1 eq) in EtOH was cooled to -5 °C then isopentyl nitrite (1
eq) and tetrafluoroboric acid (2 eq) were added an the mixture was stirred for up to 1 hour
until the colour change was complete and the colour had reached a constant level of
intensity. H-acid test confirmed presence of the diazonium salt. The diazonium salts were

used immediately

6.2.2 Diazonium coupling in solution

(E)-(4-((2'-(ethyl (4" '-((4" -

hexylphenyl)diazenyl)phenyl)amino)ethoxy)methyl)phenyl)(phenyl)methanone 100b

CeHis
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Procedure 2

A mixture of sodium nitrite (73 mg, 1.05 mmol) and conc. HCI (0.03 ml, 1 mmol) in Et,O (2
ml) and water (4 ml) was stirred at 0 °C. 4-Hexyl aniline (0.15 ml, 1 mmol) was added and
the solution was stirred at 0 °C for 1 hour. The H-acid test was used carried out to confirm
presence of the diazonium salt. A solution of (4-((2'-
(ethyl(phenyl)amino)ethoxy)methyl)phenyl)(phenyl)methanone 87 (358 mg, 1 mmol) in
minimal Et,O was added and the mixture stirred for 5 hours at 0 °C then at room
temperature for 18 hours. The mixture was washed with water, dried over MgSO,, filtered
and concentrated. Purification by silica column chromatography (eluent 6:1 petrol:EtOAC)

was carried to produce 100b (200 mg, 37 %).

Procedure 3

A mixture of sodium nitrite (40 mg, 0.58 mmol) and conc. HCI (0.02 ml, 0.66 mmol) in
water (1 ml) was stirred at 0 °C. A solution of 4-hexyl aniline (0.08 ml, 0.54 mmol) in THF
(1 ml) was added to the sodium nitrite mixture and the solution was stirred at 0 °C for 1 hour
then the H-acid test performed. 87 (109 mg, 0.30 mmol) in THF (1 ml) was added and the
mixture stirred for 6 hours at 0 °C. The mixture was washed with water, dried over MgSO4,
filtered and concentrated. Purification by silica column chromatography (eluent 5:1

petrol:EtOACc) produced 100b in 64% yield.

Following Procedures 2-3 and General Procedure 4, 100b was isolated as an orange oil. Ry
0.23 (6:1 petrol: EtOAC); Ama(CH2Clo)/nm 415 (34000 mol™*dm®cm™); vmadcm™ 2928,
2856 (C-H), 1737, 1660 (C=0), 1600 (N=N), 1516, 1448, 1373, 1244, 1157, 1139, 1047; &y
(400 MHz, CDCl3) 0.90 (3H, t J 6.9, CHsC7H10Ar), 1.24 (3H, t J 7.1, CHsCH,N), 1.31-1.68
(6H, m, CHsCH,CH,CH,C,H,Ar), 1.61-1.69 (2H, m, CsHeCH,CH,Ar), 2.67 (2H, t J 7.7,

CsH11CH2Ar), 3.55 (2H, q J 7.1, CH3CH:N), 3.66-3.69 (2H, m, OCH,CH:N), 3.74-3.77
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(2H, m, OCH,CH,N); 4.64 (2H, s, ArCH,0), 6.77 (2H, app. d J 9.3, H-2"", 6'*), 7.25-7.29
(2H, m, H-3""", 5'""), 7.44-7.50 (4H, m, H-3", 5", 3, 5), 7.59 (1H, t J 6.8, H-4), 7.76 (2H,
app.dJ 8.3, H-2"",6"""), 7.78-7.81 (4H, m, H-2', 6", 2", 6'*), 7.85 (2H, app. d J 9.3, H-3"",
5); 8 (100 MHz, CDCls) 126 (CHiCsHiAr), 14.1 (CH3CH,CsHsAr), 22.6
(CHsCH,CH,CsHGAr),  29.0  (CsH/CH,CoHAAr), 314 (C4HoCH.CH,Ar),  35.8
(CsH11CH,AT), 45.9 (CH3CH;N), 50.2 (OCH,CH,N), 68.3 (OCH,CH,N), 72.8 (OCH,AT),
1112 (C-2', 6'"), 122.1 (2", 6'"), 125.0 (3", 5", 127.0 (C-3", 5'), 128.3 3", 5'""),
129.0 (C-3, 5), 130.0 (C-4), 130.3 (C-2', 6'), 132.4 (C-2, 6), 136.9 (C-1, 1"), 142.9 (C-4"),
1435 (C-1'"), 144.7 (C-4"""), 150.0 (C-4'"), 151.4 (C-1"""), 196.4 (C=0); m/z (ESI") 548.3

([M+H]", 100%); HRMS (ESI") 548.3669 found, 548.3272 expected.

General Procedure 4: Diazonium coupling to benzophenone 87.

(o}

o) O\/\N/\
O\/\N/\ ©

87 100b R= CgHy3 |
100i R =NH, N

Y

100j R = CH,COOH

A mixture of sodium nitrite (1.1 eq) and conc. HCI (1.2 eq) in water (1 ml per mmol of
amine) was stirred at 0 °C. A solution of amine (1 eq) in THF was added to the sodium
nitrite mixture and the solution was stirred at 0 °C for 1 hour after which the H-acid test
performed. Benzophenone 87 (0.5 eq) in THF was added and the mixture stirred for 6 hours
at 0 °C and at room temperature for 18 hours. The mixture was washed with water, dried
over MgSQy,, filtered and concentrated. Purification by silica column chromatography was

performed furnishing the products 100b, i, j, the yields are in Table 6.1 below.
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Table 6.1: Table of yields resulting in diazonium coupling to 87.

Product mmol of 87 % Yield
100b 0.303 64
100i 0.270 19
100j 0.290 10

Chapter 6

(E)-(4-((2'-(ethyl(4""-((4""'-

aminophenyl)diazenyl)phenyl)amino)ethoxy)methyl)phenyl)(phenyl)methanone 100i

NH,

100i was isolated as a brown oil using General Procedure 4 and was purified by silica
column chromatography (eluent 2:1 petrol:EtOAc). R¢ 0.77 (2:1 petrol:EtOAc); Amax
(CHClo)/nm 419 (1809 mol™dm®cm™); vmax (neat)/cm™ 3200 (N-H), 2923 (C-H), 1656
(C=0), 1597 (N=N), 1513, 1447, 1393, 1352 (C-N), 1313, 1136, 768; 54 (500 MHz, CDCls)
125 (3H, t J 7.1, NCH,CHs), 3.53-3.61 (2H, m, NCH,CHs), 3.67-3.72 (2H, m,
OCH,CH;,N), 3.75-3.77 (2H, m, OCH,CH,N), 4.64 (2H, OCH,Ar), 6.78 (2H, app. d J 9.4,
H-2"",6"), 6.78 (6H, m, H-3, 5,3, 5,2"",6"""), 7.59 (1H, app. t J 6.8, H-4), 7.79-7.88
(8H, m, H-2, 6,2, 6',3",5",3",5"): 6c (125 MHz, CDCl3) 12.2 (NCH,CHs), 45.9
(NCH,CHj3), 50.1 (OCH,CH,N), 68.5 (OCH,CH;N), 72.8 (OCH,Ar), 111.2 (C-2'", 6""),

122.1-132.4 (14 x ArCH), 136.8-153.2 (7 x ArC), 196.4 (C=0).
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(E)-(4-((2'-(ethyl(4''-((4'*'-phenyl acetic

acid)diazenyl)phenyl)amino)ethoxy)methyl)phenyl)(phenyl)methanone 100j

100j was prepared using General Procedure 4 and was purified using silica column
chromatography (eluent 2:1 petrol:EtOAc to 10:1 EtOAc:MeOH) to give 100j as a dark
orange oil. Amax(CH2Clo)/nm 421 (21000 mol™dm3cm™); vimax(neat) /cm™ 2965 (C-H), 2360,
1710 (C=0), 1656 (Ar,C=0), 1599 (N=N), 1515, 1395 (C-N), 1278, 1138 (C-0), 1017, 925;
81 (500 MHz, CDCl3) 1.24 (3H, t J 7.0, CHsCH,N), 3.55 (2H, g J 7.0, CH3CH,N), 3.50-3.77
(6H, m, OCH,CH,N, ArCH,0), 4.64 (OCH,Ar), 6.77 (2H,app. d J 9.0, H-2'"", 6'"), 7.29-
7.50 (6H, m, H-3,5,3'",5'",2""", 6"""), 7.50 (1H, t J 7.4, H-4), 7.78-7.82 (6H, m, H-2, 6,
27,67, 3", 5", 7.86 (2H, app. d J 9.0, H-3"", 5'"); &¢c (125 MHz, CDCls) 12.2
(CHsCH,N), 40.8 (CH,COOH), 45.9 (CHsCH,N), 50.2 (OCH,CH,N), 68.3 (OCH,CH;N),
72.8 (OCH,AY), 111.3 (C-2'",6'"), 122.4 (C-3'"",5'""), 127.0 (C-3"", 5'"), 128.3-130.3 (C-2,
6,2',6",3,53",5,2",6""), 132.4 (C-4), 134.4 (C-4''"), 136.9 and 137.6 (C-1, 1"),
142.8 (C-4"), 143.4 (C-1'"), 150.2 (C-4'"), 152.4 (C-1'""), 176.3 ((CH2)(OH) C=0); 196.4
(Ar,C=0); m/z (ESI") 522 ([M+H]", 15%), 580 ([M+MeCN+NH,]*, 100%); HRMS (ESI*)

found 522.2382, 522.2387 expected.
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General Procedure 5: Dizonium coupling to benzophenone 87 using isopentyl nitrite.

A solution of the amine (1 eq) in EtOH (0.1 mmol/ml) was set to stir at -5 °C. Isopentyl
nitrite (1 eq) and tetrafluoroboric acid (2 eq) were added and the mixture was stirred for 1
hour. A solution of (4-((2'-(ethyl(phenyl)amino)ethoxy)methyl)phenyl)(phenyl)methanone
87 (1 eq) in minimal THF was added and the mixture stirred for 6 hours at -5-0 °C and at
room temperature for 18 hours. The mixture was washed with water, dried over MgSOy,

filtered and concentrated. The yields of these reactions are displayed in Table 6.2.

Table 6.2: Yields prior to K,CO3 wash resulting from diazonium coupling following
General Procedure 5.

Product mmol of 87 % Yield
101h 0.142 100
101i 0.284 61
101j 0.276 0

Procedure 6

A solution of p-phenylenediamine 90i (61.2 mg, 0.57 mmol) in EtOH (3 ml) was set to stir
at -5 °C. Isopentyl nitrite (0.08 ml, 0.6 mmol) and tetrafluoroboric acid (0.06 ml, 1 mmol)
were added and the mixture was stirred for 1 hour. A solution of (4-((2'-
(ethyl(phenyl)amino)ethoxy)methyl)phenyl)(phenyl)methanone 87 (200 mg, 0.56 mmol) in
THF (2 ml) was added and the mixture was stirred for 1 hour at 0 “C then 1 hour at room
temperature. The mixture was washed with water, dried over MgSO,, filtered and

concentrated to give 101i as a red/brown oil (220 mg, 81%).
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(E)-(4-((2'-(ethyl(4""-((4"""-diethyl
benzylphosphonate)diazenyl)phenyl)amino)ethoxy)methyl)phenyl)(phenyl)methanone

tetrafluoroborate salt 101h

101h was prepared using General Procedure 5 and is a dark pink oil. Characterisation based
on crude material which is contaminated with 87 and diethyl 4-aminobenzylphosphonate
90h. vmadcm™ (neat) 2985 (C-H), 1655 (C=0), 1600, 1545, 1385 (C-N), 1280, 1065 (C-O),
840; oy (400 MHz, CDCl3) 1.21-1.28 and 1.13-1.16 (9H, 2 x m, CH3CH.N,
P(O)(OCH,CHjs),), 3.41-3.46 (m), 3.67 (br s), 3.80-3.84 (m) and 3.93-4.13 (m) (12H,
OCH,CH:N, P(0)(OCH,CHs), and ArCH.P), 4.47 (2H, s, OCH,Ar), 7.32 (2H, app. d J 8.1,
H-3'",5""), 7.35-7.37 and 7.43-7.60 (11H, 2 x m, ArC-H), 7.69 (2H, app. d J 8.1, H-2"", 6'"),
7.73-7.76 (4H, m, H-2, 6, 2", 6'); d¢c (100 MHz, CDCI3) 10.2 and 16.3 (CH3CH,N and
P(O)(OCH,CHs),, 53.4, 55.7, 585, 62.8 and 63.1 (OCH,CH,N, CHsCH:N,
P(0)(OCH,CHs),, OCH,Ar), 72.6 (ArCH,0), 127.4 (C-3"", 5'"), 122.2, 128.3-132.6, 141.5
(15 x ArC), 136.5, 137.0, 137.4 and 137.4 (C-1, 1", 4", 1", 4", 1", 4"""), 198.6 (C=0); m/z

(ESI*) 614 ([M+H]*, 61%); HRMS (ESI*) 614.2779 found, 614.2778 expected.
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(E)-(4-((2'-(ethyl(4""-((4"""-
aniline)diazenyl)phenyl)amino)ethoxy)methyl)phenyl)(phenyl)methanone

tetrafluoroborate salt 101i

”
® BF,

NH3 S

Crude product used for analysis. 101i was prepared using General Procedure 5 and
Procedure 6 and was isolated as a brown oil; Anax(CH2Cl)/nm 419 (1809 mol*dm3cm™);
vmax(n€at)/em™ 3600 (N-H), 3300 (N-H), 2875 (C-H), 1655 (C=0), 1600 (N=N), 1279, 1100
(C-0), 925, 790, 735, 700; & (500 MHz, MeOD) 1.15 (3H, t J 7.2, CH3CH,N), 3.51 (3H, br
s, OCH,CH;N, N-H), 3.72 (2H, q J 7.2, CH3CH:N), 4.25 (2H, s, OCH,AT), 7.44 (2H, app. d
J 8.1, 2 x ArCH), 7.52-7.61 (8H, m, H-3, 5, 3", 5", 4 x ArCH), 7.67 (1H, t J 6.8, C-4), 7.73-
7.76 (6H, H-2, 6, 2', 6, 2 x ArCH); &c (125 MHz, MeOD) 10.7 (CHsCH;N), 55.1
(CH3CH,N), 58.1 (OCH,CH,N), 65.1 (OCH,CH,N), 73.6 (OCH.ATr), 122.9, 127.6-132.0
(15 x ArCH), 133.9, 134.0, 137.6, 138.7, 138.8, 143.7 (C-1, 1,4, 1"',4"", 1", 4"""), 198.4

(C=0).

162



Chapter 6

General Procedure 7: Procedure for diazonium coupling to N,N-dimethyl aniline.

~. 103a R =¢t-Bu
103b R = CgH43

N 103cR=1
—— >N 103h R = CH,P(O)(OEt),
103i R = NH,
1

<> 103j R = CH,COOH

A solution of the amine (1 eq) in EtOH was stirred at -5 °C . Isopentyl nitrite (1 eq) and

N
02

tetrafluoroboric acid (2 eq) were added and the mixture was stirred for 1 hour at -5-0 °C.
N,N-dimethyl aniline (1 eq) was added and the mixture stirred at room temperature for the
time period given in Table 6.3. The EtOH was removed in vacuo then the residue dissolved
in DCM and washed with sat. ag. K,CO3. The aqueous phase was washed with DCM until
the resulting organic phase was colourless. The organic fractions were combined, dried over
MgSO,, filtered and concentrated in vacuo. Purification by silica column chromatography

was performed if necessary and the yields of the reactions are in Table 6.3.

Table 6.3: Reaction times and yields obtained using General Procedure 7.

Product mmol of 102 % Yield Reaction time for
step 2 (hrs)
103a R=t-Bu 0.67 72 18
103c R=lI 0.46 47 0.5
103h R=CH,P(O)(OEt), 0.55 46 1
103i R=NH, 0.95 0 18
103j R=CH,COOH 0.66 95 18
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Procedure 8: Diazonium coupling to N,N-dimethyl aniline with adjusted pH.

~Nn

N
02

© - )
1

103a R =¢t-Bu
103b R = CgH43

103cR=1

103h R = CH,P(O)(OEt),

103i R = NH,

103j R = CH,COOH

A solution of the amine (1 eq) in EtOH was set to stir at -5 °C. Isopentyl nitrite (1 eq) and

tetrafluoroboric acid (2 eq) were added and the mixture was stirred for 1 hour at -5-0 °C.

Sodium acetate (1 eq) followed by N,N-dimethyl aniline (1 eq) were added then the mixture

stirred at room temperature for the time periods in Table 6.4. The EtOH was removed in

vacuo then the residue dissolved in DCM and washed with water. The aqueous phase was

washed with DCM until the resulting organic phase was colourless. All the organic fractions

were combined, dried over MgSQOy, filtered and concentrated in vacuo. Purification by silica

column chromatography was performed if necessary and the yields are displayed in Table

6.4.
Table 6.4: Reaction times and yields obtained using General Procedure 8.
Product mmol of 102 % Yield Reaction time for
step 2 (hrs)
103a R=t-Bu 0.67 91 4
103c R=I 0.46 57 0.5
103h R=CH,P(O)(OEt), 0.56 96 1
103i R=NH, 0.95 12 18
103j R=CH,COOH 0.66 34 18
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(E)-4-((4'-(tert-butyl)phenyl)diazenyl)-N,N-dimethylaniline 103a

103a was purified by column chromatography (eluent 20:1 petrol:EtOAc) and isolated as a
red solid. Ry 0.44, 15:1 (petrol:EtOAc); mp 156-158°C {lit. mp*** 137-137.5°C}; Amax
(CH,Cly)/nm 412 (5040 mol™dm3cm™); vimax(neat)/cm™ 2964 (C-H), 1600 (N=N), 1515,
1442, 1520, 1362 (C-N), 1229, 1159, 1140, 945, 839, 818; & (400 MHz, CDCl3) 1.38 (9H,
s, C(CHa)s), 3.09 (6H, s, N(CHs),), 6.77 (2H, app. d J 9.2, H-2, 6), 7.51 (2H, app. d J 8.8, H-
2,6, 7.79 (2H, app. d J 8.8, H-3", 5"), 7.88 (2H, app. d J 9.2, H-5, 3); 8¢ (100 MHz,
CDCls) 31.4 (C(CHs)s), 34.8 (C(CHa)s), 40.3 (N(CHs),), 1115 (C-2, 6), 121.9 (C-3', 5°),
124.7 (C-3, 5), 125.8 (C-2', 6"), 143.8 (C-1), 151.1 (C-1"), 152.2 (C-4), 152.7 (C-4'); m/z

(ESI*) 282 ([M+H]*, 100%); HRMS (ESI*) 282.1969 found 282.1965 expected.

(E)-4-((4'-hexylphenyl)diazenyl)-N,N-dimethylaniline 103b
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103b was purified by silica column chromatography (eluent 20:1 petrol:EtOAc) and was
isolated as an orange solid. R¢ 0.58 (10:1 petrol:EtOAc); m.p. 74 °C; Amax(CH2Cl2)/nm 410
(24000 mol*dmicm™); vma(neat)/cm™ 2925 (C-H), 2854 (C-H), 1599 (N=N), 1515, 1443,
1400, 1393 (C-N), 1230, 1154, 1139, 946, 818; o4 (400 MHz, CDCls) 0.91-0.94 (3H, m,
CH3CsHyAr), 135 (6H, br s, CH3;CH,CH,CH,C,HsAr), 1.64-1.72 (2H, m,
C4HyCH,CH,Ar), 2.96 (2H, t J 7.7, CsH1:CH,AT), 3.08 (6H, s, N(CHs),), 6.78 (2H, app. d J
9.1, H-2, 6), 7.32 (2H, app. d J 8.3, H-2", 6), 7.80 (2H, app. d J 8.3, H-3", 5"), 7.90 (2H,
app. d J 9.1, H-3, 5); 8¢ (100 MHz, CDCls) 14.2 (CHsCsH10Ar), 22.6, 29.0, 31.4 and 31.7
(CH3CH,CH,CH,CH,CH,Ar), 35.8 (CsH1:CH>), 40.3 (N(CHa),), 111.5 (C-2, 6), 122.2 (C-3,
5), 124.8 (C-3', 5'), 129.0 (C-2', 6'), 143.8 (C-1), 144.7 (C-4"), 151.5 (C-1"), 152.2 (C-4);

HRMS (FI) 309.2216 [M*] found where 309.2205 expected.

(E)-4-((4'-iodophenyl)diazenyl)-N,N-dimethylaniline 103c

103c was purified with silica column chromatography (eluent 30:1 petrol:EtOAc) affording
an orange solid. R; 0.67 (4:1 petrol:EtOAc); mp 166-169 °C {lit. mp** 163.5-164 °C};
Amax(CHoClo)/nm 425 (3840 mol™dmPem™); vinax(neat)/cm™ 2922 (C-H), 1602, 1514, 1470,
1419, 1363 (C-N), 1231, 1156, 1051, 827, 733, 700, 649; & (400 MHz, CDCl5) 3.10 (6H, s,
N(CHs),), 6.76 (2H, app. d J 9.2, H-2, 6), 7.59 (2H, app. d J 8.6, H-2', 6"), 7.81 (2H, app. d
J8.6,H-3",5"), 7.88 (2H, app. d J 9.2, H-3, 5); 8¢ (100 MHz, CDCl3) 40.3 (N(CHs)), 95.2

(C-4), 111.5 (C-2, 6), 123.9 (C-2', 6'), 125.2 (C-3, 5), 138.1 (C-3', 5"), 143.5 (C-1), 152.6
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and 152.6 (C-4, 1'); m/z (ESI") 352 ([M+H]*, 100%); HRMS (ESI*) 352.0315 found,

352.0305 expected.

1,3-bis(4-iodophenyl)triaz-1-ene 104

H

N_ -N
O SE
I I

104 was generated as a pale yellow solid as a by-product in the reaction of N,N-dimethyl
aniline with iodo diazonium salt 91c by Procedure 8. R; 0.68 (10:1 petrol:EtOAc); mp 170-
173 °C; vmax(neat)/lcm™ 3200, 2923 (C-H), 2853 (C-H), 1586, 1501, 1476; &4 (100 MHz,
CDCl;) 7.14 (4H, AA'BB' d, ArH-2, 6, 2", 6'), 7.69 (4H, AA'BB' d, ArH-3, 5, 3", 5"); 8¢
(100 MHz, CDCI3) 119.8 (ArC-2, 6, 2, 6"), 138.3 (ArC-3, 5, 3", 5"), other carbons not
detectable due to contamination; m/z (ESI') 448 ([M-H], 100%); HRMS (ESI") 447.8808

found, 447.8808 expected.

(E)-4-((4'-diethyl benzylphosphonate))diazenyl)-N,N-dimethylaniline 103h

(EtO),(0)P

103h was purified by silica column chromatography (eluent 1:1 petrol:EtOAc) to give an
orange solid. R¢ 0.61 (1:1 petrol:EtOAC); m.p. 101-105 °C; Amax(CH2Cl,)/nm 416 (2500 mol
Ydm3cm™); vmax(neat)/cm™ 2903 (C-H), 1599 (N=N), 1518, 1442, 1401, 1363 (C-N), 1350,

1156, 1136 (P=0), 1025 (P-OEt), 956; &4 (400 MHz, CDCls) 1.25 (6H, t J 7.1,
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P(O)(OCH,CHs),), 3.07 (6H, s, N(CHs)2), 3.21 (2H, d J 22y, ArCH,P), 4.00-4.06 (4H, m,
P(O)(OCH,CHg),), 6.75 (2H, app. d J 9.1, H-2, 6), 7.40 (2H, app. dd Jyn 7.6 and Jup 2.2, H-
3,5,7.80 (2H,d J 7.6, H-2", 6"), 7.87 (2H, d J 9.1, H-3, 5); d¢c (100 MHz, CDCl3) 16.3
(P(O)(OCH2CHa3),, 33.1 (d J 138.2, ArCH,P), 40.3 (N(CHj3),), 62.3 (P(O)(OCH,CHs),),
111.5 (C-2, 6), 122.3 (C-2', 6'), 124.9 (C-3, 5), 130.3 (C-3", 5"), 132.9 (C-1"), 143.6 (C-1),
152.1 and 152.4 (C-4 and C-4'); m/z (ESI*) 751 ([2M+H]*, 100%), 376 ([M+H]"*, 40%);

HRMS (ESI") 376.1786 found where 376.1785 expected.

(E)-4-((4'-aminophenyl))diazenyl)-N,N-dimethylaniline 103i

NH,

103i was purified by silica column chromatography (eluent 10:1 petrol:EtOAc to EtOAC)
and was isolated as an dark brown oily solid that was contaminated with an unknown
impurity. Amax (CH2Cl2)/nm 413 (5980 mol™dm3cm™); vmax (neat)/cm™ 3336 (N-H), 2917
(C-H), 1599, 1517, 1362 (C-N), 1149, 823; &y (400 MHz, CDCls) 3.08 (6H, s, N(CHs)y),
6.76 (2H, app. d J 9.1, H-2, 6), 6.92 (2H, app. d J 8.8, H-3", 5°), 7.79 (2H, app. d J 8.8, H-2",
6'), 7.84 (2H, app. d J 9.1, H-3,5); 8¢ (125 MHz, CDCl3) 40.4 (N(CHs),), 115.5 (C-2, 6),
116.6 (C-3', 5"), 124.0 (C-2', 6'), 124.5 (C-3", 5"), 143.6 (C-1), 147.5 (C-4"), 152.0 (C-1"),

157.2 (C-4); m/z (ESI*) 241 ([M+H]", 25%).
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(E)-4-((4'-phenyl acetic acid))diazenyl)-N,N-dimethylaniline 103j

OH

103j was purified by silica column chromatography (eluent 6:1 petrol:EtOAc to 1.5
MeOH:EtOAc) and isolated as a black solid. R 0.38 (1:6 petrol:EtOAc); m.p. 166-168 °C;
Amax(CH2Cls)/nm 415 (10000 mol™dm3cm™); vmadecm™ 2918, 1709 (C=0), 1599 (N=N),
1517, 1357 (C-N), 1250, 1138, 820; 54 (400 MHz, CDCl3) 3.10 (6H, s, N(CHs)), 3.72 (2H,
s, ArCH,COOH), 6.85 (2H, app. d J 9.1, H-2, 6), 7.47 (2H, app. d J 8.5, H-2", 6'), 7.80 (2H,
app. d J 85, H-3", 5), 7.85 (2H, app. d J 9.1, H-3, 5); &c (100 MHz, CDCls), 39.8
(N(CHs)y), 40.6 (ArCH,COOH), 111.9 (C-2, 6), 122.3 (C-3", 5), 125.1 (C-3, 5), 130.4 (C-
2, 6", 137.0 (C-4"), 143.8 (C-1), 132.4 (C-1'), 153.2 (C-4), 205.8 (C=0); m/z (ESI") 306

([M+Na]", 30%); HRMS (ESI") 306.1206 found, 306.1213 expected.

6.3 Chapter 3

The polystyrene films were prepared by Geoffrey Nelson. Prior to any modifications the
base substrates were cleaned in piranha solution (3:1 H,SO4:H,0,) for 10 minutes then
rinsed with de-ionized water after which the substrate was dried under a gentle stream of
nitrogen gas. Special care was needed in handling the QCM-D crystals. A spin coater,
Laurell Technologies Corp., Model WS-400B-6NPP/LINE, was used to spin coat the
polystyrene films onto the gold and glass surfaces. The gold coated quartz crystals for

QCM-D were sourced from Q-Sense.

169



Chapter 6

Polymer film preparation- UV crosslinked"

A solution of polystyrene (20 mg/ml) powder, MW 211600, in toluene was filtered through
a PTFE filter then sonicated for 15 minutes. A polystyrene film was applied to a glass slide
by spin-coating 5 x 200 ul droplets for 1 minute at 2000 rpm then heated at 170 °C for 2
hours. Finally the substrates were then exposed to broad band UV light for 30 minutes to

crosslink the polystyrene film.

Polymer film preparation- DVB crosslinked"

A solution of polystyrene powder, MW 211600, in toluene (20 mg/ml) was filtered through
a PTFE filter then sonicated for 15 minutes. Divinyl benzene (DVB) was washed with 5%
ag. sodium hydroxide to remove the stabilizers then added to the polystyrene solution (0.55
ul/ml) and the mixture sonicated for 5 minutes more. After addition of benzoyl peroxide (1
mol per mole of polystyrene monomer) the mixture was shaken by hand then spin coated
onto the base substrates (silicon-gold or quartz-gold), 5 x 200 ul droplets at a rate of 2000

rpm. The samples were then heated for 8 hours at 90 °C under a nitrogen atmosphere.

Modification with bis(4-iodophenyl) diazomethane to give 108

Polystyrene substrate

oo

Using substrate, a solution of bis(4-iodophenyl) diazomethane 61 (1 w/v%) was applied to
the glass-polystyrene substrate 105 such that the sample was completely coated in the pink
solution (~0.1 ml per 1 cm?). This was done on three separate samples which were heated at
93 °C, 120 °C and 180 °C until the pink colour was gone. Once the samples had cooled they

were washed with DCM and dried with a stream of nitrogen gas.
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Chemical modification of polystyrene substrates

Substrate X Substrate X
O\/\ N N O\/\ N PN

X
b R= C6H13

109 X =105 (glass-PS) Substrate X ¢ R =H

110 X = 106 (Si-Au-PS) 12x 105 f R = O(CH,CH,0)CH,

111 X = 107 (quartz-Au-PS) 13x 106 h R = CH,P(O)(OEt Nx

114x 107 = CH,P(O)(OEY), SN

iR =NH,
j R = CH,COOH ©

R

A solution of diazo 65 in DCM (1 w/v%) was prepared then applied to the polystyrene
substrates 105-107 with a pipette such that they were completely covered (~0.2 ml per 1 cm?
substrate). The DCM was allowed to evaporate naturally then the sample heated at 180 °C*
until the coating was no longer pink, at 180 °C this took about 2 minutes. Once the samples
had cooled they were washed with DCM then dried under a gentle stream of nitrogen,
affording 109-111. The samples were immersed in a solution made up of 0.1 mmol of the
relevant diazonium salt, as prepared in General Procedure 1 (Chapter 6.2), for 18 hours at 5
°C, after which they were washed with EtOH and DCM then dried under a gentle stream of

nitrogen giving 112, 113 and 114 b, e, f, h-i.
*The samples where glass was the base substrate used for XPS were heated to 120 °C.

Quartz-crystal microbalance-dissipation protocol

Prior to use the solutions were degassed under vacuum to prevent bubbles forming in the
QCM-D run and warmed to room temperature. The unmodified, polystyrene coated (107),
and modified crystals were loaded into the cell then the system equilibrated at 25 °C with
phosphate buffered saline (PBS) pH 7.4, equilibration was usually carried out for ~16 hours.

The BSA/PBS solution (80 mg if BSA per 1 L of PBS) was pumped through the system
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until the frequency and dissipation traces had reached a steady state, then a PBS rinse was
carried out until the frequency and dissipation traces were at a steady state. Finally,
hellmanex solution (2% in water) was pumped through the system to clean the crystal. The
Sauerbrey and Voigt masses were calculated at various time points during the BSA/PBS
exposure and the PBS rinse. All of the data is presented as an average using the 5", 7" and

9™ overtones for calculations.
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Table 6.5: Mass increase during BSA/PBS exposure calculated using the Sauerbrey model.

Chapter 6

20 minutes 36 minutes 53 minutes Total mass deposited
Surface Total
Sample functionality Mass2 Standard Mass2 Standard Mass2 Standard Mass2 Standard | deposition
(ng/cm?) | deviation | (ng/cm?) | deviation | (ng/cm?) | deviation | (ng/cm®) | deviation time
(minutes)
Au Gold 236.6 1.1 245.4 0.9 - - 245.5 0.9 38.4
107 Polystyrene 419.7 1.8 - - - - 419.3 2.7 23.7
111 - 295.3 1.9 314.9 2.4 - - 316.0 2.4 33.3
114b CeHis 445.1 3.0 487.4 2.1 507.5 1.9 520.4 2.1 77.1
114e H 174.6 1.1 186.6 0.8 - - 187.8 1.1 44.1
114f | O(CH,CH,0)CHjs 468.5 4.2 537.9 1.3 - - 527.1 5.6 37.7
114h CH,P(O)(OEt), 220.5 1.0 196.5 1.5 172.0 1.5 168.6 2.2 58.9
114i NH; 388.3 3.6 455.3 2.5 - - 469.2 6.5 43.6
114j CH,COOH 294.9 1.9 318.1 1.6 329.9 1.7 333.3 2.6 60.3
Table 6.6: Mass increase during BSA/PBS exposure calculated using the VVoigt model.
20 minute deposition | 36 minute deposition | 53 minute deposition End of Deposition
Surface Total
Sample functionality Mass Standard Mass Standard Mass Standard Mass Standard | deposition
(ng/lcm?) | deviation | (ng/cm?) | deviation | (ng/cm?) | deviation | (ng/cm?) | deviation time
(minutes)
Au Gold 1184 17.3 1174 19.5 - - 1157 37.1 38.4
107 Polystyrene 1093 36.6 - - - - 1096 45.3 23.7
111 - 803 113.4 948 56.3 - - 892 62.2 33.3
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114b CeHi3 1817 65.4 1812 64.4 1807 56.9 1778 55.4 77.1
114e H 181 0.8 192 0.7 - - 193 0.8 44.1
114f O(CH,CH,0)CHgs 661 22.7 766 73.2 - - 647 106.5 37.7
114h CH,P(O)(OEt), 222 1.6 193 1.7 157 1.6 152 3.0 58.9
114i NH, 1402 28.2 1646 2.0 - - 1725 62.2 43.6
114j CH,COOH 342 1.5 367 1.1 389 1.6 340 4.1 60.3
Table 6.7: Masses calculated after rinsing with PBS at various time points of the rinse.
Sauerbrey Voigt
29 minute rinse | 35 minute rinse | 41 minute rinse | 29 minute rinse | 35 minute rinse 4l minute
Surface | Surface functionality rinse
Mass SD Mass SD Mass SD Mass SD Mass SD Mass | SD
Au Gold 358 1.3 351 14 344 14 699 21.2 675 17.9 657 | 17.6
107 Polystyrene 367 1.8 361 1.6 - - 761 9.4 745 114 147 -
111 - 140 1.3 - - - - 150 0.3 - - - -
114b CeH1s 502 1.9 502 1.8 - - 1974 27.2 1602 | 139.7 27 -
114e H 188 0.9 - - - - 189 0.5 - - - -
114f O(CH,CH,0)CH3 398 1.3 390 1.1 388 1.1 407 1.0 401 0.8 396 | 0.8
114h CH,P(O)(OEt), 123 1.5 98 1.5 - - 109 1.0 114 1.0 - -
114i NH, 714 3.9 694 2.8 671 2.2 710 3.6 678 2.3 665 | 1.2
114j CH,COOH 316 1.6 339 1.6 313 1.7 191 0.1 231 0.4 187 | 0.3

SD= standard deviation. Masses in ng/cm
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6.4 Chapter 4

6.4.1 Preparation of materials 116a-m, 117a-m

Modification of Polystyrene XAD-4 beads with N-(2-((4-
(Diazo(phenyl)methyl)benzyl)oxy)ethyl)-N-ethylaniline 65 to give 115

Polystyrene XAD-4

SRS
O

The XAD-4 beads were washed with copious amounts of water then acetone and dried under
vacuum on a sinter funnel. N-(2-((4-(Diazo(phenyl)methyl)benzyl)oxy)ethyl)-N-ethylaniline
65 (5 w/w%, relative to bead weight) was dissolved in Et,O then Amberlite XAD-4 beads
were added to the solution. Et,O was added such that the beads were completely submerged
then the mixture was concentrated to dryness in vacuo. The beads were heated to 120 C
until they had turned from pink to off yellow/white in colour. The beads were then washed
with acetone through a sinter funnel and the beads were left to dry under vacuum to give

115.

Diazonium coupling to polystyrene surfaces

Polystyrene XAD-4 Polystyrene XAD-4

116a R = t-Bu 117a R =t-Bu

116b R = CgHys 117b R = CgHys

116cR=1 1M7cR=1 N
116e R=H o £t 1M7eR=H N
116f R = O(CH,CH,0)3CHs ~SN 117f R = O(CH,CH,0)3CH;

116g R = OH 117g R = OH

116h R = CH,P(O)(OEt), 117h R = CH,P(O)(OEt),

116i R = NH, 117i R = NH,

116j R = CH,CO,H 117j R = CH,CO,H R
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Linker coupled materials 116a-c, e-j and directly coupled materials Xa-c, e-j were all
prepared using this method. The relevant diazonium salt solution 91a-c, e-j was prepared
using General Procedure 1 (Section 6.1). A solution containing two equivalents of the
diazonium salt was prepared based on the moles of diazo 65 used to modify that mass of
beads. The XAD-4 or linker terminated beads 115 were immersed in the salt solution, more
EtOH was added when necessary to ensure the beads were submerged, and the mixture was
covered and left to stand at 5 °C for 18 hours. The beads were filtered through a sinter funnel
under vacuum and washed with acetone until the washings were colourless then the beads

dried under vacuum.

Preparation of dimethyl amine terminated materials 116d and 117d

Polystyrene XAD-4 Polystyrene XAD-4

Ny
N
OB

i NMe,
Ny
N

116d 117d

NMe,

116i and 117i were stirred in a solution of excess methyl iodide in EtOH at room

temperature for 18 hours. The materials were then filtered, washed with EtOH and dried.
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Preparation of phosphonate monoester terminated materials 116k and 117k

Polystyrene XAD-4 Polystyrene XAD-4
NG

N

O\/\N/Et
P(O)(OEt)(OH)
Ny

N

116k 117k

P(O)(OEt)(OH)

Chapter 6

Materials 116h and 117h were immersed in 5% agq. NaOH and left to stand for 18 hours.

The mixture was then filtered and the beads washed with water then dried under vacuum.

Preparation of phosphonic acid terminated materials 1161 and 117I

Polystyrene XAD-4 Polystyrene XAD-4

N\\
N
O\/\ N" Et

P(0)(OH),

1161 1171

P(O)(CH),

Materials 116h and 117h were gently stirred in an aqueous 1 M solution of HCI for 18

hours. The mixture was filtered, washed with water then the beads dried under vacuum.
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Preparation of calcium phosphonate terminated materials 116m and 117m

Polystyrene XAD-4 Polystyrene XAD-4
NG
N
O\/\N _Et
P(0)O,Ca
Ns (0)02
N
116m 117m
P(0)O,Ca

Materials 1161 and 1171 were washed with sat. aq. CaOH after which the resulting materials

were washed with water to remove excess CaOH.

6.4.2 Characterisation of materials 115, 116a-m and 117a-m

6.4.2.1 Experimental protocols

ATR-IR

A Bio-Rad FTS-6000 was used to conduct ATR-IR analysis of the materials. The beads
were position on the diamond accessory and fastened into place using the screw tip. The
spectrum of the base material was subtracted from the measured spectra and the ATR-IR

data can be found below in Tables 6.10-6.12.

Contact angle measurement’

For contact angle measurements, the polystyrene microspheres were randomly chosen from
each sample group and placed on the surface of water droplet positioned on a clean glass
slide. They were imaged and measured using a contact angle analyser (FTA32 Video 2.0,
First Ten Angstroms). For each materials five measurements were taken on five different

beads. The average results are presented in Table 4.7.
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TGA analysis’

Approximately 10 mg of particles were weighed in a TGA specific platinum pan, which was
placed in the high precision balance and heated at a ramp rate of 10 °C per minute up to 600
°C in an atmosphere of nitrogen (40%) and air (60%). From a temperature vs. weight% plot

the decomposition temperature was calculated. Table 6.15 displays a summary of the results.

DSC analysis’
Approximately 5 mg of particles were weighed in an aluminium pan and heated at a ramp
rate of 10 or 20 °C per minute over a temperature range of 25 °C to 260 °C in an atmosphere

of nitrogen.
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6.4.2.2 Characterisation data

Table 6.8: XPS data summary of carbon, nitrogen and oxygen peaks as provided by Professor Cleo Choong.

% Atomic . . Binding energy (eV) Average binding energy
. concentration Atomic ratios (N/C) (FWHM) (eV)
Material
R Average
O N C Found | Expected | found O N C O N C
ratio
XAD-4 Polystyrene 530.6 397.7 282.3
(1) 1547 | 0.82 | 83.71 | 0.010 0 0.010 (3.329) | (1.318) | (2.792) 530.6 | 397.7 282.3
115 (1) 1133 | 500 | 8368 | 0060 | 0.04 (22896;) (i’957ég) é8317'g)
0.056 5'294 397 5 Zél 3 529.6 | 397.3 281.8
116 (2) 8.94 452 | 86.54 | 0.052 0.04 @ 646) 1 567) 1 364)
116a (1) 534.5 402.7 287.2
t-Butyl 10.78 4.1 85.12 | 0.048 0.086 0.048 (2.668) | (4.588) | (1.342) 534.5 | 402.7 287.2
116b (1) 529.7 397.7 281.8
CeHis 7.58 1.77 | 90.65 | 0.020 0.081 0.020 (2.847) | (1.706) | (1.601) 529.7 | 397.7 281.8
116|C (1) 9.57 3.47 | 86.96 | 0.040 0.097 (2362(5%) (29177'2) (58527'1)
0.041 ' ' ' 532.4 | 399.2 283.1
116¢ (2) 9.4 369 | 8707 | 0042 0.097 532.6 400.8 283.5
| ! ! ' ' ! (3.174) | (2.141) | (3.946)
116d (1) 529.6 397.3 284.6
NMe, 7.23 3.75 | 89.02 | 0.042 0.117 0.042 (2.598) | (1.205) | (1.327) 529.6 | 397.3 284.6
116e (1) 533.6 402.5 284.6
H 1467 | 588 | 79.44 | 0.074 0.097 0.074 (3.627) | (2.708) | (3.916) 533.6 | 402.5 284.6
116f (1) 531.1 398.9 283.4
O(CH,CH,0)5CHs 8.63 156 | 89.82 | 0.017 0.079 0.044 (3.077) | (2.328) | (2.376) 530.4 | 398.5 283.2
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116 2) 5207 | 398 | 282.9
O(CH.CLYONCH, | 1075 | 595 | 8331 | 0071 | 0078 o6 | (L505) | (2.060)
1169 (1) 5322 | 401.6 | 286.9
9 2107 | 24 | 7653 | 0031 | 0097 | o3t | od | LA | PO | 5322 | 4016 | 2869
116h (1) 529.3 | 3971 | 2816
CHPO)OEy, | 874 | 202 | 8924 | 0023 | 0083 aoen | a8 | (2550
6.0 0038 |HEPD AR LU0 5293 | 3071 | 2817
CHPO)OEy, | 109 | 459 | 845L | 0054 | 0.083 o7 | cast) | (i)
116i (1) 2053 | 311 | 76.36 | 0041 | 0.129 5306 | 3975 | 2828
NH, (3.228) | (1.850) | (2.335)
; 0.026 530.5 | 397.8 | 28238
116i (2) 1433 | 091 | 8476 | 0011 | 0.129 0303 | 3981 2827
NH, : : : : ' (3.264) | (1.431) | (1.650)
116j (1) 846 | 461 | 8693 | 0053 | 0.091 930.5 | 3979 | 2826
CH,COOH oouy | 3409) | 2255) | 2039) | (o | sess | seng
116] (2) 1405 | 244 | 8351 | 0029 | 0091 ' 31.8 | 398.6 | 283.2 ' ' |
CH,COOH : : : : ' (3.922) | (1.720) | (3.513)
116k (1) 529.7 | 3978 | 282.1
CH,P(O)(OH)(OEY) | 1045 | 255 | 8701 0029 | 0.088 0ozs 13288 | (1731) | (1802) | oo | aooo | g,
116k (2) : 530.2 | 3975 | 2823 : : '
CH,P(O)(OH)(OEY) | 059 | 313 | 8628 | 0.036 | 0.088 (3.328) | (1.493) | (1.772)
1161 (1) 529.2 | 397.2 | 2817
CHPOOH), | 913 | 487 | 8599 | 0057 | 0094 1) | a0 | (1359 | s
1161 (2) 0050 5301 [ 3071 | 2818 | 2207 | 397 '
1097 | 374 | 8529 | 0044 | 0094 : ' :
CH,P(0)(OH), (2.998) | (1.471) | (1.424)
116m (1) 531 | 3984 | 2839
Chpoo.ca | 1412 | 284 | 8304 | 0034 | 0004 355 | o138) | (3.069 , s
116m (2) 0039 5313 [ 3004 | 2840 | 2o12 | 3989 '
11.85 | 3.65 | 8449 | 0043 | 0094 : ' :
CH,P(0)0,Ca (4.663) | (2.792) | (3.334)
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Table 6.9: ATR-IR data for materials prior to diazonium coupling.

Chapter 6

Material Raw data (cm™) Subtracted data (cm™) Significant peaks (cm™)
3437, 2961, 2932, 1714, 1602, 1487, ]
XAD-4 | 1511, 1444, 1360, 1220, 1090, 990, 902, i 3437 (ar. fé('jz)’(azrgil;gm (C-H)
833, 795 T
3341, 2960, 2931, 2859, 2726, 2650, 3341 (ar. C-H); 2960, 2931 (C-H)
3337, 2929, 2858, 2398, 2159, 1967, .
" 2291, 2121, 2109, 1666, 1603, 1512, | {7 1o T o T o 1601 (ar. C=C); 1353 (ar. C-N)

1487, 1444, 1285, 1252, 1169, 1086,

902, 836, 795, 708

989, 838, 795

1252 (aryl-0); 1169 (C-N)
1084 (alkyl-O)

Table 6.10: ATR-IR data for linker coupled materials.

Material R Raw data (cm™) Subtracted data (cm™)? Significant peaks (cm™)
2362, 7325, 2236, 2210, 2116, | 2974 2942, 2881, 2653
5066 1804 1717 1603 1513 | 2360, 2325,2115, 1982, 2960-2762 (C-H); 1603 (ar. C=C)
116a t-Butyl 2098, 2122, 009 905 1 1711, 1604, 1515, 1491, 1354 (ar. C-N); 1252 (aryl-O)
1488, 1444, 1354, 1286, 1252,
1928 1178 1085 890, 902 B30, | 1445M 1360, 1226, 1175, 1085 (alkyl-O)
R s T T P 1087, 993, 900, 835, 795
3385, 2959, 2873, 2775, 2654, | 2972, 2877, 2651, 2438, ,
116b o 2437, 2324, 1979, 1803, 1602, | 2323, 1979, 1604, 1489, 3?232(82;(:(-3'_—')6:)2'915:%92,62213 ((:ch)4)
o3 1488, 1326, 1080, 989, 899, 830, | 1337, 1080, 988, 799, 792, 1080 (ailk -0) :
792, 708 702 y
3215,2923, 2854, 2536, 2450, | 3,45 9930 3858, 2162, 2923, 2854 (C-H): 1601 (ar. C=C)
2276, 2203, 2132, 2886, 1999, ,
116¢ | 1980, 1739, 1252, 1180, 1377 (C-N); 1286 (aryl-O)
1942, 1929, 1740, 1462, 1377, | 1481 907 837, 705, 709 1075 (alkyl-0); 541 (C-1)
1286, 1138, 1075, 988, 905, 787, » J08, 831, 159, Y2
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687, 594, 544, 541, 525, 508

116d

NMe,

3374, 2964, 2933, 2875, 2443,
2160, 1900, 1658, 1601, 1500,
1444, 1351, 1085, 989, 902, 794

2964, 2983, 2075, 2443,

2160, 1900, 1678, 1630,

1601, 1500, 1444, 1351,
1282, 1080, 988, 802

3374 (ar. C-H); 2964-2875 (C-H)
1601 (ar. C=C); 1351 (C-N)
1282 (aryl-0); 1085 (alkyl-O)

116e

2963, 2934, 2861, 2685, 2477,
2362, 2335, 2236, 2205, 2153,
2024, 2002, 1958, 1817, 1680,
1601, 1511, 1486, 1423, 1194,
1096, 989, 903, 834, 795

3191, 2951, 2913, 2850,
2603, 2217, 2157, 2024,
1971, 1528, 1501, 1466,
1426, 1379, 1266, 1210,
1115, 1001, 957, 927, 872,
815

2963-2934 (C-H); 1602 (ar. C=C)
1379 (ar. C-N)

116f

O(CH,CH,0)3CHj5

3247, 2929, 2857, 2447, 2349,

2163, 2036, 1900, 1654, 1713,

1654, 1603, 1511, 1487, 1446,

1362, 1284, 1252, 1172, 1085,
989, 902, 794

3247, 2929, 2857, 2163,

1980, 1603, 1500, 1480,

1446, 1362, 1240, 1085,
989, 902, 794, 709

2929, 2857 (C-H); 1603 (ar. C=C)
1362 (C-N); 1284, 1252 (aryl-O)
1240 (ar C-0); 1085 (alkyl-O)

1169

OH

3400, 2960, 2932, 2859, 2726,
2650, 2291, 2121, 2109, 1666,
1603, 1512, 1487, 1444, 1285,
1252, 1169, 1086, 989, 903, 838

3704, 3221, 2962, 2934,

2752, 2589, 2263, 2050,

2018, 1982, 1512, 1487,
1444, 1084, 989, 902

3400 (OH, ar. C-H); 2960-2859 (C-H)
1603 (ar. C=C); 1252 (aryl-O)
1086 (alkyl-O)

116h

CH,P(O)(OEt),

3215, 3020, 2964, 2936, 2877,

2778, 2163, 2031, 1980, 1793,

1657, 1602, 1511, 1487, 1445,

1355, 1276, 1218, 1062, 989,
902, 831

2942, 2880, 2163, 2031,

1940, 1656, 1602, 1487,

1445, 1357, 1192, 1017,
989, 902, 795, 709

3020-2876 (C-H); 1602 (ar. C=C)
1276 (aryl-O); 1217 (P=0)
1062 (alkyl-0); 1017 (P-OEt)

116i

NH;

3404, 3280, 2962, 2874, 2778,

2652, 2362, 1978, 1794, 1725,

1602, 1630, 1657, 1511, 1487,

1445, 1354, 1314, 1217, 1062,
989, 903, 794, 709

3404, 3022, 2879, 2779,
1978, 1656, 1487, 1448,
1355, 1328, 1218, 1050,
989, 903, 831, 795, 709

3404, 3280, 3022 (N-H, ar. C-H)
2962-2874 (C-H); 1602 (C=C)
1328 (ar. C-N); 1217 (aryl-O) 1062
(alkyl-O)

116

CH,COOH

3396, 3020, 2962, 2938, 2875,

2971, 2879, 2162, 1979,

3396 (ar. C-H); 2962 — 2875(C-H)
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2361, 2162, 1979, 1793, 1723,
1602, 1487, 1511, 1353, 1315,
1063, 989, 902, 850, 794, 908

1805, 1602, 1487, 1354,
989, 902, 794, 708

3020 (O-H); 1723 (C=0)
1602 (ar. C=C); 1329 (ar. C-N)
1085 (alkyl-O)

3246, 2929, 2857, 2606, 2348,
2388, 2262, 2039, 1735, 1602,

3246, 2929, 2857, 2601,
2262, 2039, 1735, 1602,

2929, 2857 (C-H); 2606 (OH)
1602 (ar. C=C); 1298 (P=0)

116k | CHP(O)OH)ORY | 1457 1998 1252, 1174 1081, | 1457, 1252, 1174, 1081, 1252 (aryl-0); 1081 (alkyl-O)
989, 960, 901, 835 1040 900, 837, 795, 708 1040 (P-OR)
3396, 2031, 2850, 2600, 2457, | 3396, 2031, 2859, 2601, 3396 (ar. C-H); 2931, 2859 (C-H)
16l | CHpO)OH), | 222%2827.1602,1520,1487, | 22322027, 1602, 1520, 2601 (O-H); 1602 (ar. C=C)
2 2 | 1446, 1351, 1252, 1171, 1083, | 1487, 1446, 1352, 1083, 1298 (P=0): 1252 (aryl-O)
989, 902, 830 989, 902, 830, 795, 708 1081 (alkyl-O)
s S | BN | rn e oo
116m | CHP(0)O,Ca , 1654, 1601, 1511, 1487, , 1979, 1601, 1520, 1601 (C=C): 1252 (aryl-O)

1446, 1252, 1170, 1084, 1018,
902, 795, 709

1446, 1252, 1084, 989, 822,

795

1084 (alkyl-0O)

& Spectra of linker terminated 115 was subtracted.

Table 6.11: ATR-IR data for directly coupled materials.

Material R Raw data (cm™) Subtracted data (cm™)? Significant peaks
3279, 3021, 2967, 2940, 2692,
2324, 2236, 2116, 1979, 1711, 3361, 2938, 2880, 2842, 2324, 2117, 1711, 2967-2940 (C-H)
117a t-Butyl 1659, 1631, 1603, 1512, 1486, 1666, 1603, 1511, 1486, 1444, 1356, 1086, 1603 (ar. C=C)
1445, 1360, 1275, 1087, 989, 903, 989, 903, 835, 795 '
834, 795
3338, 2929, 2856, 2445, 2285, 3345 (br), 2929, 2856, 2408, 2385, 2350,
117b CeHus 2163, 2036, 1980, 1743, 1649, 2166, 2164, 2036, 1743, 1641, 1467, 1379, 2929, 2856 (C-H)

1467, 1379, 1156, 1679, 890, 722,
679

1253, 1149, 1086, 1018, 903, 843, 790, 723,

681
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3258, 2930, 2859, 2709, 2627,
2165, 1980, 1740, 1712, 1654,

3268, 2930, 2859, 2709, 2628, 2166, 1980,

2930, 2859 (C-H)

117¢ | 1956, 1444, 1370, 1240, 1173, o0, | 1713 1655, 1444, 1370, 1279, 1045, 90
902, 793, 708 , 194,
3%§i£??k§37§kiigﬁs§3?3h§§57’ 3371, 2973, 2038, 2910, 2257, 2039, 1657, | 2973-2910 (C-H)
117d NMe; L o o | 1604, 1511, 1486, 1445, 1087, 1047, 989, | 1604 (ar. C=C)
, 1087, 1047, 1989, 902, 850, 902, 880, 829, 794
829, 794
3366 (br), 3017, 2963, 2691, 2362, | 3527, 2962, 2932, 2861, 2687, 2362, 2324, | 2963, 2691 (C-H)
76 y 1799, 1714, 1657, 1602, 1511, | 2167, 2112, 1980, 1715, 1659, 1602, 1511, | 1602 (ar. C=C)
1486, 1444, 1360, 1219, 1066, 989, | 1486, 1444, 1359, 1219, 1087, 989, 903, (1360 ar. C-N)
903, 831, 795, 709 834, 795, 709
B%igéiQEEEEZkégfgbi%fﬁbiESY’ 3246, 2029, 2859, 2719, 2628, 2167, 1979
17| OCHCH:O)KCHs | 1,50 14rs 1951 3140, 1033 oga | 1663 1510, 1446, 1251, 1080, 989, 903, | 2957, 2858 (C-H)
903, 835, 792, 709 833,709
gggg’i?;g’iggi’fggg’igfg’ 3049, 3021, 2971, 2883, 2839, 1758, 1631, 3020 (O-H)
117 OH L3, AP0, ST, S | 1603, 1511, 1487, 1409. 1089, 1018, 989, | 2974-2883 (C-H)
S a0 995,902 903, 834, 795, 708 1603 (ar. C=C)
3256 (br), 2930, 2857, 2436, 2163, | 3252, 2032, 2857, 2439, 2164, 1980, 1640, 2932’é§¥i% 2857
117h | CH.P(O)(OEt), | 1979, 1640, 1560, 1298, 1150, | 1520, 1480, 1383, 1147, 1022, 920, 857,
1049, 897, 683 739, 677
3266 (o), 2930, 2858, 2740, 2655, | 2008 L Zn 2 0L BN 2 e
117i NH, 2349, 2299, 2163, 1979, 1744, , 2163, 2036, 1979, 1744, 1514, 1486, | 5931 7558 (C-H)
e S > & w0 | 1353, 1250, 1178, 1083, 1016, 990, 901,
, 1353, 1083, 900, 795, 837, 795, 708, 688
3257 (br), 2929, 2858, 2656, 2323, | 3326 (br), 2958, 2029, 2858, 2443, 2323,
117 CH,COOH 2163, 1980, 1738, 1608, 1680, | 2349, 2163, 1980, 1603, 1511, 1487, 1446, | 2929, 2858 (C-H)

1487, 1446, 1173, 989, 902, 794,

1353, 1170, 1086, 989, 902, 794, 709
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709

3242 (br), 2923, 2853, 2363, 2286,
2232, 2166, 2950, 1978, 1653,

3242, 2923, 2853, 2618, 2496, 2287, 2160,

117k | CH,P(O)(OH)(OE) | 1541, 1457, 1377, 1277, 1237, | 2044, 1979, 1653, 1542, 1458, 1286, 1066, 292132’7278235_(8)'“)
1168, 1066, 990, 903, 836, 785, 990, 903, 835, 709 -
709
23{‘57%”)1’7%%261’5?551’ 4@63;'&67' 3244 (br), 2926, 2855, 2363, 2168, 1979, | 2926, 2855 (C-H)
171 | CHPO)OH), | o 9o o 192 100 | 1735, 1511, 1447, 1276, 1249, 1156, 1068, 1276 (P=0)
1067, 988, 803, 834, 792, 988, 903, 833, 791, 706
117m | CHuP(O)0,ca | 3308 (o). 2930, 2165, 1633, 1680, | 3367, 2930, 2165, 1080, 1633, 1520, 1480, | 530 165 (ot

1520, 1445, 1172, 1062, 989, 901

1446, 1080, 990, 903, 794, 709

& Spectra of unmodified XAD-4 was subtracted.

Table 6.12: Summary of combustion analysis of linker coupled materials.

Combustion | mmol of .
X . mmol surface Surface | Coupling
. analysis nitrogen T Molecules / Molecules / o ¢
Material R modification / 2a coverage | efficiency | N
data / g of | g polymer cm oD o
polymer | 9 Polymer (%0) (%0)
%C: 87.34
115 - %H: 7.72 0.179 0.179 1.08x10%° | 1.48x 10" 25 n/a 50
%N: 0.25
%C: 84.18
116a t-Butyl %H: 7.45 0.186 0.062 3.73 x 10" 5.14 x 10" 9 35 149
%N: 0.26
%C: 90.63
116b CeHiz %H: 7.97 0.200 0.067 4.01x 10" | 554x10% 9 37 138
%N: 0.28
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116¢c

%C: 87.60
%H: 7.88
%N: 1.5
%lI: 1.66

1.071

0.357

2.15 x 10%°

2.97 x 10"

o1

200

20

116d

NMe,

%C: 80.48
%H: 7.19
%N: 0.21

0.150

0.038

2.26 x 10*°

3.11 x 10*

21

251

116e

%C: 89.78
%H: 8.14
%N: 0.7

0.500

0.167

1.00 x 10%°

1.38 x 10*3

24

93

52

116f

O(CH,CH,0)sCH

%C: 88.35
%H: 7.67
%N: 0.52

0.371

0.124

7.46 x 10

1.03 x 10%

18

69

71

1169

OH

%C: 83.86
%H: 6.99
%N: 0.24

0.171

0.057

3.44 x 10

4.75 x 10%?

32

163

116h

CH,P(O)(OEt),

%C: 89.34
%H: 7.62
%N: 0.34
% P: 0.06

0.243

0.121

7.31 x 10

1.01 x 10%

17

68

72

116i

NH;

%C: 90.09
%H: 8.00
%N: 0.26

0.186

0.046

2.80 x 10%°

3.86 x 10*2

26

202

116

CH,COOH

%C: 89.76
%H: 7.92
%N: 0.22

0.157

0.052

3.15 x 10*°

4.35 x 102

29

178

116k

CH,P(0)(OH)(OEY)

%C: 88.25
%H: 7.62
%N: 0.63
%P: 0.11

0.450

0.150

9.03 x 10*°

1.25 x 10*3

21

84

58

116l

CH,P(0)(CH),

%C: 90.70

0.436

0.145

8.75 x 10"

1.21 x 10"

21

81

60
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%H: 7.84
%N: 0.61
%P: 0.71

116m

CH,P(0)0,Ca

%C: 89.68
%H: 7.91
%N: 0.32
%P: 0.06

0.229

0.076

4.59 x 10*°

6.33 x 10*2

11

43

120

%Calculated on the basis of a bead surface area of 725m?/g; "A limiting area of 1.71 nm“/molecule is assumed as calculated using Chemicalize
(www.chemicalize.com); °N is the ratio of unmodified sites to modified sites.

Table 6.13: Combustion analysis of directly coupled materials.

. mmol of mmol
. CombUS'FIOI’l nitrogen / surface Molecules / ¢ Molecules / Surface c
Material R analysis coverage N
y g of modification polymer cm?? bg
data (%)
polymer / g polymer
%C: 89.12
117a t-Butyl %H: 7.79 0.071 0.036 2.15 x 10" 2.97 x 10% 0.7 65
%N: 0.10
%C: 85.18
117b CeH13 %H: 7.60 0.071 0.036 2.15 x 10*° 2.97 x 10* 0.7 64
%N: 0.10
%C: 83.97
117¢ | %H: 7.40 0.636 0.318 1.91 x 10% 2.64 x 108 6.2 4
%N: 0.89
%C: 81.39
117d NMe, %H: 7.28 0.071 0.024 1.43 x 10" 1.98 x 10* 0.5 42
%N: 0.10
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117e

%C: 82.45
%H: 7.48
%N :0.34

0.243

0.121

7.31 x 10*°

1.01 x 108

2.4

18

117f

O(CH,CH,0)3CH3

%C: 86.40
%H: 7.50
%N: 0.43

0.307

0.154

9.25 x 10%°

1.28 x 10"

3.0

12

1179

OH

%C: 89.88
%H: 7.95
%N: 0.10

0.071

0.036

2.15 x 10*°

2.97 x 10*

0.7

65

117h

CH,P(O)(OEt),

%C: 89.67
%H: 8.00
%N: 0.15
%P: 0.04

0.107

0.054

3.23 x 10%

4.45 x 10

1.0

41

117i

NH;

%C: 77.76
%H: 6.85
%N: 0.04

0.029

0.010

5.74 x 10

7.91 x 10%

0.2

110

117

CH,COOH

%C: 87.69
%H: 7.65
%N: 0.03

0.021

0.011

6.45 x 108

8.90 x 10™

0.2

222

117k

CH,P(0)(OH)(OEY)

%C: 89.66
%H:7.74
%N: 0.39
% P: 0.06

0.279

0.139

8.39 x 10%°

1.16 x 10"

2.7

14

1171

CH2P(0)(OH),

%C: 90.91
%H:7.84
%N: 0.46
%P: 0.09

0.329

0.164

9.89 x 10%°

1.36 x 10"

3.2

12

117m

CH,P(0)0,Ca

%C: 89.89
%H: 8.01
%N: 0.49
%P: 0.10

0.350

0.175

1.05 x 10%°

1.45 x 108

3.4

10
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“Calculated on the basis of a bead surface area of 725m?/g; "A limiting area of 0.24 nm?molecule is assumed as calculated using Chemicalize
(www.chemicalize.com); °N is the ratio of unmodified sites to modified sites.

Table 6.14: TGA and DSC thermal analysis.

TGA decomposition temperature (°C)

DSC thermal event (°C)

Material R Sample | Sample Average Star_ldgrd Sample | Sample | Sample Average Star_ldqrd

1 2 deviation 1 2 3 deviation
XAD-4 - 473.74 476.20 474.97 1.74 103.86 97.41 100.65 100.64 3.23
115 - 47448 | 47220 | 473.34 1.61 105.44 | 104.58 - 105.01 0.61
116a t-Butyl 472.87 473.63 473.25 0.54 91.78 100.33 100.55 97.55 5.00
116b CeHis 472.37 474.95 473.66 1.82 89.68 90.26 102.62 94.19 7.31
116¢ I 474.34 | 478.39 476.37 2.86 99.46 94.21 100.01 97.89 3.20
116d NMe; 475.26 | 477.68 476.47 1.71 99.42 95.15 95.89 96.82 2.28
116e H 472.70 | 474.83 473.77 151 92.95 101.06 101.26 98.42 4.74
116f O(CH,CH,0)3CHj3 472.46 | 475.08 473.77 1.85 98.76 94.30 101.25 98.10 3.52
1169 OH 475.78 477.10 476.44 0.93 91.11 102.08 95.30 96.16 5.54
116h CH,P(O)(OEt), 475.63 | 478.53 477.08 2.05 99.90 90.72 99.73 96.78 5.25
116i NH, 476.75 | 473.34 475.05 2.41 90.16 99.95 91.93 94.01 5.22
116j CH,COOH 472.59 | 469.33 470.96 2.31 100.41 92.07 102.13 98.20 5.38
116k CH,P(O)(OH)(OEY) 477.52 475.63 476.58 1.34 101.61 93.28 101.07 98.65 4.66
116l CH,P(O)(OH), 474.83 | 471.49 473.16 2.36 94.01 100.79 92.66 95.82 4.36
116m CH,P(0)0,Ca 475.04 | 472.89 473.97 1.52 90.42 101.41 96.30 96.04 5.50
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6.4.3 Preparation and characterisation of Penicillin V loaded materials

Preparation of materials 121 and 122

XAD-4 Polystyrene

O\/\N/\

XAD-4 Polystyrene

N U
0 N, o
=S
hP=ve
o B
O//\OK

122
SN

N
O/W/H '_js
o) ¢ H
o ~ @ NH
o//\O N

121

To generate 121 as pale green beads, amine modified beads 116i was used. 122 was

produced from unmodified XAD-4 and no colour change was observed.

The beads (116i or unmodified XAD-4) (1 g) were soaked in a solution of the potassium salt
of penicillin V in phosphate buffered saline, pH 7.24, (25 ml, 5 umol/ml) for 18 hours, if
necessary a drop of EtOH was added to the mixture so that the beads did not rest on the
surface of the solution. The beads were filtered and washed extensively with water then
dried under vacuum. Table 6.15: Table displaying the combustion analysis data and surface

loadings of penicillin V.

Table 6.16: Combustion analysis of penicillin loaded materials

. Loading of Molecules of Molecules of
. Combustion Sulphur o e
Material . Penicillin V per Penicillin V per
analysis data (mmol/g of 2
g of polymer cm
polymer)
C:77.21 H:6.96 19 13
121 N: 0.32 S: 045 0.14 8.45x 10 1.17x 10
C: 65.83 H: 5.97 20 13
122 N: 0.24 S0 58 0.18 1.09x 10 1.50 x 10
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6.5 Chapter5

Protein adsorption protocol: single incubation time®

The beads were sterilized in methanol then exposed to DPBS (physiological pH) for 18
hours, after which they were dried for 24 hours at 37 °C. The beads (2 mg) were placed in
well plates with BSA-DPBS solution (1000 pl, 5 mg/ml). After incubation at 37 °C under
constant shaking for 3 hours the remaining solution was removed, leaving behind the beads.
A solution of 1% (w/v) SDS (sodium dodecyl sulphate) (1 ml) was added to each of the
wells after which they were incubated for 1 hour at 37 °C. The SDS solutions were removed
and the optical density of the solutions measured using a spectrometer at wavelength 280
nm. Using a calibration curve, the optical density measurements could be converted into the

quantity of protein adsorbed onto the beads.

Protein adsorption protocol: multiple incubation times’

The beads were sterilised in methanol for 10 minutes, soaked in DPBS (physiological pH)
for 18 hours and dried in the oven at 37 °C for 24 hours. For each material 5 experiments
were performed according to the incubation times of 1, 3, 6, 12, and 24 hours with three
replicas per experiment. The beads (2 mg) were added to the wells with BSA-DPBS solution
(200 ul, 5 mg/ml) and the beads were incubated at 37 °C under constant shaking for the
allotted time. At the end of the incubation time the remaining solution was removed from
the well then the optical density of the solution measured with a spectrometer at 280 nm, the
concentration of BSA remaining in the solution was found using a calibration curve. The
quantity of protein adsorption by the beads was obtained by measuring the change in

concentration of BSA in the PBS solution. The results are below in Table 6.18
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Hole-plate bioassay

The bioassay plates were prepared by Wendy Sobey. Materials 121 and 122 were tested
against Staphylococcus Aureus and Escherichia Coli. Various amounts of 121 and 122 were
placed into wells cut out of bioassay plates, the beads sealed in with agar then the samples
incubated overnight ay 37 °C. The diameters of the inhibition zones were measured and then
the relative potency of the materials calculated from standards prepared using cephalosporin
C, where a calibration curve had been prepared of zone size against the log of the molar

concentration of cephalosporin C.

Table 6.17: Protein adsorption after incubation for 3 hours.

Protein Adjusted protein

Functionality adsorption adsorption (g/mmol of

(mg/mg) surface modification)
XAD-4 0.0265 N/A
115 0.0355 0.198
116a 0.02 0.323
116b 0.0365 0.547
116¢ 0.045 0.126
116d 0.015 0.400
116f 0.0305 0.246
116g 0.025 0.438
116h 0.033 0.273
116i 0.03 0.647
116j 0.0355 0.677
116k 0.095 0.633
116l 0.0375 0.259
116m 0.0495 0.650
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Table 6.18: Average protein adsorption after incubation at various time intervals.

Average concentration of protein

adsorbed (mg/ml) Average percentage of BSA adsorbed Standard deviations

1 3 6 12 24 1 3 6 12 24 1 3 6 12 24

Material
hour | hours | hours | hours | hours | hour | hours | hours | hours | hours | hour | hours | hours | hours | hours

Xad-4 0.057 | 0.070 | 0.071 | 0.082 | 0.106 | 5.12 631 | 634 | 7.34 | 950 | 0.03 1.87 1.22 1.14 | 2.58

115 0.084 | 0.064 | 0.053 | 0.045 | 0.067 | 7.56 | 5.78 | 4.76 | 4.06 6.03 1.25 119 | 3.88 1.75 1.65

116a 0.083 | 0.057 | 0.094 | 0.087 | 0.082 | 7.50 | 5.08 | 8.46 7.85 7.38 137 | 431 1.95 2.56 | 0.47

116b 0.065 | 0.068 | 0.084 | 0.102 | 0.107 | 588 | 6.14 | 759 | 9.18 | 9.60 | 4.47 0.92 162 | 0.01 | 0.97

116d 0.047 | 0.071 | 0.086 | 0.066 | 0.048 | 426 | 6.37 | 7.76 | 590 | 433 | 361 | 038 | 099 | 157 | 0.88

116f 0.084 | 0.085 | 0.075 | 0.053 | 0.054 | 7.50 | 7.67 6.74 | 478 | 481 | 047 0.69 | 3.50 1.69 | 0.34

1169 0.066 | 0.021 | 0.063 | 0.028 | 0.028 | 5.96 192 | 565 | 250 | 255 | 220 | 0.57 | 2.37 111 | 2.04

116h 0.098 | 0.037 | 0.116 | 0.123 | 0.072 | 8.79 | 3.36 | 1042 | 11.03 | 6.47 | 290 | 0.11 | 444 | 555 1.60

116i 0.055 | 0.042 | 0.087 | 0.061 | 0.069 | 495 | 381 | 7.84 | 545 6.15 | 2.30 1.54 1.71 | 4.85 1.07

116j 0.069 | 0.087 | 0.113 | 0.099 | 0.096 | 6.15 | 7.79 | 10.17 | 885 | 865 | 3.69 | 087 | 055 | 098 | 0.31
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Table 6.19: Data obtained from hole plate bioassay with E. Coli.

Chapter 6

: Equivalent nmol mol of % nmoles of N .
Material Sample | Zone size ochephalosporin Pel:licillin \ Relative penicillin V % Penicillin V| 96 Relatl\C/e
mass (mg) (mm) a b released potency
c per well per sample potency released

7.6 19 0.95 1.06 0.089 0.90 0.085 105

10.9 14 0.42 1.53 0.028 0.40 0.026 106

15.7 25.5 2.70 2.20 0.123 1.55 0.071 174

21.4 26 2.93 3.00 0.098 1.60 0.053 183

121 26.7 26.5 3.17 3.74 0.085 1.65 0.044 192
32 30 5.57 4.48 0.124 2.00 0.045 278

40.7 30 5.57 5.70 0.098 2.00 0.035 278

49.3 30.5 6.04 6.90 0.087 2.05 0.030 294

55.4 31 6.54 7.76 0.084 2.10 0.027 312

715 35 12.5 10.0 0.124 2.50 0.025 498

122 51 23 1.81 0.92 0.196 1.30 0.141 139
10.7 26.5 3.17 1.94 0.164 1.65 0.085 192

16.7 28 4.04 3.02 0.134 1.80 0.060 224

19.9 34 10.6 3.60 0.294 2.40 0.067 442

26.3 37 17.2 4.76 0.361 2.70 0.057 636

31.4 385 21.9 5.68 0.385 2.85 0.050 768

41.6 39 23.7 7.53 0.315 2.90 0.039 818

49.7 42 384 9.00 0.427 3.20 0.036 1201

61 41 32.7 11.0 0.296 3.10 0.028 1055

69.6 42 384 12.6 0.305 3.20 0.025 1201

2 Calculated using the loadings of penicillin V determined by combustion analysis; ® based on the total available amount of penicillin V in the
sample; © based on the amount of penicillin V released.
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Table 6.20: Data obtained from hole plate bioassay with S. Aureus.

Chapter 6

Equivalent pmoles of

pmoles of penicillin

% Relative

Material Sample mass (mg) | Zone size (mm) Cephalosporin C per well V in sample? potency”

6.6 31 2.26 0.92 245

11.1 36 5.60 1.55 361

14.4 35 4.67 2.02 232

121 26.3 39 9.66 3.68 262
34.9 38 8.06 4.89 165

42.7 45 28.7 5.98 480

59.9 41 12.7 8.39 151

71 41 13.9 9.94 140

122 7.1 38 8.06 1.29 627
10 40 11.6 181 640

16.3 42 16.6 2.95 564

20.4 41 13.9 3.69 376

26.8 42 16.6 4.85 343

31.2 41 13.9 5.65 246

42.5 46 34.4 7.69 447

51.5 41 13.9 9.32 149

63 46 34.4 114 302

71.9 50 71.1 13.0 546

2 Calculated using the loadings of penicillin V determined by combustion analysis; ® based on the total available amount of penicillin V in the

sample
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Appendices

Appendix | : Combustion analysis calculations

This is an example calculation demonstrating the methods followed to analyse the

combustion analysis data. Material 116b has been used as example.

O\/\N/\ O\/\N/\
115 116b

Ny
N

CeH13

Surface loadings:
%N = 0.23, as measured by combustion analysis.

Number of moles of N per gram of polymer

=__x 100 = 22
Mr(N) 14

x 100 =1.79 x 104

Number of moles of surface modification per gram of polymer

-4
_ moles N/gP — 1.79 X 10 — 6.67 X 105

atoms of N 3

Number of molecules of surface modification per gram of polymer
= moles of surface modification X Av = (6.67 x 10°) x (6.02214 x 10%3) = 4.10 x 10*°
Number of molecules of surface modification per cm? (where the literature surface area of

XAD-4 is 725 m?/g)

_ molecules/gP
725

/(100 x 100) = (4.10 x 1019/725)/(100x100) = 5.54 x 1012

Surface coverage:

Maximum number of molecules possible in 1 cm?



Appendices

1 1
=—=————=585x1013
Ao 171x10°14

Ao is the limiting factor in cm?, 1.17 nm%molecule

actual number of molecules per cm? 5.54 x 1012
P X 100 = 222"—_ % 100 = 9.5%

% Surface coverage = —
maximum number of molecules per cm? 5.85 x 1013

Efficiency of diazonium coupling method 1:

_ moles N/gP % 100

" atoms of nitrogen x moles N/gP on 115

_ 2.00x107%
3x1.79 X 10~4

X100 =37%

Efficiency of diazonium coupling method 2:

O\/\N/\

1161

Using 1161 as example.

P(O)(OH),

%P = 0.17% = 0.055 mmol/g of P, %N = 0.61

Expected %P = = = 222 = 0.203% = 0.066 mmol/g P

actual 100 = 0.055 X100 = 83%

% efficiency = =
expected 0.066

N, the number of unmodified sites:

__ MassofN
total mass

%N x 100

%N = 14x % 100

(Mr of 1 modified monomer)+(NxMr styrene monomer)

X = number of atoms of N
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It is assumed that the number of unmodified monomers of polystyrene will much greater
than the modified monomers so the number of modified monomers is always ~ 1. The M, of
a styrene monomer is 104.

Z

O O O\/\N/\

Modified monomer

CeHis

This equation is rearranged to determine N. Using 116b as an example,

N = [L“) - 637.9] /104 = 138

0.23/100



Appendix Il : Protein Adsorption Correlations

Protein adsorption after three hours

Appendices

As discussed in Chapter 5, the adjusted protein adsorption, after exposure to BSA for 3

hours, was compared with various cheminformatic parameters. Below are the remaining

correlations not discussed in detail in the Chapter.

Adjusted protein adsorption (g/mmol of surface

modification)

08

07

0.1

0.0

6 8 10 12 14
CLog P (Partition coefficient)

Adjusted protein adsorption (g/mmol of surface

modification)

08

0.7

0.6

=

=
=

o

0.1

00

6 8 10 12 1
CLog P (Partition coefficient)
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Time-course protein adsorption
The adjusted protein adsorption after 1, 12 and 24 hours was compared with various

cheminformatic parameters, below are the correlations not featured in Chapter 5.
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12 hours
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24 hours
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Appendix I11 : Bioassay data and calibrations

Appendices

Cephalosporin C (Ceph C) was used a reference in measuring the activity of the penicillin

materials. Calibrations were carried out by Apichat Aphaiwong.

E Coli

Concentration | Volume  Volume Mass moles of Zone (nmlcc))lges of
of stock Ceph C water Ceph Ceph C .
. size mm Ceph
solution pg/mL | pL/well  mL/well pg/well  nmol/well Clwell)
10 20 80 0.2 0.48 13 0.32
40 60 0.4 0.96 20 0.02
60 40 0.6 1.44 22 0.16
80 20 0.8 1.93 24 0.28
100 0 1 2.41 27 0.38
100 20 80 2 4.81 29 0.68
40 60 4 9.63 32 0.98
60 40 6 14.44 36 1.16
80 20 8 19.26 37 1.28
100 0 10 24.07 39 1.38

0.5

y=0.0699x - 1.3512.#

Log moles of Cephalosporin C per well

25 30

Zone size (mm)

40

45

xii



S. aureus

Concentration
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of stock Volume Volume  Mass moles of ane (nml(())I?es of
. CephC water CephC CephC size
solution L/well mL/well /well nmol/well  mm Ceph
ng/mL HLiwe Hgiwe Clwell)
1000 40 60 40 96.29 135 1.98
60 40 60 144.44 16 2.16
80 20 80 192.59 17.5 2.28
100 0 100 240.73 18.5 2.38

Log moles Cephalosporin C per well

0.5 1

y=0.0788x +0.9117-#
RS o

10 12 14 16
Zone size (mm)

Hole plate assay of penicillin V

A hole plate assay of penicillin V was carried out by Apichat Aphaiwong and the results are

presented below. The calibration used to determine the equivalent amount of the

cephalosporin C reference is similar to that presented previously but not exactly the same.

Xiii
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Amount of

penicillin V nmoles of average Equivalent Equivalent % relative
er well enicilliny ~ 20M8SIZ8 oy ceph e Mnolesof otency®
p (o) p (mm) g cep ceph C Y Yy
0.003125 8.95 33 1.30 19.99 223
0.001563 4.48 28.8 1.01 10.35 231
0.000781 2.24 27 0.89 7.80 349
0.000586 1.68 22.8 0.61 4.034 240
0.000488 1.4 22.5 0.59 3.85 275
0.000391 1.12 20.3 0.44 2.72 243
0.000293 0.84 18.8 0.33 2.16 257
0.000195 0.56 13 -0.06 0.87 155

®Relative potency = (moles cephalosporin ¢/moles penicillin V) x 100

The number of moles released by penicillin materials 121 and 122 was determined using the

equation on the graph below.

2.5E-09

2E-09

o
=]
k=

Moles of penicillin V

1E-09

5SE-10
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Appendix IV : XPS data on disc
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