Chapter 1

Introduction to Polymers for Biomedical Applications

1.1 Introduction

The surface of a material is the barrier between the material and the external
environment. It is responsible for many properties of a substance, critical to its
function i.e. adhesion, wettability, dissolution and degradation to name but a few.
In the field of biomaterials the surface is of particular importance as it acts as the
first point of contact in reactions with other materials. Surface analytical
techniques such as time-of-flight secondary ion mass spectroscopy (ToF-SIMS),
X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) are
all regularly used in biomaterial characterisation. It is vital that all biomaterials are
thoroughly analysed in vitro to ensure their suitability for their eventual use.

New polymers are being utilised in drug delivery vectors due to the advantages
their physical properties provide. This chapter will discuss the application of
surface analytical techniques to polymers with biomedical applications as well as

advances in controlled drug delivery systems.

1.2 Introduction to Polymers

Polymers are long chain molecules comprised of repeated monomer subunits.
Each constituent of a polymer undergoes polymerisation reactions to form a
multi-unit structure. Polymers can be divided into homopolymers that comprise
one repeating sub unit (monomer), or copolymers which includes any polymer
containing two or more different monomers® 2. Copolymers can be divided into
four categories; random, alternating, block and graft copolymers, a schematic of
the polymer types can be found in Figure 1.1a. The different composition of homo
and copolymers give rise to three main types of skeletal structures. These are

linear, branched and network polymers as shown in Figure 1.1b%.
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Figure 1.1 a) Schematic representation of homopolymers and copolymers
(adapted from?). Individual monomer species are shown as ‘A’ and ‘B’. b)

Schematic of common polymer skeletal structures.

The skeletal structure is vital in determining the eventual properties of the
resulting polymer. For example branched polyethylene has a lower melting point
than its linear equivalent’. It is the understanding and manipulation of the

structure of polymers which allow for advances into controlled drug release from
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polymeric material. An example of such manipulation is shown in “smart”
polymers whereby a therapeutic agent is encapsulated within the polymer matrix
in its “closed” configuration. When encountering a specific stimulus such as a low
pH environment a release of drug is observed by shifting to an “open” state*®.
The focus of the work in this thesis is the analysis of clinically relevant polymers,
Table 1.1 shows the versatility of some polymers currently used clinically, this

versatility is due to the variation in polymer architecture.

Polymer Application

Poly(methyl methacrylate) Rigid contact lenses, intra-ocular lens

Polymeric compounds based on methyl ~ Acrylic cements for orthopedy, facial

methacrylate prosthesis, joint surgeries

Poly(2-hydroxyethyl methacrylate) Flexible contact lenses, plastic surgery.

Nylon-type polyamides Sutures
Poly(vinyl chloride) Blood pushes, catheters
Poly(ethylene terephtalate) Vascular prosthesis, cardiac valves
Polytetrafluoroethylene Orthopedy, vascular clips
Polyurethanes Catheters, cardiac pumps
Silicones Plastic surgery, tubes, oxygenators

Table 1.1 Polymers used clinically adapted from Vert et al. 2007’

1.3 Biocompatible Polymers

Biodegradation is defined as an event which takes place through the action of
enzymes and/or chemical decomposition associated with living organisms®. There
are two classifications of biodegradable polymers which are natural, and
synthetic®. Such polymers have use in medical and ecological applications such as

reducing plastic waste from non bio-degradable polymer manufacture and
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reducing costs of their disposal. A list of biodegradable polymers is shown in
Table 1.2, adapted from Ikada et al.’

Polymer Abbreviation

Poly(acid anhydride) PAA
Poly(butylene succinate) PBS
Poly(a-cyanoacrylate) PCA
Poly(e-caprolactone) PCL

Poly(DL-lactide), Poly(DL-lactic acid) PDLLA
Poly(ester amide) PEA
Poly(ester carbonate) PEC
Poly(ethylene succinate) PES
Poly(glycolide), Poly(glycolic acid) PGA

(Poly(glycolide-co-lactide), Poly(glycolic acid-co-lactic acid) PGALA
Poly(hydroxyalkanoate) PHA
Poly(3-hydroxybutyrate) PHB
Poly(L-lactide, Poly(L-lactic acid) PLLA
Poly(orthoester) POE

Table 1.2 List of biodegradable polymers, adapted from Ikada et al.’

The large selection of biodegradable polymers listed as well as the related
copolymers have varying properties allowing for tailoring of the most suitable
physical and mechanical properties for a specific application. The degradation of
polymers used in treatment is often vital in their function, the three key
mechanisms of degradation are surface erosion, bulk erosion and erosion front

formation shown in Figure 1.2'% %,
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Figure 1.2 Mechanisms of polymer degradation, the green area represents
polymer, red represents the erosion zone, adapted from Mathiowitz et al.**

In all degradation processes the first step is penetration of water into the polymer
matrix. Surface erosion occurs when degradation of the surface occurs at a faster
rate than the rate of water penetration into the bulk. This is a desirable mechanism
of erosion in drug delivery due to the reproducibility of the rate of drug release as
the kinetics of erosion are well understood*. The opposite is true for bulk erosion
whereby the bulk is penetrated and degrades faster than the surface. Erosion front
formation is between these two extremes and thus is more typical, whereby
degradation occurs in a finite outer region termed the erosion zone'® . Both
synthetic and biologically derived (natural) polymers are used commercially
where they can be hydrolytically degraded (containing functional groups
including esters, anhydrides, carbonates and amides) or they can be enzymatically
degradable®. Poly(lactic acid) (PLA) is preferred for commercial use due to fewer
variations in degradation between different sites and patients, therefore it is used

as sutures, in drug eluting stents and in dialysis membranes™.

As technology has allowed advances in our manipulation of such polymers, more
complex polymers are being developed for human use in drug delivery®. As with
all commercial compounds used for human treatment, extensive properties must
be satisfied before being licensed for use. The key properties of polymeric

biomaterials are shown below?:
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e The material should not evoke a sustained inflammatory or toxic response

upon implantation in the body.

e The material should have an acceptable shelf-life.

e The degradation time of the material should match the healing or regeneration

process.

e The material should have appropriate mechanical properties for the indicated
application and the variation in mechanical properties with degradation should

be compatible with the healing or regeneration process.

e The degradation products should be non-toxic, and able to be metabolised and

cleared from the body.

e The material should have appropriate permeability and processibility for the
intended application.

Some typical examples of a biomaterial application include drug delivery
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systems'”®, tissue engineering scaffolds**?’ and temporary prosthetics?®**°. The
main advantage of a biomaterial is its improved biocompatibility and the
temporary status it has in a given biomedical application. This allows for the
materials hydrolysis or enzymatic degradation once its function has been

accomplished.

Natural polymers are more prone to enzymatical degradation and the site of action
will therefore determine the degradation rate relative to the concentration of
enzyme present. Natural polymers are bioactive, however there is strong immune
response associated with natural polymers derived from sources other than the
patient’. Synthetic polymers are relatively biologically inert in comparison to
natural polymers and the production of synthetic polymers forms more uniform
polymer structures®’. To counteract this hybrid polymers, which are polymers
where functional groups are attached to specific locations in the polymer chain

have been developed in order to alter the physical/chemical properties. An
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example of this is seen in poly(ethylene-glycol) attachment (PEGylation) in an
effort to achieve improved physical properties to elicit favourable biological

responses®.

1.3.1 Hybrid Polymers and PEGylation

There is a growing synergy between organic chemistry and polymer synthesis to
build on the polymer architecture described in section 1.2, sophisticating
molecular design to produce properties which can be tuned to satisfy a therapeutic
need. Such hybrid polymers can overcome problems such as the decreased
stability of biopolymers and the poor structural control of synthetic systems®,
Poly(ethylene glycol) (PEG) polymer chains are being utilised in drug delivery by
covalent attachment to another molecule as first shown by Abuchowski et al. in
1977%. PEGylation improves water solubility due to its hydrophilicity, high
mobility in solution, non-toxicity above 1 kDa and it is readily cleared from the
body. PEG with a molecular weight below 1 kDa has been shown to degrade into
toxic metabolites but above this value, no toxicity is observed™.

PEGylation is often carried out by the incubation of PEG with the therapeutic
protein macromolecule. PEGylation acts to confuse the immune response by
‘masking’ the protein. This is important as proteins can elicit undesired immune
responses>>. It also increases the overall size of the molecule thereby reducing the
amount of renal clearance allowing it to circulate for longer. Limitations of
proteins for therapy include enzymatic degradation and limited solubility in non-
aqueous solvents, which PEGylation can improve however they are also restricted
by their temperature and pH stability. Other physiochemical properties of the
PEGylated protein are also altered, such as the hydrophobicity, conformation and
electrostatic binding, which also increase retention and binding affinity as shown

in Figure 1.3.

23



Increase in solubility
due to the PEG
hydrophilicity

—X" Decreased
accessibility for
proteolytic enzymes
and antibodies

Increase in size
to reduce kidney
filtration

Protein

Figure 1.3 Schematic diagram illustrating the key benefits of PEGylation of

protein based drug molecules®.

Many small anti-tumour drugs have been PEGylated to avoid clearance and to
increase solubility. These include campothecin, cis-platinum, doxorubicin and
taxol (paclitaxel), which is used in drug loaded polymer stents to prevent
restenosis®’. In 2007 $4 billion*® was generated from the sale of PEGylated drugs
which illustrates their usefulness and suggests there is scope for further drugs to

utilise PEGylation to improve treatment for patients.

1.3.2 Poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and
their co-polymer poly(lactic-co-glycolic acid) (PLGA)

The first use of PLA was first patented in 1967 as a resorbable material for
sutures® *°. These polymers and copolymers of the two were then further
developed for use in biomedical scaffolds. Now they are more commonly used as
low toxicity-controlled drug delivery carriers'. Degradation products from
PLA/PGA and PLGA are broken down into readily metabolised materials though
the citric acid cycle improving their biocompatibility. As such they are FDA

approved for human use. Their properties can be found in Table 1.3 below
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Polymer

PGA

PLA
(L-form)

PLA
(D,L-form)

PLGA

Crystallinity T4 (°C)

Degradation Typical

Rate applications
Highly crystalline 35 - 40 2-3 Sutures, soft
(Tm=225~230°C) months anaplerosis
Semiserystalline Fracture fixation,
~ > i
(To= 173-178°C) 60 ~ 65 2 years Ilgamenj[
augmentation
Amorphous 55 ~ 60 12-16 Drug delivery
months systems
Suture, fracture
Amorphous 45 ~ 55 1-6 fixation, oral_ implant,
months drug delivery

microspheres

Table 1.3 Properties and biomedical applications of PLA, PGA and PLGA® .

The degradation of PLA and PLGA is shown in Figure 1.4. The lactic acid
produced by this degradation is easily metabolised by the body. As these

polymers have high biocompatibility they are ideal candidates for sustained drug

delivery

Figure 1.4 Formula of PLGA degradation yielding lactic acid.
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1.4. Biodegradable Polymers in Medicine

Polymers have increasingly seen use in medicine, the three main categories of
uses are; drug delivery, implants and tissue engineering. These are discussed in

this section.

1.4.1 Drug Delivery

Polymer drug delivery formulations are the most prolific use of polymers in
medicine due to their versatility and improved therapeutic properties compared

with traditional forms of drug delivery i.e. tablets and intravenous injections.

Such systems comprise a formulation of drug and polymer which is designed to
release a drug with effective targeting and controlled release. This can either be a
relatively short term delivery (hours) i.e. nicotine transdermal patches, or longer
delivery (days) i.e. subdermal implants, from formulations such as those used at
the surface of metallic implantable coronary stents**. The longer lasting
formulations can provide sustained release of drug without requiring patient
compliance. The main use of polymers for drug delivery however comes in the

form of carriers which include hydrophilic matrix tablets**’

48, 49 50, 51

, osmotic delivery

22,23, 52,

systems™ ™, membrane controlled release systems

54-56

, hano/microspheres
>3 and modified liposomes schematic representation of such polymer drug
delivery mechanisms mentioned are shown in Figure 1.5 below. A range of
commercially approved drug delivery systems are summarised in Table 1.4. While
PEGylation of proteins is the most common use of polymers for protein drug
delivery however the versatility of polymer drug delivery extends to microsphere,

thin films and implanted controlled release formulations.
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Figure 1.5 Example of drug release through a) a reservoir b) within a matrix c)
polymer degradation, d) cleavage of drug from a polymer backbone, e) solvent
exposure, f) osmotic pressure water permeation, g) osmotic delivery, h) liposome
release and i) external stimulus mediated release, adapted from Langer, 1990°’.
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Trade Method of
Treatment Polymer Protein/Dru .
Name y g Admin.
Severe combined Adenosine
Adagen immunodeficiency PEG . Injectable
. deaminase
disease
Oncaspar Acute lymphatic PEG Asparaginase Injectable
leukemia
Relief of moderate Copolymer of
. . Transdermal
Duragesic to severe pain forup  polyester/ethyl Fentanyl teh
to 72 hrs vinyl acetate P
Copolymer of
Gliadel Malignant glioma polyan_hydnde Carmustine Implanted
and polifeprosan
20
Zuplenz Nausea Hydroxypropyl Ondansetron Ora! SO.I uble
methylcellulose thin film
Copolymer of
.. H lul . . .
Lipiodol epatocellular Styrene and Neocarzinostatin Injectable
cancer .
maleic acid
Doxil Cancer PI_EGyIated Doxorubicin Injectable
chemotherapy liposome
Taxus Restenosis Styrine |s-oprene Paclitaxel Implanted
butadiene
Poloxamer 407, Microsphere,
Zmax Bacterial infections  hydroxypropyl Azithromycin oral
cellulose suspension

Table 1.4 Summary of some commercially available polymers used for drug

delivery applications®® .

Figure 1.6 shows the release profile expected where patients take their
medication at regular intervals over a period of time. There is a balance between
the efficacious dose and levels of toxicity/ low drug availability that assumes
regular patient compliance. Figure 1.6 also indicates the ideal situation that
controlled release of drug from polymer systems could facilitate, delivering an

efficacious dose over prolonged periods of time then degrading naturally.
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Figure 1.6 Repeat dose profile from an injection of drug X, and an ideal drug

delivery profile from controlled release system*?

There is scope for such controlled release delivery systems to play a role in
providing single-administration immunisations without the need for boosters.
These are often weeks apart and work by releasing low level antigens to allow
antibodies to develop over time. Men et al. in 1995 showed using PLGA
microspheres that the delivery of tetanus toxoid elicited a stronger T-cell response
with fewer side effects than the currently used aluminium hydroxide adjuvant

66, 67

treatment™ . The work of O’Hagan et al. has also shown how controlled release

from PLGA microspheres is capable of stimulating a 100 — 1000 fold increase in
antibody and T-cell response for periods of up to two weeks in animal models®®"°,
They also showed how the DNA used for such vaccination was adsorbed to the
surface of the microsphere in order to avoid the complications encountered from
microencapsulation of DNA®. Surface analysis therefore is of interest in such

systems.

PLA and PLGA have been extensively investigated for drug delivery purposes’”
21,22, 53,56, 1115 They undergo hydrolysis on implantation, however as shown in
Table 1.3, the biodegradation products are produced at a slow rate and so do not
affect normal cell function. The most common method used to control the release
of drug from within PLGA microspheres/films is changing the block copolymer
composition and molecular weight®. A higher concentration of PGA in the

composition and a smaller molecular weight reduces the degradation time.
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Biodegradable polyesters such as PLA and PLGA microspheres and nanoparticles
are currently being intensively researched in the field of targeted therapeutics
utilising polymer technology™ °* ™ 7" Due to their size they are ideal for
adhesion to surfaces in the body such as in the gastro-intestinal tract. As different
polymer structures will determine the release profile of the bound drug they can
be tailored to meet the needs of the patient. Although generally they have a
triphasic release profile (Figure 1.7), dosing is more difficult to control in drug

delivery using microspheres®.

100 A

Cumulative Release %
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Figure 1.7 Cumulative profiles of the in vitro release of stomach produced
protein intrinsic factor (IF) and vitamin B12 from IF-Vit B12 complex-loaded

microspheres’.

Nanoparticles are able to be internalised via endocytosis and are produced using a
protocol which produces polymers three to four times smaller than microspheres.
This property makes them useful for delivery of genes to the intracellular matrix
to induce gene expression. It has been shown that DNA encapsulation into PLGA
nanoparticles has been able to lead to encoding of the p53 tumour suppressor gene

leading to a reduction in breast cancer cell growth™ ™,

Certain polymers used for drug delivery exhibit changes in ionisation state upon a
variation in pH, such as the hydrogel poly(N-isopropylacrylamide-co-methacrylic

acid) (PNIPAA-MAA)®. These hydrogels often comprise weak acids or alkalis.
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When exposed to different pH/ionic strength levels the polymer exhibits a
conformational change causing a swelling or contraction of the structure. This
depends on the attraction or repulsion of the acidic/basic groups increasing
hydrophobicity in one conformation and hydrophilicity in the other®. This can be
linked to the release of a drug molecule, providing high sensitivity to specific
stimuli such as PNIPAA-MAA, where streptokinase and heparin are delivered to

the site of a blood clot in response to small changes in the pH and temperature® %

82

Poly(2-hydroxyethyl methacrylate) (PHEMA) is solid in air but in water forms a
hydrogel. It is commercially most commonly used for contact lenses®®.
However drug release characteristics from drug bound within a PHEMA matrix
have also been investigated® ™. In these systems the drug will be released via
diffusion once the hydrogel enters its swollen state, giving a good template for
controlled release. The use of hydrogels with varied polymer preparation
techniques and subunits provide benefits to the release of drug by changing the

diffusion constant so the release profile varies.

Poly(N-isopropylacrylamide) (PNIPA) has a very narrow temperature range in
which it will swell and de-swell®® . By varying the co-monomer content, PNIPA
will change from a water soluble coil to a hydrophobic globule® at a temperature
other than the 32°C, observed in a pure PNIPA polymer hydrogel®. It has been
shown by careful control of the monomer composition of PNIPA and PEG that a
block copolymer can be produced, capable of altering the lower critical solution
temperature (LCST) to 37°C. Biotin ligands are attached to be released freely
below the LCST or can be sequestered in the center of the collapsed hydrogel
above the LCST™. By producing varying copolymers incorporating PNIPA,

temperature sensitive controlled release formulations may be achievable®.

It has been shown that the physical properties of a drug have a determining effect
on the release profile from such hydrogels. Hydrophobic drugs were observed to
decrease the swelling rate by affecting the hydrogels osmotic properties*®. Owing
to their high water content and soft consistency, hydrogels resemble natural tissue
more than other classes of synthetic biomaterials. This contributes to their

biocompatibility™. Porous hydrogel sponges have been shown to prevent capsule
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formation around the implant, (part of the immune response to foreign structures
described in section 1.4.2) through vascular tissue growth which improves
biocompatibility. As vasculature is capable of growing throughout the network of

the hydrogel sponge, drug delivery from within the hydrogel is more efficient®.

Transdermal drug delivery formulations typically comprise a porous membrane
covering a reservoir of drug. Diffusion of drug occurs into the skin through body
heat triggering the melting of an adhesive such as polyacrylate® . The method of
drug release is shown in Figure 1.8 below. The use of reservoirs for drug delivery
however is a common technique to achieve controlled release’®'®, A core of
drug is surrounded by a polymeric membrane. The nature of the polymeric
membrane therefore can determine the rate of drug elution from the system. This
is exemplified by transdermal patches but also commonly in microparticulate

formulations®.

Clear backing )
Drug reservoir

Drug release
Contact adhesive membrane

Figure 1.8 Schematic of a transdermal patch containing a drug reservoir.

Stents are tubular meshes which are inserted into occluded or constricted vessels
within the body to alleviate a build up of pressure shown schematically for a bare
metal stent in Figure 1.9. Stents are used clinically to treat coronary artery
diseases such as atherosclerotic plagues which increase the force at which the
heart has to pump to bypass a blockage. The tubular stent shown in Figure 1.9 is
inserted into the occluded artery and inflated with a balloon catheter to affix the
stent in place. An immune response can be mounted against the surface of the
metallic stent, which can lead to smooth muscle contraction leading to re-
narrowing of the coronary artery which leads to a more severe occlusion termed
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restenosis'® . With drug eluting stents (DES) a polymer coating on a metallic
stent can release an immunosuppressant such as the chemotherapy drug paclitaxel
to the surrounding tissues. The immune response can be avoided without systemic
compromise of the immune system'® 1% 1% More recently temporary stents

made of biodegradable polymers are also being implanted which also release

dispersed drug on degradation through mechanisms such as those described in
5106| 109, 110

Figure 1.

Figure 1.9 Schematic of stent implantation. A balloon catheter (blue) has a

metallic drug coated stent placed over it before inflation inside the vessel™'*.
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Drug loaded polymer implants are ideal as drug delivery can be successfully
localised when compared with drug delivery systems such as those orally

administered. The use of polymers can therefore reduce systemic side effects*2.

1.4.2 Implants and Tissue Engineering

Biodegradable polymers used for implantable devices are preferable to non-
biodegradable materials as there is no need for a second surgical procedure for
removal. Such implants include orthopaedic devices™**, dental devices'® and
stents used to relieve occlusions in vessels within the body** **"*°, The injectable
implant Zoladex for prostate and breast cancer provides a non-pulsatile release of
goserelin acetate which stimulates erratic production of testosterone and oestrogen
in order to disrupt endogenous hormonal feedback systems. This leads to a
reduction in the natural production of testosterone and oestrogen reducing the
growth of such tumours. It is implanted by injection under the skin of the
abdomen where goserelin is released over a 28 day period*? 22, The stability of
the implant is due to due to the use of a PLGA copolymer which does not require
removal as it is biodegradable adding convenience to such a treatment.

The degradation of the polymers used in orthopaedic devices provides advantages
in that stainless steel implants have a tendency for re-fractures to occur after
implant removal. The bone has not carried the load which the stainless steel bore
whereas a biodegradable implant to aid in bone healing will gradually transfer
load to the healing bone as it degrades'?®. Full hip replacements have also been
undertaken, implanting an antibiotic-impregnated PMMA hip spacer in order to
address infection which has a ~2% prevalence in hip replacement operations
requiring treatment and additional surgery*®*. Such implants are now regarded as
the gold standard compared to traditional metallic or ceramic implants which limit
movement'®. The benefits of these implants are (i) after initial implantation high
levels of antibiotic concentration is reached locally. (ii) Joint mobility is
maintained almost immediately after implantation and (iii) antibiotics can lead to
a reduction in smooth muscle contraction (which can cause leg length
discrepancies)*®*. Such polymer implants are shown in Figure 1.10a with the drug

elution over a 13 day period after implantation shown in Figure 1.10b.
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It is postulated that due to the physiochemical properties of the hip spacers the
release of the two drugs are seen to vary in their kinetics***. Through the use of
surface analytical techniques relevant to this thesis, such postulations can be

qualified.

a)

b)
Concentration [ug/mL]
400

@ gentamicin
@ vancomycin

300 -

200 | 1

100

1 2 8 4 5 6 7 8 9 10 11 12 13
Day

Figure 1.10 a) Antibiotic eluting PMMA hip spacer (wound drainage tube at the
top of the spacer is to monitor drug release. b) Elution of antibiotics gentamicin

(purple) and vancomycin (green) for 13 days postoperatively*%.

As alluded to in the previous section, implantable drug delivery systems are
becoming more prevalent both in terms of drug eluting and biodegradable stents
and implantable drug eluting polymer films. Such films are currently used for the

controlled release of chemotherapeutic agents directly onto brain tumours®® 127 128

or for myocardial repair'?®

allowing for a sustained release of drug over a period
of time. While an invasive procedure to apply a drug delivering film is an
unsustainable practice, the application of such biodegradable films

postoperatively improves on therapeutic repair outcomes.

Implanted polymer formulations capable of providing localised drug delivery can
also reduce systemic side effects which may be encountered with certain
therapeutics while also functioning as an implantable support. Through the

combination of a tissue engineering scaffold with bone morphogenic protein
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(BMP) releasing microspheres, it has been shown bone formation could be
stimulated*®***2, Through the combination of a biodegradable implantable support
which also releases BMP2 a great improvement to current treatment is made.

The objective of tissue engineering is to repair or replace damaged tissues by
implanting tissues grown in vitro or assisting the growth of cells and regenerating
cells in vivo™* ¥, This is based on observations that isolated cells in close
proximity will attempt to form tissues through cell signalling pathways first
reported in 1993 by Langer and Vacanti®’. Polymers are of great importance in
this field, one that has rapidly grown in prominence over the past decade.
Polymers act as a scaffold for the attachment and proliferation of cells and to
assist in the formation of a synthetic extracellular matrix (ECM)™*. This is crucial
as it organises cells into a 3 dimensional (3D) architecture and to present stimuli
responsible for directing the growth and formation of a desired tissue'*®. Figure
1.11 shows the growth of a fibroblast cell line (NIH3T3) on a PLA scaffold after
72 hrs.

AL .“‘.""‘ Lad
. 3 ..‘."‘ "

Figure 1.11 Fibroblast cell line NIH3T3 was cultured for 72 hrs shown at a)

x200 and b) x2000 magnification. Showing good cell attachment and growth*’.

Further investigation of the adhesion and proliferation of the fibroblast cell line
shown in Figure 1.11 was shown to have colonised the visible surface of the
microporous PLA scaffold film shown after 4 days'®’. The surface of such
polymer scaffolds is crucial as the scaffold material and its physical properties
will vary depending on the type of cells being grown. As such the surface

characterisation of such scaffolds is important for optimisation of the resultant
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tissue”™ % 3% Hydrogels have been extensively used for tissue engineering
purposes due to the resemblance to natural tissues®™. Several variables have been
identified as key to adequate scaffold design/material selection. These are physical
properties (degradation, mechanics and gel formation), mass transport properties

(diffusion) and biological properties (cell adhesion and signalling)**°

. As synthetic
biodegradable polymers typically degrade through hydrolysis and not enzyme
action and the properties can be easily tailored to the properties required, they are
preferred over natural polymers®” ¥** 141 Skin'#? %3 hone!** % |iver’*®, heart

valves'*’, nerves®® 149 150, 151

, tendon and ligaments are tissues regenerated using
biodegradable polymers for tissue engineering. It is hoped that in the near future
permanent biostable devices used only for temporary applications will be replaced

by biodegradable polymer technology.

1.5 The Importance of Surfaces

Modern surface science stems from discoveries by the Nobel laureate for
chemistry in 1932, Irving Langmuir*>* who with Katherine Blodgett showed the
depositing of 3001 individual monolayers and furthermore went on to describe the
first use of ellipsometry to approximate the thickness of the monolayer film,
(described in Chapter 2)*°3 14,

Surface phenomena play a vital role in the human body where the skin protects
the body from infection. Cells lining the lungs and intestine are where nutrient
transfer occurs. As such, biologically and in medicine surfaces are crucial
considerations for biomedical device production. When a material comes into
contact with a biological surface, a chain of interactions occur in response. In
particular with implants a host-foreign body response can be mounted. This can
be expressed as (i) platelet adhesion and activation leading to thrombus formation
on the foreign surface and surrounding tissues which are large aggregates capable

of causing a narrowing of the vessel lumen®

. (i1) Accumulation of reactive
inflammatory infiltrates, including cells capable of secreting pro-inflammatory
cytokines and growth factors. Finally (iii) monocyte adhesion which can
differentiate into activated macrophages to form foreign body giant cells, capable
of impeding the beneficial actions of the biomaterial'®. With detailed

understanding of the biological surface/response and that of the biomedical
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device, biocompatible medical devices can be produced as exemplified by drug

eluting stents for localised immune response suppression™’.

For medical implants, the understanding of protein adsorption is crucial. With
respect to platelet mediated thrombus formation this is most severe for arteries in
the case of devices such as bare metal cardiovascular stents used to open the
lumen of an already occluded artery described in section 1.4.2'°%. The attachment
and colonisation of pathogenic bacteria to venous catheters via an adsorbed
protein layer and the fouling of haemodialysis membranes'®® are causes of patient

infection and mortality'®

to give but a few examples.

This issue is most prevalent with systems in contact with the blood. Biomaterials
used in such applications must therefore be as haemocompatible as possible to
avoid issues described in the previous paragraph, or otherwise be designed to
mitigate such problems, i.e. the drug eluting stent for localised immune response
suppression. The cascade of biological responses mediated by cell signalling
agents (selectins/cytokines) activated by the pathway shown in Figure 1.12 shows
the interactive nature of the biological environment posing a challenge for modern
biomaterials leading to such advances as PEGylation to mitigate the biological
response to non-specific interactions between protein and polymer making them
non-fouling® 1°% %2 This process leads to the body coordinating a reaction to the

original surface.

38



Non-specific protein
adsorption to the surface

Cell surface receptors

Cytoskeleton

Nucleus

Messenger RNA

Ribosome

New protein

/\

Selectins
(membrane bound)

Cytokines
(secreted)

I

Systemic response to
original surface

Figure 1.12 Flow diagram of signalling pathway causing a biological response,
adapted from Ratner 1995,
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Surfaces are dynamic, with movement and rearrangement occurring when
contacting other surfaces. This is especially prevalent in biological systems'®®
which will be analysed in depth in section 1.5.1. The mechanical properties of
such polymers are therefore crucial to the success of the biomaterial for its
eventual use. An example of the importance of surface properties in biology is
observed as linear trends for cell adhesion versus various measures of surface
energy revealed a relationship between the two in the 1970s***'®. The
improvements in surface analytical techniques since such work has allowed for
advances to be made in surface science. For example, the arginine-glycine-
aspartic acid (RGD) amino acid sequence in proteins has been shown to be crucial
in cell adhesion. Surfaces functionalised with small peptides containing the RGD
motif have been produced and analysed with XPS™ and found to cause
predictable cell adhesion to surfaces. Such knowledge has been of use for tissue

engineering applications'®*",

The hydration state of biomaterials is of significance. An elastomer film
containing PHEMA analysed when in a frozen, hydrated state and when
dehydrated exemplifies this. The XPS spectrum resembled PHEMA when
hydrated but when dehydrated indicated silicone rubber'”. The variation in the
hydration state causes significant reorganisation at the surface for such polymers
with polar and non-polar regions which is important to appreciate for biomaterial
selection for a therapeutic application. They are exploited specifically for
hydrogel drug delivery applications*" 6% 173 17 -~ Another consideration of the
hydration state of synthetic biomaterials in particular is the rate of degradation

through hydrolytic degradation described in section 1.3.

1.5.1 Surface Analysis of Biomaterials

This thesis exploits surface analytical techniques in order to characterise both the
surface and bulk of a range of biomedically relevant formulations. The thorough
characterisation of biomaterial surfaces allows for the relationship between the
surface chemistry and physical properties of the biomaterial to provide
understanding of biointeractions at interfaces between the two. This knowledge

will further allow for optimisation of biomaterial development as implied in the
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previous section. A range of surface analytical techniques are used in this thesis
(explained thoroughly in Chapter 2), these are shown in Figure 1.13 below and
have been used to characterise a range of new biomaterials'™*"®,
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Figure 1.13 a) Schematic diagram of common surface analytical techniques

applied for the chemical and structural characterisation of biomedical devices'’®.

b) Table comparing and contrasting the information obtained from various surface

analytical techniques adapted from Kannan et a

179
l.

Figure 1.13 illustrates some of the commonly used techniques for characterising

complex material surfaces. Each technique has its own strengths and weaknesses;

thus multiple techniques are often employed to complement one another.
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ToF-SIMS provides highly surface sensitive mass spectra which provide
qualititative chemical information. In contrast XPS is sensitive to the top ~5-10
nm of the surface and is capable of providing quantitative data regarding the
chemical composition of the surface region. As such these two techniques are
highly complementary in the data produced™®®*#2, It is important to use a range of
techniques to characterise biomedically relevant systems. As alluded to in section
1.4, a range of properties of biomaterials influence the eventual performance in
vivo. As different surface analytical techniques provide varying levels of chemical
and mechanical information a multifaceted approach is beneficial for both the
surface and bulk analysis of such systems. This thesis exploits a number of
techniques, however particular focus is placed on ToF-SIMS which has been used

extensively for the analysis of biomaterials.

The surface characterisation of biodegradable homo-polymer systems such as

183-185 184,18 and polyanhydrides’®* ¥ have been

polyesters , polyorthoesters
studied with ToF-SIMS and XPS. Their fragmentation patterns, characteristic ions
and the quantitative elemental composition at the surface of pure polymer have
been elucidated. Such work allows for reference material for spectral
identification to be undertaken and is also fundamental in understanding the
fragmentation of such biomaterials to aid in the analysis of copolymers*®. ToF-
SIMS has been used to observe the hydrolysis products on both homo and

188, 189

co-polyesters as well as applied to micro and nanoparticulates for the

19 and grafted polymers*®. The technique is

detection of monolayers of surfactant
now being applied more to the analysis of micro and nanoparticulate systems with
standards currently being developed so recommendations for nanoparticle analysis
conditions are made to the global surface analysis community. While much
literature exists on the utilisation of ToF-SIMS for polymeric systems, due to the
availability of the technique, its utilisation on biodegradable polymer systems has
been limited. With advances in ion sources capable of the production of ever
increasing resolution and less damage in organic depth profiling,'***** the

prevalence of ToF-SIMS of biodegradable systems is ever increasing.

ToF-SIMS is a versatile technique for the analysis of polymers with biomedical

applications. It has been used for the analysis of controlled-release drug delivery

systems with much of the interest being directed at drug eluting stent models*” **
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120, 195, 196 104, 197-

and controlled release from reservoir controlled-release systems
199 A cross section of such a solid state drug pellet is shown in Figure 1.14. The
chemical localisation and high spatial resolution of drug within such solid phase
drug beads allows for inferences to be drawn with regard to the release profile
observed. This rationale also being applied to understand the distribution of solid
phase antibiotics embedded within a block copolymer coating®. Through the use
of surface analytical techniques it has been demonstrated drug concentration and
solvent evaporation rate are key considerations in the eventual drug distribution
and release profile observed. This allows for considerations to be made in the
formulation stage of such drug eluting film production®®. ToF-SIMS analysis acts
as an in situ analysis of drug beads capable of providing both chemical and
structural information simultaneously. The capability to show the spatial location
of the drug, excipient and any coatings at up to ~200 nm spatial resolution®*

makes ToF-SIMS a valuable tool in the characterisation of such formulations.

m/z 543

100 nm - 100 um
g A

Figure 1.14 Total ion image and the ion at m/z 543 which is a characteristic ion
for the corticosteroid prednisolone represented as an ion image of an 800 x 800

pm area 2.

A great deal of interest has been invested using ToF-SIMS to analyse protein

202-207

orientation , characterise the ECM?® for tissue engineering applications and

protein release from polymer drug delivery systems?® 207 209210 The application
of multivariate statistical analysis methods to the analysis of hyperspectral data

211

has allowed for a de-convolution of such data sets“. Principal component
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analysis (PCA) allows for ToF-SIMS spectral interpretation by differentiating
between the various statistically significant variation between the data set”*?. As
all proteins specifically contain various compositions of the same 20 amino acids,
techniques such as PCA are highly sensitive to rapidly highlight regions of
interest from numerous spectra for identification of protein orientation and
specific moieties, without the need for significant analyst expertise?®? 2% 2% The
ability to scrutinise the orientation of proteins on polymer surfaces is beneficial in
order to produce surfaces with protein active sites exposed to the biological
environment. Such advances have implications for biotechnology such as protein
microarrays, antibody-based diagnostics, affinity chromatography and
biomaterials that present protein ligands to bind cell receptors®®® %3, Specifically
it has been shown that protein orientation can influence the responses of
platelets** #°. The application of ToF-SIMS for the analysis of protein structure
has only increased in prevalence within the last year, illustrating how advances in
ToF-SIMS and its complimentary techniques have opened up new avenues of

research applicable to polymers with biomedical applications.

Depth profiling is a process where a 1-2 nm thickness of the surface is analysed
with ToF-SIMS followed by a layer of the surface being removed through
sputtering. This process is repeated to provide a representation of polymer and
drug distribution throughout the sample thickness with high chemical specificity
and resolution”®. A model stent film that has been depth profiled is shown
graphically in Figure 1.15. Surface enrichment of drug is observed which is used
to rationalise the ~ 54% elution of sirolimus within the first 24 hrs in vitro®.
Such a representation also shows improvements in computational software have

allowed for a clearer de-convolution of complex surface analytical data.

45



Figure 1.15 ToF-SIMS depth profile of a model DES film showing for a 200 x
200 um area the drug sirolimus (red) and PLGA (green)from an a) xy, b) xyz and

a c) Xyz representation with an increase in PLGA transparency™.

The results indicate some surface enrichment of drug. This is shown to be
heterogeneously distributed in this formulation which had been spray cast onto a
flat metal coupon. This analysis provides a detailed understanding of drug

distribution and hence in vivo performance can be rationalised.

XPS is the primary technique used for the quantitative characterisation of
biomedically relevant polymers with extensive reference material available for
analysts®*” 8. It measures excited electrons termed photoelectrons emitted from a
sample surface after X-ray irradiation and plots a spectrum based on the binding
energy of the photoelectrons detected, specific to individual atoms®®. Controlled
release formulations have been routinely characterised with XPS in order to

determine the elemental composition of the surfaces. Such formulations include
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nanoparticles?*?%, thin polymer films??®??® and hydrogels®®?*?. The utility and
surface sensitivity of XPS has made it a technique commonly used for
representing changes in the elemental composition of various controlled release

formulations as shown in Figure 1.16.

=~
&

Intensity (Arb. Units)

L) T ] L) '
292 290 288 286 284 282
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Intensity (Arb. units)

202 200 288 286 284 282
Binding Energy (eV)

Figure 1.16 XPS Cl1s spectrum of a) PHEMA (---) microspheres loaded with the
drug dextran (—), nondegraded dex-HEMA microspheres (*) and dex-HEMA
microspheres () degraded for 5.7 months (pH 7.4, 37C) plotted. b) PHEMA
(black line) and dextran (@) are plotted with mixtures of PHEMA and dextran in
ratios of 20/80 (blue), 40/60 (red), 60/40 (green) and 80/20 (purple) displayed®*,

For the formulation in Figure 1.16 XPS has quantitatively shown the in vitro
degradation of dex-HEMA microspheres, suggesting surface segregation of
dextran before elution experimentation. After drug elution the XPS indicates total
surface dextran release represented as a close agreement after degradation

between the spectrum of pure PHEMA and degraded microspheres.
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XPS also has utility in the assessment of the presence of peptide sequences at the
surface of polymers®®*. This is particularly relevant to tissue engineering
applications, whereby a polymer substrate can be used to grow stem cells?*> 2%,
Surface characterisation is capable of improving the understanding of moieties
which will improve cell attachment, growth and thereby assist in the development
of polymer scaffolds that promote cell-surface interactions®*”**, Depth profiling
of biomaterials using a sputter source capable of sputtering organics coupled with
analysis using XPS is an application of the technique which has been gradually
rising to provide quantitative bulk analysis of polymer films in recent years'?* %
290 While the field of XPS depth profiling of organics is still young, it has great

potential for the characterisation of thin polymer films.

AFM scans the surface of a sample, measuring minute shifts in the deflection of a
cantilever in order to produce angstrom spatial resolution topographical
information. AFM is limited by the extent of the chemical information it is
capable of providing®®, however it is a versatile technique routinely used for
characterisation of material properties such as adhesion®*!, mechanical elasticity®*?
and stiffness®®® 2. Advances in the variety of cantilever tips and modes of
operation have made such characterisation more routine i.e. Veeco's quantitative
nanomechanical mode (QNM), capable of simultaneously recording topography,
stiffness, adhesion, energy dissipation and sample deformation. This is achieved
through the measurement of a force vs. distance (f-d) curve?” which charts the
attraction and repulsion of the cantilever tip from each tapping cycle (explained in
Chapter 2).

This high spatial resolution (<1 nm) is complementary to the high specificity
chemical characterisation found with ToF-SIMS and XPS techniques outlined
previously. The molecular resolution of AFM is best described by the ability to

allow monolayer identification of polymer and protein at the surface of

246-248 249-

substrates and the ability to identify various polymorphs of drug crystals
2! The surface of biodegradable polymers has previously been analysed with
AFM®? 23 The technique has also been used in conjunction with surface
plasmon resonance (SPR) to show the degradation of the semicrystalline
polyanhydride poly(sebacic anhydride) (PSA)?®**. This was undertaken through

monitoring the preferential loss of amorphous material over crystalline fibres. In a
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similar surface erosion study, the release of the protein bovine serum albumin
(BSA) from a poly(orthoester) film was observed®, as shown in Figure 1.17. The
analysis of a PVP hydrogel formulation for the release of the drug diclofenac
sodium was also capable of distinguishing surface drug distribution. Similar to
Figure 1.15, inferences can be made to a lesser extent as to the drug release

characteristics of such films.

Sa (0 min) P

Figure 1.17 In situ AFM of 60.5 x 60.5 um regions of a poly(orthoester) film
containing BSA over a 90 minute period showing the degradation of the film and
release of protein particles®.
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In addition to protein and drug release, AFM has been used for the analysis of

26 and myosin®’ as well as

both isolated proteins such as muscle fibres of actin
soluble proteins in deposited layers®> %% 2*° Protein adhesion using protein-
modified AFM tips have also been extensively investigated using f-d curves
which is of significance to the protein adhesion mediated cascade described in the
flow chart of Figure 1.12%°*%%?, By measuring adhesion to a range of biomaterial
surfaces, candidates can be identified with naturally more repulsive surface
chemistry to protein attachment. This provides benefits to the biomaterial utilised
in implantable medical devices. For example phase separation in hydrated
poly(urethane urea) (PUU) was correlated with molecular interactions. Both the
phase separation and molecular interactions were determined with AFM for
identification of novel biomaterials with application for medical implants.
Previously PUU has shown good hemocompatability®®® making it a candidate for
implants in contact with blood. Hard domains were shown to undergo
rearrangement and enrichment at the surface when hydrated. When hydrated,
PUU surfaces gradually become less adhesive to protein®®*. This phenomenon?®®
has also been shown for low density polyethylene (LDPE)®*®. This study
exemplifies the versatility of AFM operation for the identification of protein
adhesion, its release from the surface and polymer phase separation®®*. This shows

the value of AFM in biomaterial characterisation.

Complementary surface analytical techniques highlighted so far have been shown
to be able to yield high throughput (HT) surface analysis for polymer microarrays
as shown in Figure 1.18 for an array with autofluorescence inset for a triplicate of
576 polymer spots. Such applications of the surface analytical techniques
illustrate how complementary surface analysis can rapidly be used for the
identification of polymers with characteristics suitable for a range of biomedical

applications.
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Figure 1.18 Schematic diagram of a microarray formation by a) contact (pin
transfer) and b) non-contact (ink-jet) printing. The autoflourescence from a 576

polymer microarray printed in triplicate on a standard glass slide®".

The rapid surface analysis of such a vast number of polymers using all
complementary techniques illustrated in Figure 1.13 allows for correlations to be
made between surface chemistry and physical performance displayed in Figure
1.19. Predictions can be drawn from such analysis based on the variation in
monomer composition alone. As exemplified for a range of acrylate polymers,?®®

2! the rapid analysis and identification of polymers best suited to sustain human

embryonic stem cell (hES) growth is shown?"

. A range of 22 acrylate monomers
were combined to produce 496 combinations (primary array) with AFM, water
contact angle (WCA) measurements, ToF-SIMS and biological assays. The results
of the initial array lead to the production of a secondary array of 48 polymers.
Multivariate analysis of the surface analytical data obtained was used to identify
chemical functionalities responsible for either enhanced or diminished stem cell
colony formation. The ability to predict the performance of the surface based on

this approach is shown in Figure 1.19.
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Figure 1.19 Mapping of cell behaviour to surface chemistry using arrays a) ToF-
SIMS of homopolymers labelled 1 and 16. Suggesting variation in secondary ion
intensity for the ions highlighted between the two polymers will cause difficulty
in prediction of surface chemistry for all polymers tested. b) A multivariate partial
least squares regression (PLS) model used to analyse and predict cell/material
interactions by correlating ToF-SIMS spectra to their biological performance
(colony formation frequency). Linear correlation of predicted versus measured
colony formation frequency. Middle table: functionalities determined to promote

or inhibit hES colony formation.
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A good correlation was observed between the ToF-SIMS data and the colony
formation frequency for each polymer in the array. Similar correlations have also

271

been observed with WCA measurements®’~ allowing for the rapid identification of

new biomaterials for future biomedically relevant systems.

1.6 Scope of Thesis

In this thesis a range of surface analytical techniques are used in order to
characterise polymers with biomedical relevance. Specifically ToF-SIMS is the
focus of the work in this thesis. The overall aims of this thesis are to expand on
the current literature to provide a greater understanding of ToF-SIMS for the
analysis of polymer biomaterials and to investigate methods of improving the
lateral resolution of ToF-SIMS imaging of samples with challenging topography.

With the new capability of cluster ion sources for ToF-SIMS depth profiling of
organic materials, this is first applied to a simple binary blend of polymer and
drug. The rationale behind this work is in order to help determine the capability of
ToF-SIMS and newly developed XPS depth profiling for analysis of thin model
DES films. With the use of the novel technique of XPS depth profiling a simple

model system comprising PLA and a low molecular weight drug was used.

Once complete, a more advanced model film was produced of a multilayer film
building on the model produced in the first segment of work. This chapter was in
interest of furthering our knowledge of the capability of ToF-SIMS depth
profiling of multilayer films containing drug. This was in keeping with the aims in
order to build on the current literature, whilst advancing our knowledge of
ToF-SIMS of drug loaded multilayer films. There is a need for such complex
systems to be analysed as multilayer films are used in industry, whereby the limits
of the chemical characterisation and detection capabilities are generally unknown
for drug loaded multilayer films.

Finally, the expertise gained from the analysis of the first two models has been
applied to the study of a real-world example of a biomedically relevant
formulation of protein loaded microspheres. Microspheric samples provide

considerable difficulty when analysing with techniques such as ToF-SIMS which
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are highly sensitive to topographical effects. In this work AFM, ToF-SIMS, XPS
and confocal Raman spectroscopy (described in Chapter 2) are applied to fully
characterise such a formulation. This allows inferences to be made with respect to
limitations of the production process to be determined. This chapter addressed the
need to improve the lateral resolution in imaging of a topographically challenging

system.
This thesis also aims to expand the readers' knowledge of surface analysis of

polymers with biomedical applications. Both the results and limitations of the

techniques/models used for characterisation will be discussed.
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