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Abstract

When a polymeric biometarid is employed within aliving sysem an interfaceis
created between the s0lid surface of the polymer and an aqueous environment.
The processes that occur at this interface will determine if the biomaterid is
accepted by the patient and often will determine if the specific function of the
biomatarid can be achieved. Increasingly, novel biomaterids are expected to
perform more sophisticated functions and, therefore, their surfaces must be
designed to redlize precise interfacid events, such as specific interactions with
proteins and calls or controlled biodegradation.

To design polymeric biomaterids with specific surface propertiesit is
necessary to develop surface analytical techniques that can accurately
characterize these properties. The work described in this thes's has amed to
Investigate the potentid contribution of the aomic force microscope (AFM) to
this characterization.

The advantages of utilizing ARV in the sudy of polymeric biomaterias
lie in the ability of the insgmment to visudize insulating surfaces a a high
resolution within a variety of environments, including gaseous and liquid
environments. Therefore, it is possible to image the nanoscopic organization of
polymeric biomaterials within environmenta conditions that are smilar to the
conditions encountered within living systems.

Initid studies have concentrated on imaging the surface morphology of
poly(ethylane oxide) (PEG) samples in air. These studies highlighted the high
resolution capahility of the ARM on untreated polymer samples. On sphemlitic
samples, the ARM has visudized the lamdlar organization of crystaline fibres.
These lamellae had widths of between 10 and 30 nm and height variations of
less than 15 nm. The &bility of the ARV to resolve such stmctures, without the
introduction of an etching or staining procedure required by transmisson
electron microscopy, rdies on the sengtivity of the instrument to changesin the
height of the topography. This sengtivity has been further utilized to image
polymer strands with recorded widths of 8 nm. This width represents an over-
edimation of the tme dimengons of the strand due to the finite Sze of the ARM
probe gpex and using the circular probe modd it has been cdculated that the
strands have tme widths of less than 0.8 nm, indicating that they are composed
of one or two PEG molecules. Further studies on PEG have demonstrated the



ability to control polymer surface morphology through changes in the
temperature of thin film preparation and changes in the method of polymer
solution depogtion.

The work on PEG surface morphology acts as the foundation for the
remaining studies, which employ the ARM to study biodegradable polymers
within agueous environments. Thisin situ gpplication of the AFM has recorded
the changes in surface morphology that occur to poly(sebacic anhydride) (PSA)
during surface eroson in dkaine conditions. These sudies have visudized the
preferentid degradation of amorphous regions of sphemlites over the crystdline
fibres for solution cast and mdt-crystalized samples. It has been found that
rapid cooling during the solidification of PSA increases the amount of
amorphous materid a the surface of samples. However, once this outer layer
has bean eroded the underlying materia is dominated by crystdline fibres. In
situ ARM dudies have a0 demonstrated the pH dependence of the rate of PSA
surface erosion.

The ARM techniques developed to visudize the evolution of surface
changes during PSA eroson have then been employed to investigate the
degradation of immiscible blends of PSA and the polyester poly(DL-lactic acid)
(PLA). PLA degrades at adower rate than PSA and therefore, as these blends
eroded the surface morphology became dominated by PLA, reveding the phase
separation of the materia. For solution cast samples on mica subgirates it was
found that & high PSA content the PSA formed a continuous network around
idands of PLA. However, as the relaive content of PLA increased the
morphology reversed and the PLA formed the network around idands of PSA.

The interest in studying biodegradable polymers is derived from their
goplication in surface eroding dmg ddivery syslems. Having demondirated the
potentia of the ARM to visudize dynamic interfacia changes occurring to these
polymeric biomaterids, the in situ studies were extended to investigate the
release of amode protein dmg from a degrading polymer film. The system
under investigation was a poly(ortho ester) film containing particles of bovine
serum abumin. The AFM visudized the initiation of dissolution of some
protein particles within minutes of the exposure of the sample to a pH 6
environment. Other particles, however, displayed retarded dissolution
behaviour and did not gppear to dissolve until the sample had bean exposed to
the pH 6 environment for over 1 hour. To assst the interpretation of these
studies computational methods of caculating changes in volume during polymer



degradation and protein dissolution have been developed on the Genesis ||
system.

In the final experiments of this thesis, the application of a novel
combined atomic force microscopy/surface plasmon resonance instmment is
described. This instrument alows the simultaneous acquisition of topographical
data by the AFM and kinetic data by the surface plasmon resonance instmment
(SPR). The instmment is first applied to a simple poly(ortho ester) system to
demonstrate that the changes surface morphology and polymer film thickness
can be simultaneously monitored. Then, the PSA/PLA blends were re-analysed.
This analysis highlighted the synergistic information obtained by the combined
AFM/SPR and revealed new data on the relationship between polymer phase
separation and biodegradation kinetics.
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Chapter 1 I ntroduction

This thesisis directed towards the devel opment of atomic force microscopy as a
new surface analytical technique for characterizing polymeric biomaterias. This
introductory chapter aims to explain the importance of polymeric biomaterial
surfaces and to outline the potential of the atomic force microscope to advance
the understanding of these surfaces.

1.1 The Use of Polymers as Biomaterials

A biomaterial is a non-viable substance, other than a food or dmg, employed
within a therapeutic system to improve the functioning of a patient (1-3).
Biomaterials are extensively utilized in a wide range of disease states, as
demonstrated by the examples of application shown in Table 1.1. Each
application of a biomaterial demands different properties from the employed
material. For example, a hip replacement joint must be composed of a material
with ahigh tensile strength to alow transmission of loads from the pelvis to the
femur (7), whilst in achieving controlled dmg delivery it may be desirable for a
biomaterial to degrade within the body over a short period of time (13). This
range of predetermined desirable properties has led to a large number of
different types of material being used to engineer biomaterials (17).
Increasingly, the use of polymers as biomaterials is dominating many areas of
thisfield (2). This dominance may be attributed to the flexibility of properties of
polymeric materials (18). Desirable properties, such as high tensile strength and
biodegradability, can be introduced into polymers by changing their chemical
stmcture or physical organization. The extended chain stmcture of polymers and
the ability to generate branched, cross-linked, co-polymerized and blended
polymeric materials ensures that there are an enormous number of potential
chemical changes that can be made to polymeric biomaterials (18). In addition,
many established fabrication methods exist to convert polymers in biomaterial
devices.



Example of Biomaterial

Area of Application . Reference
Function
Vascular graft 4
Cardiovascular system Heart Valve 5
Artificid heart 6
Protheses Hip replacement 7
Reconstmctive surgery 8
Skin Artificid skin graft 9
Tissue engineering Guidance of nerve regeneraion 10
Rend function Kidney dialysis membrane 11
Urinary catheters 12
Controlled dmg delivery Biodegradable implants 13
Transderma patches 14
Surgicd Sutures 15
Ophthamic Contact and Intraocular Lenses 16

Table 1.1 Examples of the applications of biomaterials.



1.2 The Influence of Polymer Surfaces on Biomaterial Function

When a biomaterial is employed within the body, a synthetic surface is exposed
to the complex environment of the host and a solid/agueous interface is created.
The behaviour of the synthetic biomaterial surface at this interface, and the
surface properties of biomaterials is highlighted by the categorization of the
characteristics of biomaterials by D.F. Williams into biofunctionality and
biocompatibility (3). The biofunctionality is the purpose for which the
biomaterial is applied within the body. For many biomaterials, in particular
controlled dmg delivery systems, the biofunctionality is entirely determined by
the behaviour of the surface. For example, if we consider a biodegradable
polymer implant whose biofunction is to slowly release dmgs within the body
as a result of hydrolytic surface erosion of the polymer, this function will be
achieved by the hydrolysis of polymer molecules at the polymer/agueous
interface . This hydrolytic activity will be determined by surface properties such
as hydrophobicity, which controls water permeation, and presence of chemical
groups which are susceptible to hydrolytic attack (13).

Even for those biomaterials whose biofunctionality is not directly
dependent on surface properties, the second characteristic, biocompatibility,
ensures the importance of the biomaterial surface. Biocompatibility has been
defined as the ability of amateria to perform with an appropriate host response
in aspecific application (19). To achieve biocompatibility, a biomaterial must be
acceptable to the living system in which it is applied. This acceptability is
achieved through the surface properties of the biomateria initiating appropriate
responses from the living system, in particular, the appropriate adsorption of
extracellular proteins (20) and adhesion of cells (21). If these processes do not
occur, then the synthetic materia will be rejected by the living system leading to
an inflammatory response. Therefore, if we again consider the functioning of a
hip replacement, the biofunctionality is achieved by the bulk properties of the
biomaterial generating sufficient tensile strength, however, if the surface
properties are not conducive to biocompatibility then the hip replacement will
have to be surgically removed and will be unable to achieve its function.



1.3 Methods of Surface Anadysis of Biomaterials

The importance of surface interactions demands that the surface properties of
polymeric biomaterids should be extensvely characterized and controlled. In
generd, the surface properties of a materid are very different from the bulk
properties, because molecules a a surface are not surrounded by smilar
species, but are exposed to an interface (22, 23). This interface sgnificantly
modifies molecular behaviour and, therefore, can generate molecular
orientations and properties which are dissmilar to thebulk materid.

The technological importance of surfaces has encouraged the
development of a variety of techniques that can measure surface properties (24,
25). These techniques have to be very senstive to the properties of the surface
that they are andyzing and mugt exclude any sgnd from the bulk materia. In
practise this surface sengtivity is difficult to achieve due to smal amount of
materid that is truly a the surface. Despite this congtraint there are now a
growing number of surface andytica techniques which can be applied to
polymeric biomaterias. Theinformation in Table 1.2 summarizes the attributes
of a number of these techniques and gives examples of there application in
biomaterid science.

Each surface andyticd technigue has its own advantages and limitations.
In the fidd of surface chemica anaysis both XPS and SSIMS possess
exceptiondly high senstivities and can generate data on the outermost 10 A of a
sample (26-28), however, both require ultrahigh vacuum conditions. For
polymeric biomaterias, which are employed within an agueous environmernt,
performing chemica analyss in an ultrahigh vacuum may be inappropriate,
without cryogenic preparation of the sample, due to the potential surface
resmicturing which can occur (36). The ATR gpectroscopies have the advantage
of avoiding sample exposure to ultrahigh vacuum conditions, however, their
application in biomaterial anadyss is restricted by their relatively high
penetration depth which samples chemicd data from aregion of 1 t0 5 um
below the boundary of the sample (25). In the morphologica anaysis of
polymeric biomaterids, the mogt intensaly used microscope, the SEM, islimited
by the low éectron densty and dectrica insulating nature of polymers. The
practica implications of these characterigtics are that many polymer samples
must be coated with a thin metdlic film or stained with an eectron dense



Surface Information Technique Reference
Chemistry
Elemental anayss X-ray photoelectron spectroscopy 26,27
Molecular species Static secondary ion mass 27,28
spectrometry (SSIMS)
Surface distribution of SSIMS imaging 29
molecular species
Chemica bond type Attenuated totd internal reflection - 30
infrared spectroscopy (ATR-IR)
Chemical bond type Photoacoustic infrared spectroscopy 31
(PA-IR)
M or phology
Nano to millimetre resolution | Scanning electron microscopy (SEM) 32
Nano to millimetre resolution Confocal microscopy 33
Nano to micrometre Photon tunneling microscopy (PTM) 34
resolution
Energetics
Critical surface tension and Contact angle measurement 35

related surface energy
parameters

Table 12 Examples of the surface analysis of biomaterials.




materid before SEM analysis (37). The mgor limitation of contact angle
measurement sudies for the determination of the surface energetics of polymers
Is the very low spatia resolution achieved. For homogeneous one component
polymeric biomaterias spatid resolution may unimportant. However, many
polymeric biomaterias are complex systems of co-polymers or blends and for
such systems, any relevant surface analyss must ensure that the spatia
resolution metches the spatia heterogeneity of the chemica and morphology
characterigtics of the sample.

The limitations of many surface analys's techniques does not prevent
them from generating valuable data which has substantially improved the
understanding of polymeric biomaterid surface properties. However, as
highlighted in a recent review of current issuesin biomaterid design by Peppas
and Langer (1), thereis anead for new surface andlys's techniques which can
complement the existing techniques, particularly in the area of the behaviour of
polymeric surfaces a interfaces within agueous environments.

Recently, a new family of techniques, called the scanning probe
microscopes (SPMs), have been developed which have the potentia to advance
the study of polymer surfaces. These SPM techniques can provide high
resolution images of the topography of surfaces to nanometre resolution and this
iImaging can be performed under liquid and gas, as wdl vacuum conditions. In
addition, SPM techniques can measure the local mechanical properties of
surfaces and the forces of interactions experienced between molecular or
colloidal speciesin close proximity. These attributes have resulted in the SPM
techniques making acondderable impact in materias science.

14  The Scanning Probe Microscopes

The scanning probe microscopes comprise a growing number of interreated
instmments, their common feature is a probe which interrogates the loca
surface properties as it is scanned over the sample. The most extensvely
employed SPM techniques are scanning tunneling microscopy and aomic force
microscopy which measure local changes in conductivity and force,
respectively, to generate three-dimensiond representations of sample surface

topography.



14.1 Scanning Tunneling Microscopy

The scanning tunneling microscope (STM) was the firss SPM to be described
(38) ad the importance of the instmment to surface science was demonstrated
by the presentation of the 1986 Nobd Prize in Physcsto the inventors within 5
years of the firgt published description. The STM obtains images of the surface
topography of samples by monitoring the tunneling current flowing between a
sharp metdlic probe and the sample surface. A schematic representation of a
STM ingmment is shown in Figure 1.1. The sharp metdlic probe is mounted
on a piezoscanner tube which ragters it across a surface with a probe/surface
separation digtance of less than 1 nm. As the probe moves over the surface, the
magnitude of the tunneling current is determined by the probe/surface
separation, with a1A change in the separation producing an order of magnitude
change in the tunndling current. Therefore, if the probe scans over araised area
of the surface, the tunnding current will increase. To compensate for this
increase, the piezoscanner tube moves the probe up, hence increasing the
probe/sample separation and returning the timneling current to itsoriging value,
By plotting the lateral podtion of the STM probe againg the piezoscanner-
controUed height of the probe, a three-dimensond representation of the sample
surface is obtained.

The sengitivity of the relaionship between probe/sample separation and
tunndling current, and the precison movement of the STM probe by the
piezoscanner tube is such that the instmment can achieve atlomic resolution (39).
However, the gophcation of the STM in the biomedicd and polymer science has
been redricted by the requirement for the sample surface to be conductive. This
requirement has not been asredtrictive as might, a firdt, be percaved becauseit
has been found that thin films of isolated insulating molecules can be imaged
with the STM if they are themsdalves deposited on a conductive substrate (40,
41).

1.4.2 Atomic Force Microscopy

The atomic force microscope (AFM) was firg described in 1986 (42) and isa
direct descendant of the STM. The stimulus for its design was the desire to use
SPM techniques on totaly insulating materids, and hence open the possibility



X,y and z
Piezoscanner Tube

Electrometer

Tunneling Bias

Distance

Separation

Probe/Sample

A schematic representation of the STM

(drawn by C.J. Roberts).

Figure 11



of using these instmments on a wide range of biologica and polymeric samples.
In terms of analyzing polymeric materials, the AFM has three mgjor attributes,
which may explain the influence that the instmment is having on surface
analysis and microscopy. These attributes are:

- The AFM can achieve very high resolution of sample features in three
dimensions.

For example the AFM can resolve individua polymer molecules, either as part

of acrystal surface (43) or as an isolated entity on a substrate (44).

- The AFM can obtain sample topographies without surface treatment or
coating.

For electron microscopy techniques, the low electron density and insulating
nature of most polymers dictates that samples must be treated prior to image
acquisition. Commonly, this necessitates the exposure of the polymeric sample
to avacuum environment or a staining procedure. With the AFM, the sample
can be imaged in its natural state, hence the potential incidence of sample
preparation induced artifactsis reduced.

- The AFM can acquireimageswithin aliquid environment.

Surfaces can be analyzed when exposed to an aqueous or other liquid
environment. Hence the AFM provides a method of imaging surfaces at
solid/water interfaces. In addition, because the surface is untreated, any surface
changes resulting from behaviour at this interface can be visualized. This ability
has enabled dynamic surface events, such as the aggregation of fibrin, to be
recorded in real-time (45).

1421 AFM Design and Modes of Operation

The basic configuration of an AFM is shown schematically in Figure 1.2. The
AFM creates three-dimensional representations of the sample surface by
monitoring the forces of interaction experienced between the sample and a sharp
proba, as the proba scans over the surface. The forces of interaction may be
repulsive (Bom repulsion) or attractive (van der Waals) and this givesrise to the
different modes of operation of the AFM. Historically, the first AFM
instmments monitored repulsive forces and the mode of operation was termed
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contact mode. This mode is gill the mogt frequently used and will form the
basis of this discussion.

The central component of an ARM is the microfabricatad probe and
cantilever (46). The probe commonly conssts of a silicon nitride pyramid with a
very sharp tip (the termina radius of the tip is gpproximatdy 20 nm). This
probe is grown on the end of aflexible slicon cantilever. A typicad ARM probe
and cantilever is shown in the SEM micrographs in Figure 1.3. The cantilever
acts as a soft goring of known spring congtant which obeys Hookes Law:

F= -kz whereF istheforceacting onthe cantilever
kisthe cantilever spring constant
zisthevertical displacement of theend of
thecantilever.

Therefore, it is possble to measure the forces acting on the ARM probe by
monitoring the vertical digolacement of the cantilever (z). A number of detection
systems have been utilized to measure z. The Implest detection system, and the
most commonly used, measures the angle of reflection of alaser from the upper
dde of the cantilever (see Figure 12) (47). Alternative detection systems include
the utilization of eectron tunneling (48), interferometry (49), capacitance (50)
and piezoresigtive drain (51).

In most ARV designs, the piezoscanner tube is positioned beneeth the
sample and hence, scanning is achieved by moving the sample reldive to the
dationary probe. Before obtaining an image it is necessary to set-up the desired
repulsive force between the probe and the surface. Thisis achieved by raising
the sample, usng the piezoscanner tube, until the surface of the sample just
contacts with the tip of the ARM probe. This contact crestes a repulsive force
due to the overlap of the outer dectron shells of the sample surface and the
probe. By precisaly controlling the height of the sample relative to the probe, it
IS possible to maintain repulsve forces lower than 1 nN. Thisrepulsveforceis
recorded by the deflection of the cantilever which, in turn, is monitored by the
angle of reflection of the laser as measured by the four quadrant photodiode (see
Figure 12).

The method of obtaining an image of the sample surface is andogous to
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the method used by the STM. If the AFM probe scans over a raised area, the
repulsive force increases because the electron orbitals are forced to overlap
further. A feedback loop from the photodiode to the piezoscanner tube then acts
to lower the sample and hence, restore the preset repulsive force. Three-
dimensional images of constant force are obtained by plotting the sample height
againgt the lateral probe position.

One limitation in the operation of the AFM in contact mode, is the
potential for the probe to damage the surface of soft samples during scanning
(52). To overcome this problem other modes of operation have been designed
which avoid the continual close contact of the probe and surface. These modes
of operation are displayed schematically in Figure 14. In non-contact attractive
mode (53), the AFM cantilever is forced to vibrate close to its resonant
frequency a short distance above the sample surface and the forces measured are
attractive (mainly van der Waals) (54). Recently, a new method of operation has
been introduced in which the AFM cantilever is vibrated as in non-contact
mode, but at the lowest point in the modulation cycle, the probe tip touches the
sample surface. This mode of operation has been termed 'tapping mode' and
combines the high resolution capability of contact mode imaging with the non-
destmctive nature of non-contact mode imaging (55).

The AFM is not limited to obtaining topographica data from a sample
surface, in addition the instmment can generate data on the frictional and
mechanical properties whilst smultaneously visualizing the surface topography.
The measurement of frictional propertiesis utilized in lateral force microscopy
(LFM) (see Figure 1.5), in which the twisting of the AFM cantilever is
monitored as it scans across friction boundaries (56). Mechanical properties
such as elasticity and adhesion can also be recorded by monitoring the
relationship between probe/sample separation and interaction force (54).

The STM and AFM account for a large mgority of investigations
performed with the scanning probe microscopes. However, there is arapid pace
of development of new microscopes, which arc based on these instmments and
measure aternative surface properties (57). Examples of these new instruments
include; the scanning near-field optica microscope (NSOM) which combines
the high resolution of the SPM techniques with the contrast mechanisms of
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conventional light microscopy (58), scanning thermal microscopy which
monitorslocal changes in temperature over surfaces (57), and AFM detection of
magnetic resonance (59).

1.5 The Impact of SPM in Materials Science

The SPM technologies have provided researchers with a new and powerful
method of resolving the local surface properties of materials. The value of such
techniques can bejudged by the rapid and extensive impact of the instmments in
materials analysisin arelatively short period of time.

STM is providing new insights into the atomic and molecular stmcture
of the surfaces of metals (60), semi-conductors (61) and organic layers (62).
Successes in these areas include the imaging of the 7x7 reconstmction of the
Si(l 11) surface (63) and the imaging of arrays of individual benzene molecules
(62).

In the analysis of insulating materials, AFM has opened new
possibilities in surface imaging and this has had a mgor impact m the study of
biomolecular stmcture (64) and the forces of binding between individua ligand
receptor pairs (65, 66), cell membrane organization (67), crystal growth (68),
Langmuir-Blodgett film stmcture (69), and sdlf-assembled monolayers (70).

Given the range of SPM applications in materials science it is not
surprising that the instmments have contributed to the analysis of polymeric

materials. The next section of this introduction reviews the areas in which the
AFM has advanced our understanding of polymer surface morphology.

1.6 The Utilization of the AFM in the Analysis of Polymer
Surface M orphology

1.6.1 Early Studies
The first accounts of the use of the AFM to study polymers came in 1988 when
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Marti et al described experiments during which parallel rows of polymer
molecules with spacings of approximately 0.5 nm were resolved (71). Their
sample consisted of polymerized monolayers of n-(2-aminoethyl)-10,12-
tricosadiynamide which forms rows of tightiy packed hydrocarbon tails along
the direction of polymerization. The authors were careful to eliminate the
possibility of attributing molecular structure to artifactual data through a
comparison of the topographies of the polymer sample and the glass slide
substrate. In addition, by varying the rate of scanning and the orientation of the
sample it was possible to determine that the 0.5 nm wide cormgations were
created by the molecular features and not instrumental noise.

Also in 1988, Albrecht et al described the imaging of ultrathin polymeric
film prepared by a Langmuir-Blodgett technique (72) and Drake et al described
the first example of the imaging of a poly(amino acid) film within an agqueous
environment (45). Since the publication of these early studies there has been a
rapid rate of growth of polymer analysis by AFM. Much attention still
concentrates on achieving molecular resolution, however, the scope of analysis
has broadened to incorporate the study of co-polymers, polymer blends,
fabricated and treated surfaces and the study of the mechanical properties of
polymers.

1.6.2 Molecular Resolution

To achieve molecular resolution with the AFM there are two fundamental
sample requirements which must be realized. The first requirement is that the
area of the sample to be imaged must be very flat on the nanometre length scale.
This flamess is necessary to ensure that only the apex atoms of the probe contact
with the sample. Molecular resolution cannot be achieved on rough samples
because the resolution limit of the AFM becomes dependent on the terminal
radius of the AFM probe (73) which is currently at least 5 nm (74). The second
requirement is that the molecular stmcture of the sample is rigid enough to
withstand the scanning motion of the AFM probe. In the first study of Marti et
al the sample was chosen due to its high stmctural integrity. Mora recent
developments in AFM technology have facilitated the study of many other
sample types because the force exerted by the AFM probe have been decreased
(54) and the cantilever detection sensitivity has improved (47). Despite the
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developmentsin ARV probe design and force minimization Strategies the range
of samples which can be molecularly resolved is ill limited to crystals,
mechanicaly oriented thin films and epitaxially-grown films

In the Sudy of polymer crystds, the ARM is being applied to sudy the
morphology of the fold surface. Since Kdler proposad the chain-fold moda of
polymer crystalization (75) there has been interest in determining the
conformation and arrangement of polymer chains a fold surfaces and in
particular in the relative importance of regular adjacent re-entry versus the
switchboard modd (76). Initia studies in the imaging of fold surfaces used
akane samples (77). Although not polymeric materias, the akanes acted as
well defined models for polyethylene and the ARM images supported an
adjacent reentry modd of the chain folding. Patil and Reneker have described
the AFM imaging of molecular folds in polyethylene single crystals and
measured fold gpacings congstent with the orthorhombic and monoclinic unit
cdl (78). This paper dso demondrated the difficulty of molecular resolution
studies because for many of the polyethylene samples low quadity images were
obtained when smdl scans were recorded. This low qudity has been attributed
to either multiple contact between the ARM probe and the sample or the presence
of amorphous polymeric materid at the crystal surface. Sykes et al have
attempted to improve the ARM imaging of fad stmcture by etching polymer
crystasprior to ARV andyss (79). In their sudies, they imaged the surfaces of

poly(B)hydroxybutyrate and hydroxybutyrate oligomer crystals. The oligomer
crystals are known to possess a tightiy folded structure and the lack of
amorphous materia enabled the ARM to image features on the crystdlographic b
axis which were separated by only 0.7 nm. These festures were attributed to
ether chain endings or folded ssmctures. The poly(B)hydroxybutyrate crystals
ware estimated to be covered with an 0.6 nm amorphous layer. Attemptsto eich
away this layer were paformed by partialy degrading the crystals in a
methylamine aqueous solution and encouraging the sample retained enough

rigidity to beimaged by ARM dter this trestment, athough further studies are
required to ascertain if chain folds can be resolved.

The ARM has a0 been gpplied to sudy extended-chain crystas. Annis

et al andyzed fracture surfaces of polyethylene extended-chain crystas (80).
Having identified flat regions on the fracture surface they performed high
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resolution imaging to visualize atomic scale features but these features could not
be assigned to expected polymer chain dimensions. Snétivy et al have described
the AFM imaging of polyoxymethylene extended-chain crystals (81). They
achieved molecular resolution on the surfaces of microfibrillar features and the
AFM recorded dimensions of the crystal lattice were in excellent agreement with
the X-ray crystalography data. In addition, the authors tried to address the
problem of the image-contrast mechanism which can generate molecularly
resolved images. They proposed that the well-resolved sections of their images
corresponded to areas of the sample where the methylene groups were exposed.

The mechanical-orientation of polymer films is employed to produce
commercial materials with exceptionally high mechanical strength and modulus
(82). These desirable mechanical properties are achieved through the uniaxial
orientation of polymer chains and tiie commercia optimization of these materials
can be assisted by the use of the AFM to image the effect of fabrication on the
polymer morphology. Magonov et al have analyzed cold-extruded (83) and gel-
drawn (84) samples of polyethylene. For the gel-drawn materials they observed
four levels of morphological organization with crystalline polyethylene
molecules packing to form nanofibrils which, in tum, form microfibrils which
bundle together to produce micron scale fibres. A number of AFM studies have
analyzed the molecular stmcture of poly(tetrafluoroethylene) oriented films
(85,86). These films can be generated by simply mbbing a bar of the polymer
againgt a glass support. Commercialy, the molecular organization of these films
is of interest because a secondary materid can be oriented by deposition onto the
poly(tetrafluoroethylene). The poly(tetrafluoroethylene) molecules act as a
template and the AFM has successfully imaged the organization of the polymer
at the molecular and fibrillar length scale.

Other examples of the molecular resolution of mechanically oriented
polymers include the studies on isotactic polypropylene (87, 88), isotactic
polystyrene (89), and poly(butene-1) (90).

A final area in which the AFM has provided new insights into the
molecular stmcture of polymersis in the epitaxial growth of thin films. Stocker
et alhave employed the AFM to Unage isotactic (91) polypropylene epitaxially
grown on organic surfaces. Their studies have been correlated with electron
diffraction and electron microscopy work. In the analysis of isotactic
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polypropylene (91) the authors highlighted tiiat only the AFM could determine
the molecular organization of the polymer in contact with the organic substrate.

1.6.3 Sub-micron Film Morphology

In many areas of polymer technology, imaging the molecular stmcture of
materials is not as important as understanding the way in which the polymer
molecules organize into larger-scale features. For example, the mechanical
properties of semi-crystalline polymer films are often determined by the
stmcture and distribution of spharulitas. Whan the idea of the AFM was
originaly conceived the mgor stimulus was the desire to image atomic features
on insulator surfaces. However, there has been a redlization in materials
science, including polymer technology, that the instmment is well suited to
imaging supramolecular organization.

The work of Goh et al provides a good example of the benefits of using
the AFM to image sub-micron film morphology (93). They have studied the
surface stmcture of cast poly(butyl methacrylate) latex films and then monitored
the changes in film morphology on annealing. Casting aqueous solutions of the
latex particles onto a freshly cleaved mica surface resulted in the formation of
face-centred cubic stmctures which were stable below the glass transition
temperature of the polymer. When the films were heated to a temperature above
the glass transition, polymer diffuson caused a rearrangement of the particle
surface stmcture which was observed by the AFM as a decrease in the vertical
height of the particle. The AFM provided two distinct benefits in these studies.
Firstly, because the samples required no surface coating prior to image
acquisition, re-examination of the morphology after a number of annealing steps
was possible. Secondly, the polymer diffusion and particle surface
rearrangement can only be appreciated through a three-dimensional
representation of the fihn.

The high vertical resolution of the AFM has bean utilized by Stange et al
to characterize very thin films of polystyrene spin-coated onto silicon surfaces
(94). As the concentration of polystyrene in the spin cast solution was increased
the film morphology changed from isolated particles to Voronoi tessellation like
networks to continuous films. The maximum vertica height differences between

20



the polymer film and substrate were less then 5 nm. The vertical resolution
capability of the AFM -has also been used by Snétivy and Vancso to image
screw didlocations in poly(ethylene oxide) and to characterize the disintegration
of the crystal lamellae (95). Comparison of the height of lamellae features before
and after disintegration indicated a thickening caused by refolding of the
polymer chains.

In section 1.4.2.1 new modes of operation of the AFM were discussed.
The group of Magonov have investigated the application of lateral force and
tapping modes on the sub-micron resolution imaging of polyethylene tapes (96).
They noted that in comparison to contact mode imaging, both lateral force and
tapping modes generated improved resolution of nanofibrillar stmctures.
Nisman et al have also used LFM to study lamellar crystals of
poly(oxymathylane) (97). They observed a direction-dependent friction as the
AFM probe scanned across two different segments of the crystal surface. This
frictional change can be attributed to the alignment of chain folds within each
segment.

1.6.4 Co-polymers and Polymer Blends

The need to characterize surface organization is particularly apparent in complex

polymeric systems such as co-polymers or polymer blends (98). These types of

materials offer the advantage of combining the mechanical and functional

properties of two or more polymers into one fabricated material. However, this
combination is considerably complicated by surface properties which can induce
maor morphological changes, such as surface enrichment of one component or
phase separation. The morphological changes are often not predictable from the
bulk behaviour of the polymers, ie. the changes are induced by the presence of a
solid/liquid or solid/gas interface (99). The AFM has proved to be very
successful in this area of materials characterization.

In the study of block co-polymers the AFM has been used to identify
surface specific enrichment and separation processes. Collin et al imaged the
free surface of a poly(styrene-b-n-butyl methacrylate) diblock copolymer and
were able to record the time dependent evolution studies of island stmctures
during annealing (100). Annis et al have recorded the surface enrichment of the
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butadiene component of a block co-polymer of styrene and butadiene and
recorded the effect of molecular mass on the lamellar surface morphology (101).

Nick et al have introduced a method of determining which constituent of
a block co-polymer film is responsible for particular surface morphological
characteristics (102). They developed this method on diblock co-polymers of
poly(styrene-b-methyl-methacrylate) films spun cast on mica. To assign the
topographical features of each block they selectively degraded the methyl
methacrylate block using electron beam radiation. Using this technique of
contrast enhancement it was shown that the methyl methacrylate blocks
preferential resided in contact with the mica substrate with the styrene blocks
forming prominent features at the polymer/air interface.

Motomatsu et al were able to identify polystyrene and poly(methyl
methacrylate) domains in immiscible blend fdms and co-polymer systems using
the AFM, using both conventional contact mode imaging and LFM (103). The
image contrast in the LFM images was derived from differences in the co-
efficients of friction of the two polymers and this alowed the different phases to
be identified in addition to topographical characterization.

Polymer blend systems have also been studied by Saraf (104). In this
study a blend of two polyimide precursor polymers were mixed in N-
methylpyrrolidonone (NMP) solvent and spun cast onto single-crystal silicon
wafers. On baking, the spun cast film phase separated during which the acidic
precursor polymers complexed with solvent molecules to form nanoscopic hill
stmctures above the basic precursor. Atomic force microscopy enabled this
phase separation to be visuaized and led to the characterization of the effect of
blend film formation on the phase morphology.

1.6.5 Treated and Fabricated Polymers

Many of the above examples of the imaging of polymers have used model
sample preparation methods to produce thin films which are suited to AFM
anaysis. In addition to these studies, a number of research groups have used
the AFM to characterize the effect of secondary processing or fabrication
methods on polymer surface morphology.

22



Corona discharge treatment is a secondary process used to improve the
adhesive and wettability properties of polymers. Idedly, the process should
induce polymer chain cross-linking and oxidation. However, morphological
changes generated by the treatment, in particular the roughenimg of the polymer
surface, can decrease the effectiveness of corona discharge. The AFM has been
employed to assess the surface roughening of polymer films during corona
dischargeti"eatment and the high vertical contrast of the images generated has
given anew insight into the inducement of morphological changes. Ovemey et
al have studied treated polypropylene films usng simultaneous AFM and LFM
(105). AFM images recorded the presence of 'dropletlika protmsions' on the
polymer surface after corona treatment and the dimensions of the protmsions
were found to be proportiona to the corona dose. LFM images indicated that the
AFM probe experienced high frictional resistance as it scanned over the
protmsions and this was attributed to a change in the chemical composition of
the protmsions compared to the bulk materials. Ryan and Badyal studied the
surface texturing of poly(tetraftuoroethylene) films on corona treatment in the
presence of a variety of different elements (106). They found that oxygen
treatment generated the highest degree of surface roughening, whilst noble gas
plasma caused the formation of fibrillar textures.

Another area of secondary processing that has utilized the AFM is the
generation of aligned polymer stmctures used in the production of liquid crystal
material. Zhu et al used the AFM to observe the alignment of polyimide films on
mbbing (107). The images showed the alignment of aggregates of the polymer,
but not the alignment of individual molecules and therefore, have provided an
improved understanding of the mechanism of alignment. With similar
applications in mind, Hirako and Sendova used the AFM to image the laser-
induced generation of periodic structure on a variety of polymer films (108).

As the use of the AFM to study polymer surface morphology becomes
more widespread the instmment is being accepted as a tool for studying fully
fabricated polymeric materials. The morphology of core shell particles of
poly(butyl acrylate) (PBA) and PMMA has been successfully imaged by
Sommer et al (109). These AFM studies clearly resolved the tiiree-dimensiona
stmcture of these particles, showing that the surface possessed a "raspberry-
like" stmcture. This work also clearly demonstrated the advantages of using
tapping mode imaging over conventional contact mode. In contact mode the
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frictional effects of scanning the probe over the particles resulted in a
considerable deterioration in the image resolution. This deterioration was cause
by the penetration of the AFM probe into tiie soft PBA core and by lateral
particle movement.

The surface morphologies of contact lenses fabricated by different
methods have been compared using the AFM by Baguet et al (110). This paper
demonstrated that the AFM could image polymeric materiasin a hydrated form.
The authors found that a molden fabrication procedure produced smoother
surface morphologies than lathe-cut fabrication which, in tum, indicated that the
molden lenses should spoil less during use.

The AFM has dso proved vauable in determining the three-dimensional
stmcture of polyvinylidene fluoride microfiltration membranes (111). In this
work by Fritzsche et al, the AFM visudized anodular ssmcture for the polymer
at the surface of the membrane and the AFM data allowed the dimensions of
pores to be measured.

1.6.6 Inducing Surface Morphology Changes

A fascinating feature of the AFM is that it can be used to modify the surface
morphology of certain polymer samples. This modification is made possible by
the close relationship between the AFM proba and sample surface during image
acquisition. Under certain scanning conditions, namely high imaging forces and
slow scan rates, the AFM probe can induce plastic changes in the organization
of polymer films. This mode of operation of the AFM has two promising
applications in polymer science. Firstly, by monitoring the response of the
polymer to the probe it is possible to characterize the elastic/plastic properties of
the sample, and secondly, inducing morphological changes promises to generate
new material properties for commercial exploitation.

The first report of the modification of a polymer surface by an AFM
probe was published by Leung and Goh (52). In this study the surface of a
polystyrene thin film was modified. Initialy, the AFM probe was held
stationary a few nanometres above the polymer surface and a lump of polymer
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grew under the probe. The authors attributed this time-dependent growth to the
probe pulling polystyrene molecules out of the thin film. When the AFM was
scanned across the surface, aregular rippled surface texture was devel oped.

Meyers et al have smilarly modified the surfaces of polystyrene films
(112) and have used their results to explore the elastic/glassy behaviour of the
polymer at different molecular weights. At molecular weights of less than 24Kk,
polymer surface abrasion occurred to the polymer film. As the molecular weight
was increased above 24k the AFM probe caused an oriented surface pattem to
be generated. The authors speculated that at molecular weights above the
entanglement molecular weight, the AFM probe acted to pull surface
polystyrene molecules away from the bulk causing a partia disentanglement

The oriented patterns in polystyrene mn perpendicular to the direction of
AFM probe scanning. Another method of inducing morphological changesisto
physically scratch the polymer film and hence produce groove features in the
direction of scanning. This approach has been employed to create features in
polyacetylene films enabling nanolithography to be performed (113). Riietschi
et al have employed a smilar method to produce liquid crystal waveguides in
the surface of nylon films (114).

1.7 Applying Atomic Force Microscopy to Polymeric
Biomaterial Surface Analysis

The above examples of the utilization of the AFM to image polymer surfaces
stress the advances that has been made in the field and highlight the progression
of studies from model films to fully fabricated polymer systems. It is apparent
that the AFM has much to offer to the surface analysis of polymeric
biomaterials, but at the start of this Ph.D. project in 1992, no AFM studies had
been specificaly devoted to biomaterial applications. The work described in this
thesis has aimed to realize some of the potential, particularly in the area of
polymer biodegradation. This area is of central importance to polymeric
biomaterial research because for many applications it is vita that the polymer be
broken down by the body to avoid long-term toxicity problems. Additionally, in
controlled dmg delivery applications of biomaterials, biodegradation is the
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utilized as a mechanism of achieving dmg release within the patient.

In the next chapter, Chapter 2, the instmmentation used in al studiesis
described in detail. This chapter will act a reference for the experimental work
described subsequentiy.

Chapter 3 describes the initial studies performed with the AFM on
polymeric biomaterials. This work aimed to develop sample preparation and
imaging methods suitable for these materials. The studies concentrated on the
semi-crystalline polymer poly(ethylene oxide) (PEO) and the effect of sample
preparation parameters involved in solution casting on surface morphology are
explored.

Having determined suitable methods of imaging and preparing
polymeric samples, the work described in Chapter 4 illustrates the benefits of
visualizing polymer surface morphology under agueous conditions. The main
am of this chapter was to visualize changes occurring to the surface
morphology of biodegradable polymers during surface erosion. The first
biodegradable system andlyzed was poly(sebacic anhydride) and it has been
demonstrated that the AFM can visualize the preferential degradation of
amorphous material over crystalline material for both solution cast and melt
crystallized films of this semi-crystalline polymer. Then, the influence of the
phase morphology of an immiscible blend of two biodegradable polymers is
studied using thein situ AFM technique.

In Chapter 5, the work progresses to visualize the release of a protein
dmg from a poly(ortho ester) film. This Chapter also introduces the concept of
measuring volume changes occurring to AFM data during a dynamic interfacia
process.

In the final experimenta chapter, Chapter 6, the application of a new
combined AFM/surface plasmon resonance instmment in the analysis of
polymer degradation is described. This new instmment has bean designed and
constructed by researchers at the Laboratory of Biophysics and Surface
Analysis and enables the simultaneous acquisition of kinetic and topographic
data during dynamic surface events. The instrument is applied in the analysis of
poly(ortho ester) and polymer blend systems and provides new insightsinto the
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role of polymer surface morphology in determining the kinetics and mechanism
of surface erosion.



Chapter 2 I nstrumentation

2.1 Atomic Force Microscopy

Two types of ARM have been usad in the studies described in this thesis; the
Topomatiix Explorer (Topometrix U.K., Sfron Waden) and the Rasterscope
3000 (Danish Microengineering, Herlev DK2730, Denmark). The mgority of
work has used the Topometiix Explorer and therefore, the ARM description will
concentrate on this ingmment. Variations in the desgn and operation of the
Rasterscope 3000 will be described in section 2.1.5. All imaging has been
. performed in contact mode.

2.1.1 Instrument Design

The Explorer is a freestanding ARM instmment in which the piezoscanner
assembly is Sted above the ARM probe. The ARM can be employed with a3
um or 150 pm latera range scanner. The schematic diagram in Figure 2.1
shows a cross-sectiond representation of the Explorer as set up for the 150 pm
scanner. Laterd movement of the ARM probe is generated by the x and y
piezoceramics positioned towards the top of the scanning tower. The scanning
tower design incorporates the laser, mirror assembly and photodetector and
hence, all three maintain the same reative pogtion throughout the scanning
motion. Verticd movement of the AFM probe during image acquigition is
produced by the z-piezoceramic Sted a the base of the scanning tower. Coarse -
vertical movement, required to bring the ARM probe towards the sample surface
prior to image acquistion, is achieved usng three height adjusting screws. One
of the three screws is controlled by a sepper motor, which can be controlled by
the operator viathe ingmment software, or by the ARM eectronic control unit.
The stepper motor controlled screw is utilized for fine gpproaching of the ARVI
probe to achieve contact with the sample surfece

For higher resolution imaging, the 3 um tube scanner is employed. A
schematic representation of atube scanner is shown in Figure 2.2. This scanner
design conssts of a hallow tube of piezoceramic. The outsde and indde of the
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Figure 2.1 Cross-sectiona schematic of the Explorer AFM.
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Figure 2.2 Schematic diagram of a tube scanner.
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tube are coated with a thin layer of metallic material to generate electrodes. The
outer surface electrode is further divided into four segments. Lateral movement
is produced by applying a voltage across opposite outer electrodes and vertical
movement is achieved by applying a voltage between the inside and outside of
the tube (115). For operation of the Explorer with the tube scanner, the z
piezoceramic unit used for the 150 um scanner is removed and replaced with the
tube scanner and the scanning tower is held stationary by alocking screw.

2.1.2 AFM Probes and Cantilevers

Imaging was performed with microfabricated silicon nitride probes on triangular
cantilevers (46) (the complete unit will be termed a probe unit). Two suppliers
of probe units were used in these studies; Topometrix Corporation Inc. (Santa
Clara, USA) and Park Scientific Instruments (Sunnyvale, USA). The
Topometrix probe units are pre-mounted onto the metallic holders which can be
fixed to the scanning tower as purchased. The Park Scientific probe units are
supplied as a wafer from which individual probe units can be separated. Once
Separated the probe units are then attached to the metallic holders with an epoxy
resin adhesive.

The diagram in Figure 2.3 shows a schematic representation of atypical
probe unit A number of important design features can be identified. The overal
stmcture of the cantilevers is designed to maximize its resonant frequency,
however, for many imaging applications of the probe unit the cantilever spring
constant should be minimized. The minimization of spring constant can be
achieved by producing cantilevers which are soft, thin and long but this must be
balanced against the need for a high resonance frequency which dictates that the
cantilevers be very light (54). The spring constants, lengths and thicknesses of
the probe units used in this project are listed in Table 2.1. For al data displayed
in the experimental chapters the probe unit type used was B,C or H unless
otherwise stated. The triangular shape of the cantilever is designed to minimize
the influence of lateral forces on the reflected angle of the AFM laser (54).
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Figure 2.3 Schematic diagram of a probe unit.
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Park Scientific Probe Units

Spring
Cantilever Type Length (um) Width (um) Constant
(N/m)
A 320 22 0.01
B 220 22 0.03
C 180 18 0.05
D 140 18 0.1
E 85 18 0.5
F 200 18 0.032
G 200 36 0.064
Topometrix Inc. Probe Units
Sprin
Cantilever | | wgth (um) | Width (um) Coilstagr]lt
m m
Type g 18 K
(N/m)
H 200 18 0.032
I 200 36 0.064

Table2.1 Properties of Park Scientific and Topometrix cantilevers. All
cantilevers have athickness of 0.6 um.
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2.1.3 Image Acquistion

The firgt step in acquiring an ARM image of a sample surface is to direct the
AFRM laser onto the end of the cantilever. This is achieved by moving the
postion of the laser generator within the scanning tower relative to the probe
unit The reflected laser light is detected by the photodetector which is divided
into four quadrants labelled top (t), bottom (b), left (1) and right (r). Each
quadrant detects light intengty independentiy and records a vaue in nA. The
photodetector can provide three types of information about the reflected light;
theintengty, thelaera postion and the vertical position. The intengity vaueis
generated by adding the totd light detected in all four quadrants (t+b+1+r). This
Is maximized by moving the laser to an optimum pogtion. The laterd pogtionis
generated by subtracting the light detected in the right quadrant from the left
quadrant (1-r). Thisvaue is st to 0 nA by rotating the mirror assembly in the
horizonta plane. The verticd pogtion is generated by subtracting the bottom
detector vaue from the top (t-b). This t-b vaue is the measure of the angle of
the laser reflecting from the probe unit and, therefore, is a measure of the
deflection of the probe unit and hence a measure of the force experienced
between the ARM probe and the sample surface (see section 1.4.2.1). The t-b
vaue is st to a negative value (typicaly -16 nA) by rotating the mirror
assembly in the verticd plane.

Once the laser and mirror assembly position are optimized the AFM
probe can be lowered onto the sample surface to generate the repulsive force
required for contact imaging. This repulsve force produces a pogtive deflection
of the cantilever and is detected by an increase in the t-b value. The graph in
Figure 2.4 is a schemdtic force-distance plot of the relationship between probe-
surface separation and t-b reading of the photodetector for an AFM probe
goproaching asample surfacein arr. Initidly, at ardatively large probe-surface
separation thet-b value is a the preset vdue of -16 nA. Asthe stepper motor
lowers the AFM head the probe-surface separation decreases. At large
separations this decrease has no influence on the t-b value, however, as AFM
probe comes within approximately 10 nm of the surface the t-b vaue rapidly
decreases. This decrease is caused by an attractive force acting on the ARV
probe. The attractive force is caused by a capillary force generated by a thin
layer of water associated with the sample surface (116). As the proba and
surface gpproach closer and contact occurs, the Bom repulsion force beginsto
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overcome the attractive capillary force and the t-b value increases. If the stepper
motor continues to lower the AFM height after contact the t-b value will
continue to increase at arate proportional to the spring constant of the cantilever.
The control unit senses that the AFM probe has contacted with the sample
surface when the t-b value increases to a preset value (typically 0 nA).

The next step in the image acquisition process is the minimization of
contact force. This is necessary to minimize the occurrence of probe induced
damage occurring to the sample surface during imaging (52). The precise
repulsive force can be calculated from the spring constant of the cantilever and
the force-distance curve. However, this calculation does not have to be
performed for minimization procedure because it is only necessary to decrease
the t-b value to the lowest value attained after contact This position is indicated
on the force-distance curve in Figure 2.4. and can be achieved by decreasing the
set-point from the origina value. One problem that is commonly encountered
during image acquisition in air is that the attractive force caused by the capillary
action of the water layer decreases the t-b value below the sensitivity of the
photodetector (-32 nA). If this occurs the set-point cannot be lowered to the
optimum value and repulsive forces will be correspondingly higher. Therefore,
if sample damage is occurring during imaging, the air environment must be
replaced with a liquid environment in which capillary forces are eliminated
(116).

After force minimization has been performed, the topography of the
sample surface can be analyzed. The equivaent magnification is determined by
the preset scan size. For each scan size an appropriate scan speed must be
employed. The Explorer can move the probe unit at speeds of up to 600 pum/s
allowing 100 scan lines of 3 um length to be acquired per second (200 Hz).
However, at such high acquisition frequencies the linearity and accuracy of the
piezoceramics is decreased and, in addition, there is insufficient time for the z
piezoceramic to respondent to changes in sample topography causing increased
contact forces. Therefore, the scan frequency of images presented in this thesis
was kept at 10 Hz unless otherwise stated.

The pixel resolution of the AFM images can be set between 100 x 100 to

500 x 500 in 100 pixel divisions. All images presented are at 200 x 200 pixel
resolution unless otherwise stated.
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A fina parameter which can be controlled during image acquisition is the
degree of amplification of the feedback loop between the photodetector and the z
piezoceramic. This amplification is controlled by the proportional, integral and
derivative values (termed the PID values). Asthe PID values are increased, the
speed of response of the z piezoceramic increases and the AFM images will
correspond more accurately to the sample topography. However, if the PID
values are too high the z piezoceramic will over-compensate for sample
topography causing an oscillation to occur. For al imagesin this thesis the PID
valuesweresetat P=1,1=0.5, D = 0.1 for the 3um scanner and P = 0.15, 1
=0.15 and D = 0.5 for the 150 pm scanner unless otherwise stated.

2.1.4 Image Display

AFM images are initialy acquired in grey scale mode in which the height value
of each pixel is represented by the shade. The highest pixels in an image are
shown in white, the lowest pixels in black and intermediate heights are
represented by different shades of grey. The height difference between a white
and black pixel is quoted with the image. An example of a two-dimensional
grey-scale image of a diffraction grating is shown in Figure 2.5a. The software
of the Topometrix can aso trandate a two-dimensiona grey-scale image into a
three-dimensiona representation as shown in Figure 2.5b.

Another image display mode frequentiy used in this thesis is shaded
mode. In shaded mode, the AFM image is displayed as if alight source has
been shone at the surface at an angle of 45° and fine detail in the image
topography is highlighted. Two- and three-dimensional shaded representations
of the diffraction grating are displayed in Figures 2.5¢c and d.

2.1.5 Variations for the Rasterscope 3000
The mgjor design variation for the Rasterscope 3000 is that the piezoceramic
tube are sited below the sample and the probe unit remains stationary in the x

and y dimensions during scanning. One tube scanner head with a maximum
lateral displacement of approximately 5um was used for al AFM analysis.
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Figure 2.5 Display modes for data acquired by the Explorer.
(@ Two-dimensiona grey scale mode.
(b) Three-dimensiona grey scale mode.
(¢) Two-dimensiona shaded mode.
(d) Three-dimensional shaded mode.
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The image acquisition procedure is similar to the procedure for the
Explorer, but the Rasterscope 3000 uses a two-quadrant photodetector (top and
bottom only). The Rasterscope 3000 provides no precise value for t-b in nA but
instead estimates an actual repulsive force in NnN. The relative repulsive force
can be varied during imaging by changing this value, but for imaging in air the
actual force will not be the same as the quoted force due to the attractive
capillary force described in section 2.2.4. For al the Rasterscope 3000 AFM
data presented in this thesis the nomina repulsive force was sat at 1 NN, unless
otherwise stated.

The pixel resolution of AFM images can be set to 64 x 64, 128 x 128,
256 x 256 or 500 x 500. All image acquired on the Rasterscope 3000 are 256 x
256 pixel resolution unless otherwise stated.

The feedback loop amplification is controlled by one parameter, termed
the loop gain which performs the same function as the PID values of the
Explorer. The loop gain value was set to 0.25 unless otherwise stated. In
general, this loop gain value was acceptable for dl 5 um x 5 um images but
needed to be lowered as the scan size was decreased to avoid cantilever
oscillation. '

All Rasterscope 3000 generated AFM images are displayed in grey-scale
mode in three-dimensional representations.

2.1.6 Calibration

Calibration of the piezoscanners of the AFM is necessary in all three-
dimensions. The most common method of calibration was to image a standard
diffraction grating sample as demonstrated in Figures 2.5a to d. From the
known dimensions of the grating the piezoceramic movements can be calibrated
over lateral length scales of 1 to 150 um. AFM imaging of the diffraction
grating was performed on a daily basis to ensure that the proba unit was
functioning prior to analysis of polymeric samples. Calibration of the AFM
from the diffraction grating images was performed regularly.

The length scale of the divisions in the diffraction grating are on the
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micron scale and therefore, this method of calibration cannot be used for higher
resolution images from which nanometric measurements are to be made.
Instead, other calibration samples, possessing known lateral and vertical
dimensions have been employed.

For calibration on the atomic scale, freshly cleaved muscovite mica
(Agar Scientific, Cambridge, UK) was used as a calibration sample. Micais a
three |ayered stmcture of KAl(Si3Al)O,9(OH), which can be cleaved along the
001 plane. The 2.9 nm x 29 nm AFM image in Figure 2.6a shows an image of
the atomic surface stmcture of mica obtained with the Rasterscope 3000. Lin
and Meier have attributed the features observed on such images to pairs of
oxygen atoms, with a known separation of 0.53 nm, tetrahedrally coordinated
to the underlying silicon layer (117). The ability to obtain atomic resolution of
mica and other minera surfaces has been demonstrated by many groups (118-
123). The imaging mechanisms of these atomic scale topographs is a
controversial subject. For imaging in contact mode, at a relatively high contact
force, it appears that the AFM topograph is observing changes in friction as the
top layer of the micais pushed over the lower layers (118). Despite difficulties
in understanding the imaging mechanism this method of calibration remains
valid, while the features may not be generated by the actua surface topography,
the spatial resolution of the features is still generated by the separation of the
oxygen groups.

One drawback with the use of atomic scale imaging for calibration is that
no height information can be obtained and therefore z calibration cannot be
performed. To overcome this limitation the imaging of 5 nm diameter colloidal
gold samples has been employed. The 500 nm x 500 nm AFM image in Figure
2.6b shows atypical image of asample prepared by drop casting a0.01 % w/v
solution of colloidal gold (Polysciences Inc., Warrington, UK) in water onto
fresnly cleaved mica. The minimum steps in height that are observed correspond
to the height difference between monolayers of the gold particles and can be
used for nanometre scale z calibration. Multilayer steps can also be observed on
the images and, therefore, it is important to obtain a number of images and find
the minimum step height change.

A fina technique used for calibration has been the imaging of arrays of
polymer microparticles. Two-dimensional arrays of microparticles can be
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Figure 2.6 Calbration of the AFM.
(&) Atomic resolution of mica, the image contrast is generated by
pairs of oxygen atoms (nomina imaging force 50 nN, scan
frequency 100 Hz).
(b) Imaging layers of 5 nm diameter colloidal gold, the arrow
indicates a step between layers.
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Figure 2.6 Cdlibration of the AFM.
(c) Two-dimensional array of 250 nm diameter polystyrene
particles.
(d) Height cdlibration using a sub-monolayer coverage of the
particles on mica
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prepared by drying adilute suspension onto aflat substrate such asmica. The 1
Hm x 1 um AFM image in Figure 2.6c shows an array of 250 nm diameter
polystyrene particles. X and y dimension calibration from this type of sample
can be performed by fmding areas of the topography in which the particles form
a face-centred-cubic morphology and measuring tiie average particle diameter.
Cdlibration in the z-dimension can be performed by finding an area where there
is a sub-monolayer coverage of the substrate by the particle array. An example
of this type of areais displayed im Figure 2.6d. Cross-sectional analysis of the
step height between the substrate and the particles then enables z calibration.

2.1.7 Image Analysis

The analysis and measurement of the three-dimensional features of AFM data
has been performed with the Genesis Il graphics system. This system has been
developed by Philip Williams at the Laboratory of Biophysics and Surface
Analysis (123) with the am of correlating SPM data with complementary
biophysical tools such as molecular modelling and X-ray crystallographic data.
For the purposes of the work in this thesis the Genesis Il graphics system has
been employed to perform accurate measurement of features in the z-dimension
and the quantification of changes in matrix volume during polymer degradation.

Prior to analysis on the Genesis system, AFM data acquired on either
the Explorer or Rasterscope 3000 instmments is stored and categorized on a 12
Gb optical disk drive. Analysisis then performed on a three-dimensional bitmap
of the original AFM image. The full procedure for volume analysis was
developed as part of this thesis and will be fully described in Chapter 4.

2.2 Surface Plasmon Resonance Analysis

2.2.1 Theory

Surface plasmon resonance (SPR) analysis is a technique used to monitor
changes in the optical properties of thin films. For the work in this thesis, the
technique has been employed to monitor the kinetics of polymer degradation.

The application of SPR analysis in biomedical research will be reviewed in
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Chapter 6. Here, the basic theory of the technique is described.

A schematic representation of an SPR with a Kretschmann configuration
(124) is shown in Figure 2.7. The sample to be analyzed is coated onto an SPR
sensor, which consists of a glass with a thin layer of silver (approximately 50
nm thick) evaporated onto the upper surface. The SPR sensor is placed onto the
hemi-cylindrical prism and the refractive indices of the glass dide and the prism
are matched using microscope immersion oil (Resolve©, Stephens Scientific,
Riverdale, USA). The plane polarized laser is shone though the lens to generate
a convergent beam which is directed through the prism onto the underside of the

SPR sensor. At angles greater than the critical angle (8.), the convergent laser is

totaly internaly reflected from the underside of the silver film. The reflected
light passes through a second lens and the intensity is measured by the array of
photodetectors.

SPR analysis is based on phenomena that occur at the interface between
the sample and the silver film. At this boundary, the surface electrons can
oscillate at discrete frequencies to generate a charge-density wave (called a
surface plasmon) which propagates along the metal surface (125). The wave
vector of the surface plasmon (Ksp) can be approximated by (126):

w‘,,’ Em“-j
k‘sp=-c-—w- o on [2.1]
Vom s
where W, = plasma frequency
C = gpeed of light in avacuum
Em = didectric congtant of slver film
s = refractive index of sample

As aresult of the incident laser interacting with the metal film an evanescent
field is generated on the sample side of the silver film. The wave vector of this
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field isgiven by:

w_
K, = —Cngsme [2.2]
where Wo = frequency of incident light
Mg = refractive index of the prism
7] = angle of incidence of laser on SPR sensor

At a specific angle of incidence of the laser on the SPR sensor K, = K.y and
the surface plasmon is resonantiy excited. This excitation is caused by the
transfer of energy from the laser to the metal boundary electrons and can be
detected by a decrease in the intensity of light detected by the array of
photodetectors. Because the laser source is convergent, a portion of the light
will be at the correct angle to excite the surface plasmon (this angle is termed the

SPR angle, 9sp). An experimental example of the detection of 0, for an

uncoated SPR sensor is shown in Figure 2.8.

Examination of equation [2.1] shows that Kp is determined by the
refractive index of the sample (ns). This refractive index will be determined by
two factors. the refractive index of the polymer film (npoLy) and the refractive
index of the liquid (n1ig) above the film but within the detection range of the

SPR. If the value of NpoLy or Mg decreases, then B, will be shifted to alower
value. Alternatively, if the polymer film degrades and becomes thinner, then the
contribution of N iq to the overal refractive index of the sample will increase.
Therefore, if the liquid refractive index is lower than the polymer refractive

index, then 85, will again be shifted to a lower value.
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2.2.2 Instrument Design

The SPR instmment was supplied by Johnson & Johnson Clinical Diagnostics
(Amersham, UK). The instmment employs a monochromatic laser light source
at awavelength of 780 nm and a hemi-cylindrical prism with a refractive index
of 1.518. The SPR sensors were purchased from Johnson & Johnson Clinical
Diagnostics where they are manufactured by evaporation coating of silver onto

the glass. During data acquisition the WINSPR software plots 65, against time,
B5p can be simultaneously recorded from 9 areas within the laser spot at any one

time. Each sampling areahas an areaof 3.2 X 10* um? (127).

The agueous cell above the SPR sensor is divided into three channels.
Each channel can be filled with an independent liquid or gaseous environment
and this environment can be changed during SPR data acquisition using a
syringe driver that can pump liquid into the channels at rates between 0.5 and 64
Hls.

2.2.3 Sample Preparation

Each sample was prepared on new SPR sensor as supplied. Polymer films were
applied to the silver surface of the SPR sensor by spin casting a
chloroform solution of the polymer. Unless otherwise stated in the experimental

chapters, a polymer concentration of 10 mg/ml and a solution volume of 100 ul
were used for spin casting at a spin rate of 1000 revolutions per minute. Prior to
SPR analysis the sample was allowed to dry under ambient conditions for a
period of 1 hour.

2.3 Combined AFM/SPR analysis

The combined AFM/SPR instmment is a novel instrument designed and
constructed by researchers at the Laboratory of Biophysics and Surface
Analysis (128). The am in designing the instmment was to combine the
complementary abilities of the AFM and SPR to visualize dynamic surface
events and to quantify the kinetics of these events respectively.
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A schematic diagram of the combined AFM/SPR instrument is shown in
Figure 2.9 and the mgor design features are described in the corresponding
figure caption. From a design perspective, the combination of the SPR with an
SFM is attainable since the SPR signd is accessed from below the sample
surface and the AFM accesses the surface topography from above. The SPR
instmment described in section 2.2.2 possesses an open sample architecture
suitable for combination with an AFM and the positioning of the piezoceramics
of the Explorer AFM above the AFM probe unit also renders this instmment
ideal for the combination (section 2.1.1).

A number of modifications were required to realize the combined
instmment The Explorer AFM was modified to alow the scanning of the probe
unit within a flowing liquid environment through the construction of an
enclosed cell. This modification involved shaping the macor casing of the AFM
scanner head to allow atight seal to be made with a silicone O-ring. The SPR
was positioned on the underside of a heavy gauge adaptor plate at a point where
an opening for the silver coated sample slide was located. The mass of the plate
helped to reduce mechanica vibration induced noise in the AFM data The SPR
power supply, cooling system and other electrical components were also
positioned extemal to the combined instmment in a remote housing to further
diminish instmmenta noise. Slots were milled into the SPR top plate to alow
the precise location of the AFM and hence probe over the SPR dide.

During data acquisition both the AFM and SPR components were
employed as described in their respective sections (AFM section 2.1.3, SPR
section 2.2.2). To minimise the influence of flowing liquid on AFM imaging,
the syringe pump of the SPR unit which initiates fluid flow was switched off
during the short time of image acquisition.
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Figure 2.9 Schematic diagram of the combined AFM/SPR.

The key is as follows: A: AFM laser; B: photodiode detector; C: AFM height
screws; D: scanner tube; E: liquid inlet; F: liquid outiet; G: silicon O-ring; H:
semi-cylindrical prism; I: silver coated SPR dlide; J SPR top plate; K: SPR
laser; L: polariser; M: ccd detector. The SPR was positioned on the underside of
a heavy gauge adaptor plate at a point where an opening for the silver-coated
sample slide was located. The mass of the plate helped to reduce mechanical
vibration induced noise in the SFM data. The SPR power supply, cooling
system and other electrical components were also positioned extemal to the
combined instmment in a remote housing to further diminish interference
effects. Slots were milled into the SPR top plate to alow the precise location of
the AFM and hence the probe over the SPR slide. The macor housing on the
piezo scanner of the AFM was bevelled at its edges so as to secure a soft silicon
0-ring on the scanner tube. This contacts to the SPR dlide thus forming an
enclosed liquid tight cell. The softness of the O-ring avoids excessive
transmission of vibrations from the SPR to the SFM. Diagram by C.J. Roberts.
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Chapter 3

Initial Studies of Polymer Surface Morphology by
Atomic Force Microscopy

The surface properties of polymeric biomaterials define many of the interactions
that occur when a biomaterial is employed in the body. In Chapter 1, it was
emphasised how these interactions control the biocompatibility and functionality
of the biomaterial (section 1.2). The general term "surface properties’
encompasses both the chemical and morphological nature of the surface. The
chemical nature of the constituent polymers will govern the thermodynamics of
interfacial interactions such as the wetting of the polymer by the agueous
environment and specific interactions with biomolecules. However, to
understand the in vivo behaviour of biomaterials it is also necessary to consider
the way in which the individual polymer molecules are organised at the surface,
i.e. the surface morphology.

The importance of surface morphology to biomaterial science can be
illustrated by its influence on two key areas of biomaterial function,
biodegradation and protein/cell adhesion. In the characterization of polymer
biodegradation it has been demonstrated that the rate of surface erosion of semi-
crystalline polyanhydrides is not determined solely by the inherent lability of the
anhydride linkage, but aso by the relative contribution of amorphous and
crystalline polymer morphologies to the overall polymer matrix (129). In this
example, the influence of surface morphology is exerted through the different
water permeability of amorphous and crystalline material. In second area of
biomaterial function, protein and cell adhesion, it has been shown that the
tendency for these processes to occur can be directly linked to the roughness
(130) and porosity (131) of implant surfaces.

The influence of surface morphology is acknowledged by the inclusion
of microscopy studies in many published papers on biomaterials. At present,
the vast mgjority of surface microscopy is performed with a scanning electron
microscope (SEM) or a light microscope operating in a reflected mode. The
development of the AFM has provided a new microscopy technique which can
complement the data obtained from polymeric biomaterials by these
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conventional microscopes. The work described in this Chapter explores the
advantages and disadvantages of goplying the ARM to tiiis field. Before these
can be congdered, it is necessary to briefly summarize tiie contributions of
SEM and light microscopy.

3.1 Microscopy of Polymeric Biomaterial Surfaces

There exists awide range of micrascopy techniques available to sudy polymer
morphology. However, only alimited number of these techniques can be used
to obtain stmctura information from the surface of a polymer sample. In
generd, only data obtained from electrons or light reflected from a sample can
be used to characterize surfaces. Techniques such as transmission eectron
microscopy and polarized light microscopy require the probe (ie. eectrons or
photons) to pass through the sample and so the dataiis dependent on the intema
smcture of the sample.

3.1.1 Scanning Electron Microscopy (SEM)

SEM is the dominant form of microscopy used to characterize polymeric
biomaterid surfaces. Images of the surface are obtained by monitoring the
intengity of secondary eectrons emitted from a sample as afine electron beam is
rastered across the surface (132).

The resolution of the SEM is degpendent on the interaction volume of the
Imaging eectrons, which is controlled by the diameter of the dectron beam
(= 10 nm), the dectron dengty of the sample surface and the voltage gpplied to
accelerate the electrons. On an ided surface this alows features of
goproximately 10 nm diameter to be resolved (133).

An important attribute of the SEM is large depth of fidd of data (132).
Thedepth of field isthe verticd distance over which the microscope can provide
adequate definition of sample features. The depth of fidd of a conventiona
SEM s goproximately 100 times greater than that of light microscopy, making
SEM images of rough and porous samples essy to interpret.

A number of probIeTIScompﬁqate the andyss of polymeric biomaterids
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by SEM. The low electron density of the polymers and their electrically
insulting nature prohibits direct imaging. These two characteristics would result
in the chemical mpturing of bonds of the polymer and the build up of negative
charge if the sample was imaged without further preparation. Therefore, it is a
standard procedure to coat polymers with a thin metallic layer before SEM
analysis (134). The application of the metallic fihn to the surface morphology of
the sample can obscure fine topographica features reducing the resolution of the
technique.

For most biomaterial surfaces the attributes of the SEM more than
outweigh the problems. The instmment is now widely available and is
responsible for the maority of published studies on biomaterial surface
morphology. The examplesin Table 3.1 give an indication of the many areas of
biomaterial science in which SEM is applied.

Recently, a number of new types of SEM have been described and
employed to record surface information from polymeric biomaterials. These
new types of SEM aim to overcome the limitations imposed by the interaction
between electrons and insulating, low electron density, polymers.

Cryogenic SEM has been demonstrated in the analysis of the formation
gd layersin sodium aginate controlled release devices (139). The advantage of
using cryogenic technology is that the polymer surface is preserved is its
hydrated morphology. The development of cryogenic SEM addresses the
potential problem of exposing polymeric biomaterials to vacuum conditions
during the coating process.

Environmental SEM (ESEM) represents a mgor advance in the
microscopy of polymeric biomaterials because it allows samples to be analysed
within a gaseous environment The ESEM has been defined as “..an SEM
capable of maintaining a minimum water vapour pressure of 609 Pa in its
specimen chamber." (140,141). The implication of this definition is that liquid
water is present on the surface because at room temperature 609 Pa is the
saturation pressure of water. In addition, to ensuring the presence of water on
the samples surface, the presence of a gas in the chamber has the beneficia
effect of suppressing the build of negative charges on the sample, hence,
polymers can be imaged without the application of the thin metallic coating,
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due to washing

Biomaterial Information Obtained Reference

Biodegradable polymer Surface microstructure 135
changes during erosion
Vascular grafts Spherulite organization of 136
block co-polymers
Cdll transplantation Pore size 131
scaffolds
Membrane implants Granular stmcture of film 137
surface

Surface coated dacron Change in coating stmcture 138

Table 3.1 Examples of areas of application of SEM in biomateria surface

anaysis.




although the lateral resolution of ESEM is limited compared to the conventional
SEM. The ESEM has considerable potentia in biomaterial analysis. Its use has
been successfully demonstrated in the investigation of the effect of ultrasound
on polyanhydride matrices (142) and the behaviour of thermoresponsive
microspheres (143).

3.1.2 Light Microscopy

In the generd field of polymer microscopy, Ught microscopy is extensively and
successfully employed (144). The term light microscopy covers a number of
different techniques, such as transmission, polarized and phase contrast
microscopy, which harness different properties of the interactions between light
and polymeric materials. However, most of the successful forms of light
microscopy provide information on the intemal organization of polymer
samples. Reflected modes of light microscopy are often less informative due to
the low surface reflectivity of most polymers. As a result most surface studies
have relatively poor image contrast and resolution in comparison with SEM
images.

Despite the limitations of conventional light microscopy for surface
analysis, the technique till has an important role in biomaterial science due to
the non-destructive nature of the imaging mechanism and low cost of the
instmment. Recent examples of reflected light microscopy studies include the
measurement of spherulite density on the surface of poly(L-lactide) fihns (145)
and the surface organization of a blend of poly(L-lactide) and lactic acid (146).
In both these studies the latera resolution was not higher than 10 pm and the
image contrast was low.

One potential method of enhancing the use of light microscopy for the
analysis of surfaces is the use of interference techniques. In this form of
microscopy a beam splitter is employed to generate a sample and reference
beam. The sample beam is directed onto the polymer surface and on reflection
from the surface is re-combined with the reference beam. Image contrast is
enhanced by the pattems of interference generated by this re-combination.
Examples of the application of this type of microscopy and the related Nomarski
interference microscope include the visualization of fibrils on the surface of
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polypropylene (132, 144).

The work described in this Chapter has aimed to investigate the potential role of
the AFM in analyzing the surface morphology of polymeric biomaterials and to
assess how the instrument can augment the established electron and light
microscopes. The AFM has specific attributes which can be exploited in
biomaterials analysis, such as the high vertical sensitivity of the technique and
the simple sample preparation procedures required prior to imaging. These
attributes are explored on fdms of poly(ethylene oxide) (PEO) (600K).

PEO is a semi-crystalline polymer which displays excellent
biocompatibility properties (147). This biocompatibility has been attributed to
the unique interactions that occur between PEO and water. In comparison with
poly(methylene oxide) and poly(propylene oxide), PEO displays a higher than
expected solubility in water. This is believed to be caused by PEO molecular
stmcture allowing 4 water molecules to hydrogen-bond with the polymer unit
cell without distortion of the water lattice stmcture (147). It is thought that when
PEO is present at the surface of biomaterials within the body, the interactions
with water lead to the hindering of protein adsorption and therefore the presence
of PEO can delay the rgjection of synthetic materials by the body (148).

The results presented in this Chapter address three issues in the
application of AFM in biomateria analysis. The first study investigates the type
of morphological data that can be obtained from a sphemlitic PEO film. This
study aims to introduce the potential strength of the AFM in characterizing
polymer organization over a wide range of length scales. The second study
investigates how the organization of the PEO material on the nanometre scale
can be influenced by sample preparation parameters. Finally, some of the
adverse interactions which can occur as the AFM probe scans the PEO samples
are described.

3.2 Experimental Methods
PEO solution preparation
PEO (600k) (Aldrich, Dorset, U.K.) agueous solutions were prepared by

leaving the solid polymer in contact with high purity deionized water (purified
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on an ELGA water system) without agitation. Polymer solutions were used
after 6 hours contact between polymer and solvent. For experiments requiring
temperature control during sample preparation (see section 3.3.2.2) both the
polymer solid and water were warmed or cooled to the desired temperature
before mixing. The concentration of the PEO solution is noted in the rdevant
section of the Results and Discussion.

Film formation

Drop cast films were produced by dropping a 2 ul aiquot of the polymer
solution onto freshly deaved mica (Agar Scientific, Cambridge, U.K.). Flms
were dried in laboratory conditions for 1 hour before ARM analysis. Spray
depogtion of the polymer solution was peformed horizontaly onto mica a a
distance of gpproximatdy 30 cm by introducing a20 pl diquot of the polymer
solution into a dream of nitrogen gas.

3.3 Reaults and Discussion
3.3.1 Surface Morphology of PEO spherulites

Two-dimensionally congrained sphemlites were produced by drop casting a
10mg/ml PEO solution (a) onto the mica substrates. These sphemlites provide
an excdlent morphology on which to sudy the ability of the ARM to image
polymer organization on a wide range of length-scaes. The AFM image in
Figure 3.1a shows an example of this sphemlitic morphology on a80 um x 80
um scan. The ohemUte conasted of anudleating centre (indicated by the label)
which hed the gppearance of a dense mass of fibres Away from the nuclesting
centre the PEO materid had been deposited in a radiating pattem. A large
number of fibres, with diameters between 500 nm and 1 pm could be observed
in thisarea. The surface lacked a distinct morphology between the fibres. In the
|atter stages of film formation polymer materid from neighbouring sphemlites
impinged and distinct grain boundaries formed. The ARM image in Figure 3.1b
shows an area where grain boundaries had formed between three neighbouring
sphemlites.

The fibrous morphology of the sphemlites was further explored in a
seriesof 5 um X 5 um images. Figure 3.2 displaystypica ARM images &t this
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Figure 3.1

@

(b)

(@) 85.85 um x 85.85 um AFM image of a PEO sphemUte.
Shaded view, scan frequency 5 Hz. Maximum height of image
feature 2000 nm.

(b) 150 umx 150 pm AFM image showing grain boundaries
between three PEO sphemUtes. Shaded view, scan frequency 5
Hz. Maximum height of image feature 1735 nm.
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length scale. The AFM analysis revedled that the 500 nm to 1 pm fibres
identified on the large scale AFM imagesin Figure 3.1 were, in fact, composed
of smaller fibres bundled together. The diameters of the smaller fibres ranged
between 40 and 100 nm. Also evident on the AFM images in Figure 3.2 are
areas between the fibre bundles which lack any directiona orientation.

The surface morphology observed in the AFM images in Figures 3.1
and 3.2 can be adequately explained by current theories of sphemlite formation
(150). For solution cast polymer morphologies, the theory of Keith and Padden
explains the presence of the radiating fibres and the areas between these fibres.
The theory states that sphemUte formation begins with the nucleation of
polymer crystallization on the substrate surface. Nucleation sites are most
commonly associated with impurities on the substrate or within the polymer
solution. Once the nucleating site has formed, polymer chains form lamellar
sheets to generate a single crystal morphology. The boundaries of these lamellae
radiate out to fill space from the nucleating centre. However as growth
continues entangled polymer chains and impurities form a non-crystallizable
layer around the lamellae and single crystal growth is prevented. New polymer
addition to the crystal can only occur by fibre formation with the non-
crystallizable material vitrifying around the growing fibres. This non-
crystallizing material generates amorphous materia around the crystalline fibres.
The AFM images in Figure 3.2 clearly distinguish both the crystalline fibres and
the amorphous areas of the morphology.

The next stage in the AFM analysis of the PEO sphemlites was to
examine the lameUar organization of the fibrous material. Lamellae are the
fundamental buUding blocks of al semi-crystalline polymer morphologies. The
existence of lamellae and the intemal organization of polymer chains within
crystals was first described in 1957 by Keller (75). Keller observed single
crystals of polyethylene and found that the thickness of the lameUae was 12 nm.
He proposed that to form such a morphology the long polymer chains had to
fold to generate a chain-fold pattem. This chain-fold pattem is shown
schematically in Figure 3.3. Within single crystals, lamellae can form large
sheets which can be easily imaged with the AFM. The images in Figure 3.4
show the stmcture of lamellae within two PEO single crystals which were
grown in a solution of toluene over a5 day period. The lameUae are apparent as
stepsin crystal stmcture and the height of the steps is determined by the lameUar
width.
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Figure 3.3 Schematic diagram of the chain-folding of polymer molecules
into lamellae. The three model differ by the type of folds

between neighbouring crystallized chains.
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Figure34 (@ 5 um x 5 um AFM image of a PEO single crystal growth
from a toluene solution. Grey-scale view.
(b) 5 [im x 5 um AFRM image of a PEO single crystal with a
screw didocation. Grey-scale view.
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Observation of lamellar units within sphemUtic polymer morphologies
was unattainable for a considerable time after Keller proposed the chain fold
lameUUae model. Prior to the development of tile AFM, the ti-ansmission ecti-on
microscope was the dominant tool for studying molecular organization within
sphemUtes (37). To obtain resolution of the lamellar detail with TEM requires
considerable sample preparation because the low electron density of polymeric
material prohibits the direct imaging of most samples. These sample preparation
methods have been extensively reviewed by Bassett (37). In general, the sample
preparation procedures involve etching the surface of thin sections of the
polymer to remove amorphous material from around the lamellae, and hence,
increase the potential contrast of the TEM image. In addition, it is common to
produce a carbon repUca of the polymer surface after etching and to analyze the
topography of the replica

Using the AFM it is possible to directly image the lamellar stmcture of
sphemlite fibres. The AFM image in Figure 3.5 was recorded from the surface
of one of the fibres previoudly observed on the 5 um x 5 pm image shown in
Figure 3.2a. The image shows ribbons stmctures mnning along the lengths of a
number of fibres. A cross-section of the AFM image across four of the ribbons
is aso displayed in Figure 3.5. This cross-section shows that the ribbons have
widths between 10 and 30 nm which is in good agreement with the known
dimensions of PEO lameUae (95).

Therefore, it has been demonstrated that the AFM can directiy resolve
lamellar detail of the surface of two-dimensional PEO sphemlites. This
resolution exceeds that of the SEM and matches that of the established TEM
procedures. However, AFM imaging avoids the extra sample preparation
methods. This is potentialy important because it has been demonstrated that
etching can alter the crystaline morphology (37). In addition, etching
procedures are not available for al semi-crystalline polymer. Therefore AFM
offers the potential to broaden the sample types which can be analyzed at high
resolution.

The attribute of the AFM which alows this high resolution on polymer
surfaces is the sensitivity of the instmment to height (z) variations in the
topography. The cross-section in Figure 3.5 shows that the height variation
between neighbouring lamellaeis between 5 and 15 nm. The resolution in the z
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Figure 35 (3 921.7 nm x 921.7 nm AFM image of PEO fibre shown
lamellae ribbons. Shaded view, loop gain 0.7, nomina force 13

nN.
(b) Cross-sectiona data of four neighbouring lamellae.
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direction is determined by the sensitivity of the cantilever deflection detection
system (ie the laser, mirror and photodiode). Theoretically this resolution limit
islessthan 1 A (54). Therefore, visualizing the lamellar organization of the
PEO fibres is welJ within the expected vertica resolution of the AFM.

Attempts were made to resolve the molecular stmcture of the lamellae,
however, no finer detail was recorded on smaller AFM scans. The inability to
achieve molecular resolution is most likely caused by the amorphous materia
associated with the folds of chains in lamellae (as shown schematicaly in
Figure 3.3 as part of the random re-entry model). The review of molecular
resolution studies in Chapter 1 (section 1.6.2.) stressed that the imaging of
individual polymer molecules within films required an organized and rigid
surface. These requirements were not achieved due the presence of the
amorphous material.

3.3.2 The Effect of Sample Preparation on PEO Film Morphology

For semi-crystalline polymers, sphemlites are the dominant morphological
feature for thin film samples. In this section, methods of generating non-
sphemUtic morphologies are investigated. These methods involve changing the
concentration of the PEO solution, changing the temperature of PEO film
formation, and changing the method of solution deposition onto the substrate.
These studies highlight the importance of sample preparation in controlling the
surface morphology of polymeric biomaterials.

3.3.2.1 Polymer Solution Concentration

When the concentration of PEO was decreased to 1 mg/ml the surface coverage
of the polymer following drop casting on the mica was insufficient to
completely cover the substrate. The AFM image in Figure 3.6 shows anetwork
stmcture typical of the morphology found when this concentration of PEO was
used. Such network stmctures have been described for other polymer/substrate
systems (94) and result from holes developing in the polymer gel during
drying. As drying continues the polymer film contracts and the network forms
by expansion of the holes pushing the polymer material into strands.
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Figure 36 2 um x 2 um AFM image of a 1 mg/ml PEO concentration
sample showing a network structure.
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When the concentration of PEO was further decreased to 0.1 mg/ml the
polymer morphology shown in the ARM images in Figure 3.7 were observed.
In Figure 3.7a, the 3 um x 3 um ARM images shows a strand of polymer
composed of three ditinct ribbons where the PEO appears to have crystalJized.
In the areas around this drand there is an indication of fine stmcture which
would not be expected for an uncoated mica substrate. The ARM images in
Figures 3.7b and ¢ show that this fine detall is composed of polymer strands.
These strands have average widths of gpproximately 8 nm. However, because
the strands are isolated features on the flat substrate, the ARV recorded diameter
will be an over-estimation of the tme dimensions as shown in the schematic
diagram in Figure 3.8. The over-estimation is caused by the tip gpex of the
AFM probe being larger than the sample feature. Therefore, if we assume that
the polymer strand is goproximately cyUndrica and that the ARM tip apex is
gpproximately sphericd, then the sample feature will first contact with the tip
goex a apoint some distance (w nm) from the tme gpex of the tip. Then, after
the tme probe gpex has scanned over the goex of the molecule, the probe will
remain in contact with the molecule for afurther w nm. The broadened image of
the polymer strand Wil therefore have awidth of 2w insteed of the tme width of

2Q.

Modds have been developed to convert the broadened width to the red
width. Thundat et al have proposed the circular probe modd (151) for which
the broadened width is given by:

W = 2(0q)"? [3.1]

where w = broadened width
Q = radius of probe gpex
g = radius of molecule

If this modd is gpplied to the polymer strands in Figure 3.7, then assuming the
radius of the probe gpex to be grester than 20 nm, the tme width of the features
decreases to lesstiian 0.8 nm. X-ray crystalography records avaue of 0.3 nm
for the diameter PEO (152). Therefore, the ARM data appearsto have imaged a
polymer strand composed of one or two PEO molecules. This hypothesisis
supported by the recorded height of the polymer strands above the micabeing
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Figure 3.7  AFM images of a0.1 mg/ml PEO concentration sample.
(& 3 um x 3 pm image showing ribbon structures. Grey-
scale view, nominal force 0.05 nN.
(b) 500 nm x 500 nm image of single strand structure.
Grey-scae view, nomina force 0.07 nN, scan frequency 30 Hz.
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Figure 3.7 (c0 250 nm x 250 nm AFM image of single strand
structure. Grey-scale view, nominal force 0.07 nN, scan

frequency 60 Hz.
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Schematic representation of the over-estimation of the
dimensons of a molecules due to the finite size of the AFRM
probe. W = broadened width, Q = radius of probe apex, o=

radius of molecule

Figure 38

70



approximately 1 nm. However, there are a number of limitations in the circular
probe model which restrict the confidence of the calculated tiaie feature width.
The model assumes an AFM probe with no surface roughness. In redlity, the tip
apex will have an inherent roughness which could ensure that the molecule
contacts with the probe close to the tme apex. In addition, the height of the
feature above the subgti-ate can be distorted by the compression of the polymer
strand by the probe and by changes in frictional forces acting on the probe as
the apex moves from micato polymer.

3.3.2.2 Film Formation Temperature

In this experiment PEO films were produced by drop casting 5 mg/ml aqueous
solutions onto mica. The effect of temperature was analyzed by performing the
complete process of film formation (ie. polymer dissolution, drop casting and
sample drying) at 6, 20, 40, 60, 80, and 96°C.

At 20, 40, 60 and 80°C al samples areas analyzed by AFM displayed
the semi-crystalline fibrous texture expected for spherulitic morphologies.
However, at 6 and 96°C no fibres were observed on the AFM images and all
areas of the sample gppeared to possess amorphous morphologies. An example
of this amorphous morphology from the 6°C is displayed in the AFM topograph
in Figure 3.9.

The absence of fibres in the PEO films formed at 6 and 96°C can be
explained by the behaviour of PEO molecules in water at varying temperatures.
Flexible long chain polymers, such as PEO, adopt a range of different
conformations in solution. These conformations wil be dynamic but on average
in a"good" solvent (153) the polymer wil tend to maximize polymer-solvent
interactions by adopting open conformations (see Figure 3.10). In a "poor"
solvent the polymer chains will tend to minimize polymer-solvent interactions
by coiling up (see Figure 3.10). The degree of coiling can be measured by the
displacement length (r) which is the average separation distance between the end
groups of the polymer chains. For many polymer-solvent systems the value of r
is dependent on the temperature of the solution. For the PEO-water system, ris
large at temperatures between 20 and 80°C ie. the polymer adopts an open
conformation. However, as the temperature fas from 20°C or rises above 80°C
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Figure39  2um x 2 [im ARM image of a PEO fihn prepared at 6°C.
Grey-scae view.
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Open conformation in "good" Coiled chainin "poor”
solvent solvent

Figure 310 Schemdic diagram showing the conformation of a polymer
chanina"good" and "poor" solvent r = digolacement length.
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the affinity of the polymer for water decreases, the PEO chains coil up, and the
value of r decreases. This decrease in r continues until the temperature reaches
6°C or 96°C. These values are termed the upper and lower consulate
temperatures (153). At these temperatures the degree of polymer coiling is the
maximum possible without the polymer becoming insoluble in water.

Relating the behaviour of PEO in water at varying temperatures to the
morphology of the PEO surfaces, between 20 and 80°C the open conformation
of the PEO molecules smplifies the chain folding process and so sphemlites
form. At 6 and 96°C, the polymer chains are unable to chain fold from their
coiled conformations within the time limit imposed by the rate of solvent
evaporation and so amorphous material is formed as water is lost from the
system.

3.3.2.3 Spray Deposition of Polymer Solution

The utilization of spray deposition of 5 mg/ml aqueous solutions of PEO
inhibited the formation of sphemlites and generated a variety of polymer
morphologies in which polymer coverage of the mica substrate was incomplete
and isolated polymer structures were generated.

One isolated morphology commonly seen on spray deposited samples
was dendrites. The AFM imagesin Figure 3.11 show an example of a dendritic
PEO morphology. Dendritic growth pattems have been extensively researched
in the field of meta aloy crystalization and are often associated with diffuson
limited growth (154).

Two interesting features of the dendrite shown in the AFM images in
Figure 3.11 are the height of the dendrites above the mica substrate and the right
angle habit of the dendritic arms (see labelled arrows). Cross-sectional
measurement of the dendrite heights recorded a value between 10 and 15 nm.
This value is within the expected range of PEO single crystal lamellae. Further
evidence of the single crystal origin of this morphology is the right-angle habit
of the dendrites. This right angle habit was previously imaged in the AFM
analysis of PEO single crystals (see Figure 3.4). Therefore, it appears that the
water is removed from the drying polymer film, perfect lamellae growth is
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Figure3.11 5pum x 5pum AFM image of aspray deposited PEO sample

showing a dendritic morphology. Grey-scale view, nominal
force 1.268 nN.
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impossible and two-dimensional extension of the morphology becomes
diffuson Umited.

Extensive analysis of spray deposition samples revealed a high degree
of variation in the observed morphology of the PEO. For most areas of imaging
no polymer structures were observed because spraying of the polymer solution
will only deposit polymer on areas of the substrate hit by droplets of the
solution. In addition to the dendritic morphologies a number of analyzed areas
showed a fibrillar morphology of the PEO. An example of this fibrillar
morphology is shown in tiie AFM image in Figure 3.12. The fibrils have
widths between 30 and 40 nm. a notable morphological feature of these fibrils
is the presence of nodes at intervals along tiieir stmcture. PEO fibrillar
morphologies have been described previoudy (155). The underiying polymer
organization of fibrils has been described as a " shish-kebab" stmcture (155). In
this model the polymer chains are extended to form the long fibril. In the node
areas the polymer molecules fold into chain-fold structures.

3.3.3 Adverse Interactions Between the AFM Probe and PEO
Samples

The examples of AFM imaging of PEO morphologies have demonstrated the
considerable potential of the technique in visualizing the organization of the
polymer on the nanometre scale. However, it should be noted that the close
interaction between the AFM probe and the polymer sample surface can produce
adverse interactions. Previoudy, a number of groups have described how the
scanning motion of an AFM or STM probe across a sample surface can lead to
the movement or destmction of features (112-114).

Two examples of feature destmction are shown in the AFM images in
Figure 3.13. The image in Figure 3.13a shows an area of a spray deposition
sample on which a fibrous stmcture has been broken by the action of the probe
during the acquisition of the previous scan. In general, it was found that
isolated fibres could be destroyed during the acquisition of a small number of
images. In contrast, fibres which were part of acomplete film were ssmcturaly
supported sufficientiy to dJow repeated imaging. The image in Figure 3.14b,
shows the only example recorded of the destmction of a sphemlitic
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Figure 3.12 725.5 nm x 725.5 nm AFM image of a spray deposited
PEO sample showing a fibrillar morphology. Grey-scale
view, nominal force 1.268 nN.



Figure 3.13
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(a) Destmction of a PEO fibre due to AFM imaging. 5045.2 x
5045.2 nm AFM image, grey-scale view, nomina force 0.07
NnN.

(b) Damaging a spherulitic morphology by repeated imaging at
high force. 2357.1 nm x 2357.1 nm AFM image, grey-scae
view, loop gain 0.595, nomina force 10 nN, scan frequency 3
hZ.
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morphology. The destmction gppears as a series of lines running in the
direction of scanning of the ARM probe. These lines were observed only when
the imaging force was increasad to 10 NN and 30 consecutive images of the area
were recorded.

3.4 Conclusions

The work described in this Chapter has demondrated that the ARM has a
promising role in the characterization of polymeric biomateriads. Thefirg sudy
demondi-ated that the ARM could characterize the organization of PEO within
gphemlites a& many different length scaes ranging for lamellae organization at
the nanometric scale to the distribution of complete sphemlites on the micron
scale.

In comparison with SEM gudies the ARV dlowed the samples to be
andyzed without exposure to a vacuum or surface coating prior to imaging. The
resolution achieved maiched the highest achievable by SEM and the vertica
contrast generated by the ARV on the lamelUae ribbons aJowed these ssmctures
to be resolved without the use of surface etching to remove amorphous materid.

The high resolution and vertica contrast of the AFM data was then
harnessed to study the effect of varying sample preparation parameters on the
PEO surface morphology. These studies demonstrated that the polymer
morphology could be controlled by changing the PEO solution concentration,
the temperature of film formation and the method of depositing the polymer
solution on the subgtrate.

Findly, two adverse interactions between the ARM probe and PEO
samples were reported. These interactions both resulted from the pressure of the
probe changing the topogragphy of the underlying polymer. It isimportant to be
aware of these interactions and they become increasingly important in the next
Chapter where dynamic processes are visuaJzed with the ARM and the chance
of probe induced damage is increased.

The results in this Chapter indicate that the AFM should be consdered

as a complement to conventiond SEM and light microscopy rather than a
replacement. The insmment is ided for andysng samples with very low
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surface roughness because high verticad resolution generates contrast from
features such as sngle molecules and lamelJae ribbons which are not resolved
by SEM or light microscopy. However, the depth of fidd of the ARM is very
limited in comparison with the SEM. This limitation is imposed by the
maximum degree of movement of the piezoceramic in the z direction. This
movement is gpproximatdy 12 [im for the 150 um scanner and 1 pm for the
tube scanners.

The mgor benefits of utiUzing ARV andlyss in the sudy of polymeric
biomaterids lie in the abiUty to image surfaces within agueous environments.
This alows the surface morphology to be visudized in conditions Smilar to
those experienced within a living systems. The next Chapter, describes the
gpplication of ARM imaging within a liquid environment. The work relies on
the imaging techniques deveoped in the present Chapter and describe how the
AFRM can record dynamic changes in surface morphology resulting from
polymer/water interface events.



Chapter 4

Imaging Polymer Surface Degradation by In Stu
Atomic Force Microscopy

41 I ntroduction

In 1989, Hansma et al (45) demongrated that the ARM could be used to
visualJze changes occurring to surfaces within liquid environments (see section
1.4.2). This demondration represented amgor advantage in the microscopy of
biologica and biomedical materials because it became possible to image
complex interfacid processes within agueous environments. Therefore, for the
firg time, biologica processes, such as the transcription of DNA (156) and the
adsorption of proteins to surfaces (157), could be visudized.

The work described in this Chapter has amed to exploit the abiUty of the
AFM to image interfacid processes with a view to advancing the study of
polymeric biomaterids. This work became possible with the arrival of the
Topometrix Explorer ARM (see section 2.1.1), which wasthe firss ARM in the
Laboratory to aow the imeging of samples within aliquid environment

The gpplication of in situ ARV could advance many aress biomaterid
characterization because it would dlow dynamic changes occurring a complex
solid-liquid interfaces to be visudized. The present work has concentrated on
one such are, the use of surface eroding biodegradable polymersin controlled
dmg delivery systems (see next section). This area has been chosen to
demondtrate in situ ARM because of the importance of surface morphology to
the kinetics of polymer eroson and, in tum, the kinetics of dmg rdlease.
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4.1.1 Controlled Drug Dédivery Usng Biodegradable Polymers

For a dmg to achieve its thergpeutic am it much reach target receptors a a
sufficient concentration to change some aspect of physiologica activity. Mot
dmgs act a receptors within the body and the most convenient method of
ddivery is to use the patients blood sysem to distribute the drug to these
receptors. Therefore, the role of dmg ddivery devices for these dmgs has
concentrated on getting the dmg into the blood sysem either through aosorption
(eg. tablets/capsules) or directiy viaan injection.

There are a number of disadvantages of usng these "traditiona”
delivery devices . Examples of these disadvantages are given in Table 4.1 and
references 14, 158 and 159. For many dmgs the problems of Sde-effects, firs
pass metabolism and poor digribution are negligible and the traditiond ddivery
devices dffer an efficdent and cos-effective method of adminidtration. However,
there are other dmgs that could be dlinicaly useful, if ddivered to their target
receptors, but which cannot be delivered via traditiona devices due to Sde-
effect profiles, rgpid metaboliam or one of the ancther of the disadvantages in
Table 4.1. For these dmgs controlled dmg delivery offers the potentid to
provide vauable thergpies for currentiy incurable disease dates.

The fidd of controlled dmg ddivery research has diversfied to provide
many new strategies with which to deliver dmgs (14). Examples of the many
drategies of this area are given in Table 4.2 dong with some of the advantages
of each strategy.

The surface-eroding biodegradable polymer devices have proven
successful in the delivery of anti-tumour dmgs (169), contraceptive steroids
(171) and protein/peptide basad dmgs (170). The schematic diagram in Figure
4.1 demondrates the mechaniam of action of these ddivery systems. The dmg
Is digpersed within a matrix of the biodegradable polymer and tiiis matrix is then
introduced into the patient Within the agueous environment of the body, the
pure dmg would normally be able to dissolve and hence become available for
therapeutic action, however, this dissolution is prevented by the



Disadvantages of Traditional Drug Delivery Devices

Interaction with non-target sites generates side-effects

Rapidly metabolised dmgs (eg proteins) require
frequent dosing

First pass metabolism of dmgs deUvered oraly

Poor distribution to areas of body with limited
blood supply or dense cgpUlary walls

Stress and cost of repeated injections

Unpredicatble dmg absorption due to influence of food in
gastro-intesting ti-act

Table4.1 Examples of the disadvantages of “traditional” deUvery sytems,



Controlled Drug Clinical Advantage Refer-
Delivery Stragety ence
Tablet coating Sudained release in GIT 160
Specific deUvery to tiie colon 161
Hydrogel Sustained release 162
Vesicles (microparticles and Targeting to specific sites 163
liposomes)
Transdermal Patches Avoidance of firg pass 164
metabolism
Pulsatile delivery of proteins 165
from ultrasonic devices
Chemicaly attached targetting | LocalJzed effect of anti-tumour 166
group and other dmgs with hazordous
sde-effect profiles dmgs
Pro-dmg Enhanced GIT absorption 167
Osmotic devices Sustained/pulsatile release 168
Surface eroding Sugtained release 169
biodegradable polymers Protection of rapidly metaboUsed 170
dmgs
Table 4.2 Examples of controUed dmg delivery strategies.




a) Before degradation

Aqueous environment
Biodegradable polymer el

Drug

Polymer/water interface

b) During degradation
Aqueous environment
Eroded polymer

surface
L ]
*®
*~—— Released dmg
avaUable for
therapeutic action
Figure 4.1 Schematic diagram of the mechanism of action of surface

eroding biodegradable polymer devices.
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hydrophobic polymeric material. The release of dmg from these devices can
occur only as a result of the hydrolysis of the polymer at the interface with the
biological system. Therefore, the release of the drug, and hence its therapeutic
activity, is directiy linked to the surface erosion of the polymer. Cleariy, the
most important parameter in the kinetics of dmg release from these systems is
the degradation of the polymer at the polymer/water interface (135) and the
development of a technique to directiy visuaUze this degradation would advance
the characterization of such biodegradable systems. Examples of polymers used
in such devices include polyesters (172-174), poly(ortho esters) (171) and
polyanhydrides (175, 176).

4.1.2 Polyanhydrides

The polyanhydrides are a class of biodegradable polymers designed specificaly
for biomedical applications which are receiving considerable attention due to
their predictable erosion (176). The general stmcture of a polyanhydride is
shown in Figure 4.2 with some commonly employed backbone stmctures. The
mode of hydrolysis of polyanhydrides is shown in Figure 4.3 .

The hydrolytic reactivity of the anhydride linkage is high, allowing
biodegradation to be achieved with a wide variety of backbone structures.
Surface erosion occurs due to the hydrophobicity of the polyanhydride
backbone which results in water penetration into the bulk being rate-limiting.
The factors affecting polyanhydride hydrolysis have been discussed in the
literature (177).

The success of backbone chemical modifications has yielded polymeric
devices which release dmg molecules in vivo over periods ranging from days to
months. However, recentiy there has been an increased awareness that in
designing novel biodegradable systems it is important to understand not only
the effect of chemical composition on degradation kinetics, but also the
morphology and molecular organization of the polymeric material (129 and
135).
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General Structure

Backbone Structures (R)

(CH,),
Poly(sebacic anhydride) (PSA)

@-O—CHZ—CHZ—Cﬂz—o@

Poly( 1,3-bis(p-carboxyphenoxy)propane) (CPP)

CH,

I

(CHp),
(CH2)7_CH_C[H—(CH2)8

?CHz)g
CH3

Poly(Fatty Acid Dimer) (p(FAD))

Figure 4.2  The genera structure of polyanhydrides with some commonly
employed backbone structures.
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The influence of polymer morphology and molecular organization on the
biodegradation of polyanhydride devices has been studied by a number of
techniques including X-ray powder diffraction (135), differential scanning
calorimetry (DSC) (135), SEM and optical microscopy (129,135). For
poly(sebacic anhydride) (PSA) devices, these studies have revealed the semi-
crystalline nature of the material. X-ray powder diffraction has recorded the
crystallite dimensions and DSC has provided quantitative data on the
proportions of crystaline and amorphous regions within semi-crystalline
morphologies produced by both solvent and melt casting methods.

SEM and optical microscopy have provided visual data on the semi-
crystalUne morphologies of PSA (129 and 135). With cross-polarized light
microscopy the presence of Maltese cross pattems in thin films of PSA
confirms the presence of sphemUtes and the radiating fibrous stmcture of these
sphemlites has been observed using SEM. Upon degradation of these devices
there is aloss of amorphous material between the fibres of the sphemlites which
is manifested in the electron micrographs by the observation of the dendritic
skeleton. The preferential 1oss of amorphous materia in the initial stages of
PSA hydrolysis is attributed to the higher permeability of amorphous material
over crystaline material.

The first @am of the in situ AFM characterization of polymer degradation
has been to visualize this preferential loss of amorphous material from PSA
sphemlites. The reproduction of a pattem of degradation from an extensively
characterized system, such as a PSA sphemlite, has been chosen as the first
example because this allows direct comparison with the established SEM
technique of recording surface morphology changes during degradation. The
work is described in the Results and Discussion section 4.2.1.1.

Having demonstrated that the in situ AFM technique can visualize
preferential etching of PSA in drop cast fdms with clearly defined sphemUtes,
the work described in section 4.2.1.2 explores how the methods can be
extended to study the erosion of fundamentally more complex PSA
morphologies produced by melt casting. The pH dependency of the degradation
of the PSA surface is also demonstrated. This provides the first example of the
use of in situ AFM to investigate the kinetics of surface erosion, a subject which
is further explored in Chapters 5 and 6. FinaUy, in this Chapter the abiUty of the
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AFM to record dynamic changes to biodegradable fdmsis utiUzed to investigate
tiie influence of phase morphology on the erosion of a number of blends of
polymers. The use of biodegradable blends in controlled dmg deUvery is briefly
reviewed below.

4.1.3 Biodegradable Polymer Blends Incorporating
Polyanhydrides

In the design of new polymeric materiasit is an attractive strategy to combine
two or more existing polymers to form a blend (178). IdealUy, the blend will
possess the desirable properties of each of the constituents. This strategy has
been particularly successful in the production of toughened polymers in which a
brittie polymer (eg. high impact polystyrene) is mixed with a ductile polymer
(eg. poly(2,6-dimethyl-I1,4-phenylene oxide)) to give a blend which combines
the high modulus of the brittie polymer with the shear yielding ability of the
ductile polymer (179).

Considerable success has been achieved with surface eroding delivery
systems using matrices containing a single component polymer as described in
the previous section. However, these single component systems can generate
an inflexible delivery system, because there are only a limited number of
strategies with which to change the kinetics of dmg release. These strategies
include changing the shape of the delivery system and hence the polymer
surface area, or synthesising a new polymer with a different backbone stmcture
(13). A much more flexible drug delivery device can be designed if two
biodegradable polymers, with very different degradation rates, form the matrix.
It may then be possible to vary the kinetics of surface degradation by changing
the relative amounts of each polymer in the blend (180).

The concept of controUing degradation rates by varying polymer blend
composition is complicated by the immiscibility of most pairs of polymers
(178). This immiscibiUty arises from the low entropy increase resulting from
mixing long polymer chains with each other. As a consequence of this, the
Gibbs free energy change of mixing is generally positive favouring polymer
phase separation. When phase separation occurs, the degradation kinetics of the
matiix wil be highly influenced by the morphology of the two phase system.
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Therefore, there is a requirement when designing polymer blend matrices to
characterize the phase morphology in order to understand the degradation
profile of the resulting devices.

This phase morphology characterization has been performed by a
number of different micrasoopy techniques (181,182). SEM has been employed
to sudy fracture (183) and thin film (184) surfaces of polymer blends. These
studies require the fracture Surface to be coated with athin metdUc fihn and it is
generdly difficult to identify the different phases. One gpproach to achieve
differentiation isto remove one of the phases by solvent extraction (183). This
has been gpplied to study, for example, the mixing of hydroxyl-functiondized
polystyrene and poly(ethyl acetate) (183). Transmisson eectron microscopy
(TEM) has proved vadugblein the gudy of thin sections of blends (181). Again,
thereis aproblem in differentiating the polymer phases. This can be overcome,
for some polymers, by preferentidly staining one of the polymer phases using
an electron dense dye (185). There have dso been promising sudies performed
using laser confoca fluorescence micrascopy on poly(methyl methacrylate)
(PMMA) and PS blends (186). The PMMA component of the blend was
labelled with a fluorescent dye which endbled the phase morphology to be
visualJzed a the surface and to depths of 6 pum.

In section 4.2.3, work is described which provides a new method of
characterization polymer phase morphology using the in situ AFM developed
with the PSA system. The visudization of the eroson of blends of PSA and
poly(DL-lactic acid) (PLA, see Figure 4.4) has been performed. This work
provides an unique ingght into the influence of blend compostion on both the
initid surface morphology of the blend film and on the change in film stmcture
during eroson in dkaline conditions.

4.2 Experimental Methods

4.2.1 Polymer Materials

PSA, My, 25k, was synthessed by polycondensation by the group led by Dr
Avi Domb at tiile School of Pharmacy, The Hebrew University, Jemsalem,
Israel. The experimental method of the polymerization and the methods of
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purification are described in the literature (187). PLA inthe DL fonn, M,, 50k,
was usad as purchasaed (Polysciences, Inc., Warrington, U.K.).

4.2.2 Sample Preparation

Drop cast films of PSA were prepared by spin casting a 10 ui aiquot of 1
mg/ml PSA in chloroform onto 1 cm x 1 cm freshly cleaved mica substrates.
Samplesweredried in ar for 1 hour prior to andysis.

Mét crystdUzed fdms were prepared by meting the polymer a 86 °C
and then cooUng dowly over apredetermined time period. The cooling timeis
noted a the rdevant part of the Results and Discusson section.

Polymer blend films were prepared as for the pure PSA drop cast
samples but using chloroform solutions containing PSA and PLA. The totd
polymer concentration in the chloroform was 1 mg/ml, witii individua polymer
proportions varied as required.

4.2.3 Atomic Force Microscopy

The basic procedure for acquiring ARM images was identical to that described
in Chapter 2 for the Topometrix Explorer. However, imaging had to be
performed within an agueous liquid environment which required the use of the
Explorer liquid cell. This conssts of metdUc holder with raised edges. The
sample was positioned within the boundary of the edges and then liquid was
dropped into the holder until the sample was completdly immersed. The ARV

head was then brought down onto the sample as normal. Initialy, al samples
were imaged within apH 7 water environment to alow characterization of the
morphology before degradation. Then, the ARM head was raised to dlow the
water to be removed and a buffer solution, at a predetermined pH, was
dropped into the holder to immerse the sample. The time a which the buffer
came into contact with the samplewas teken ast = 0 min.

For dl the degradation studies on poly(sebacic anhydride) described in
this thes's an alkaline buffer was employed. Under dkaJne conditions the
hydrolysis of the anhydride bond is accelerated dJowing experiments to be
performed within ashort period of time (ranging from minutesto hours). These

92



accelerated degradation times enabled the experimental procedures to optimized
and repeated. The composition of the buffer used is noted in the relevant parts
of the Results and Discussion section.

All the AFM data in this Chapter is displayed as two-dimensional
representations in shaded view. The use of two-dimensional representations
alows al the images from one degradation experiment to be displayed on one
page assisting the comparision of consecutive images. On a number of images
ti-ansient resonances in the piezoscanner at the start of each line have created
noise which is detected as a series of lines mnning perpendicular to the scan
direction. This noise was eUminated in later studies by employing a new
scanner. The noise does not affect the areas of the images highlighted for
discussion.

4.3 Results and Discussion
4.3.1 Poly(sebacic anhydride) Films
4.3.1.1 Drop Cast Films

The semi-crystalline nature of PSA generated tiie expected two-dimensionally
constrained sphemlites when samples were produced by drop casting a 10
mg/ml solution onto a mica substrate. The AFM image in Figure 4.5 shows an
example of a PSA sphemlite and the characteristic nucleating centre and
radiating fibres can be identified.

The aim of using the AFM in situ during the degradation of the PSA
sample was to visualize changes in the surface stmcture resulting from the
degradation process. Given the potential for the AFM image acquisition
procedure to generate changes in the surface morphology of samples due to the
scanning motion of the AFM probe (see section 3.3.3), it was clearly important
to ensure that an area of the sample could be repeatedly imaged without the
induction of surface damage. This was demonstrated by a5 day experiment in
which a PSA surface was imaged in apH 7 agueous environment During this
period AFM images were recorded initially every 30 minutes and then at 6
hourly intervals. At pH 7, the degradation rate of these densely packed surfaces
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27.82

Figure 4.5 55.63 |.m x 55.63 um AFM image showing a sphemlite at the
surface of adrop cast PSA film. P=0.6,1 =0.2, D = 0.1. Scan
frequency 6 Hz.
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Having shown tiiat repeated scanning of PSA did not change the surface
topography, degradation of the polymer was initiated by displacing the pH 7
water in the imaging chamber with 0.05M pH 9 tris(hydroxymethyl)
aminoraethane buffer. Figure 4.6 displays a series of AFM images showing the
surface erosion of a section of sphemlite on a PSA film. In general, the series
of images in Figure 4.6 show the initial stages of exposure of the fibrous
components of the sphemlites at the surface. This effect can be clearly seen if
we consider the exposure of the forked fibre (marked A) which can be observed
in its entirety in Figure 4.6d after 11 minutes in contact with buffer. On the 5
minute image, this area contained three short and independent fibres. There was
then an apparent lengthening of the fibres at the surface as the amorphous
material between these fibres was preferentially degraded. Considering the right
hand fibril of the fork, the length revealed at the surface increased from
approximately 3.0 um at 5 minutes, to 55 pm at 6 minutes and to 82 um at 7
minute at which point the continuity of the fork could be observed.
Furthermore, there was an increase of the height of the fibre at the surface from
about 350 nm at 5 minutesto 700 nm at 11 minutes.

The erosion of PSA surfaces over longer periods unveiled sub-surface
morphology from within the bulk polymer. An exampleis shown in Figure 4.7
of the surface degradation of a PSA fihn over a period of 19 hoursin the 0.05M
pH 9 tris(hydroxymethyl) aminomethane buffer. Figure 4.7a reveals two
banded sphemlites near the centre of the scan. In the surrounding areas, there
are no distinct sphemUtic stmctures at the surface. FoUowing exposure to the
pH 9 tris(hydroxymethyl) aminomethane buffer for 19 hours, there was a clear
surface morphological change. In Figure 4.7b the original banded sphemlites
can still be observed but there is clear evidence that the degradation process
caused an etching of the polymer surface. For example, the sphemlitic
nucleating centre was exposed at position B. This nucleating centre appears as
an indentation in the surface in the original scan, but after 19 hours of
degradation it lies approximately 200 nm above the average height of the
sphemlite. Another morphological change observed after 19 hours was the
appearance of the banded sphemlite at position C. This spherulite was
previously covered by amorphous material which had been preferentially
degraded.
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12.52 ym 25.05 UM

12.52 pym 25.05 ym

Figure 46  Thenitia eroson of a PSA sphemlite after exposure to a 0.05M

pH 9 tiig(hydroxymethyl) aminomethane buffer visualzed on 20
umx 20 |im AFM images. P= 0.6, | = 0.2, D = 0.1. Scan
frequency 20 Hz.
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@ 0 hours

(b) 19 hours

Opm 25.48 ym 50.97 ym

Long-term changes in the surface morphology of a drop cast
PSA film on exposure to 0.05M pH 9 tris(hydroxymethyl)
aminomethane buffer. 50 pm x 50 um AFM images. P = 0.45,
| =0.1, D =0.1. Scan frequency 10 Hz.

Figure 4.7
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4.3.1.2 Mdt Crysallized Samples

Surface characterization of the mdt crysallized PSA reveded a fibrous
morphology typica of a semi-crystalline polymer. The 75 um X 75 ym AFM
image in Figure 4.8 is an example of an area of amdt crysdUzed sample on
which a gphemUte could be observed. In generd, the surface morphology of
these samples was less organized than that of the drop cast films. Most areas
imaged did not contain sphemlites but rather were composed of  interwoven
network of PSA fibres On some areas the surface had a smooth texture
indicative of amorphous polymeric materid.

An important sample preparation factor in determining the morphology
was the cooling rate during soUdification. If during the cooUng of the PSA melt
the oven temperature was hdd a 70 °C (10 °C above the glass trangtion
temperature Tg) for 10 minutes, the proportion of fibres & the surface increased
and often gphemUtic stmctures could be observed. By increasing the rate of
cooling during solidification it was possble to inhibit the formation of
gpheruUtes in the PSA samples. The surface morphology for these samples
consged of a granular texture.

Four 20 pm x 20 pm ARM images are shown in Figure 4.9, which
demonstrate the change in PSA surface morphology occurring due to
degradation following the exposure of a surface to the pH 125 KCI/NaOH
buffer solution. This sample was prepared with a 10 minute delay period at 70
°C. The data clearly demondrates an etching of the surface due to the
preferentia loss of the amorphous PSA materid. This resulted in the exposure
of fibrous, crystalline material. After 20 minutes of exposure to tiie dkalune
solution a number of dongated indentations could be observed on the surface
due to the loss of amorphous materid between fibres. These indentations
became wider and degper asthe exposuretime increased.

The pH dependence of the hydrolyss of the polyanhydride has been
demondtrated by other techniques (129,135) and was an important god in the
andysisusng in situ aomic force microscopy. The series of 50 pm x 50 pum
AFM images shown in Figure 4.10 were recorded during a degradation
experiment paformed in apH 11.5 KCYNaOH buffer, usng asample prepared
in a smilar manner to that imaged in Figure 4.9. A smilar pattern of
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Figure4.8 75 umx 75 um AFM image showing a sphemUte at the surface
of a mel crystdUzed PSA sample. P =0.15, 1 =0.05, D =
0.05. Scan frequency 5 Hz.



Opm 10 pm 20 pm

Oum 10 ym 20 ym

Figure49 Four 20 um x 20 pm AFM images visualizing the change in
surface morphology on exposure to a pH 12.5 buffer solution. P
=0.05,1=0.05, D = 0.05.
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Figure 410 Degradation of amelt-crystallized PSA filmin apH 11.5 buffer
shown on four 50 pm x 50 pm AFM images. P = 0.15, 1 =
0.05, D = 0.05.
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degradation was observed in this data as seen a pH 12.5. However, the
kinetics of the degradation are, as expected, congderably dowed. Hence, the
clear appearance of fibrous materid a the surface due to preferentia loss of
amorphous PSA was noticegble over aperiod of 2 to 3.5 hours a the lower pH.

These experiments have dso shown that sample preparation and its
influence on surface crysalinity have an effect on surface degradation. The
ARM images in Figure 4.11 show a degradation experiment performed a pH
125 on a sample cooled rapidly during solidification. Initialy, the surface
displayed no sphemilitic or fibrous morphology. However, the ARM images
recorded after 20 min and 90 min contact with the akaine solution demondrate
the exposure of subsurface crysalline materid. It appears, therefore, that the
surfaces of these PSA met crystdlized samples possessed more amorphous
materid a the surface. The rgpid soUdification of the sample prevented the
formation of sphemlites a the surface.

In the development of new gopUcations of scanning probbe microscopes,
data vaidation is essentia due to the close relationship between the sample
surface and the scanning probe when the ARM is operated in contact mode. As
dated above, before parforming degradetion it was ensured the imaging process
did not dismpt the PSA surface by imaging for 5 daysin apH 7 environment.
However, during the degradation experiments, the hydrolytic process could
change the mechanica properties of the PSA surface and, dierefore, it was
necessary to develop a method of sdf-vdidation which could be performed
during the experiment. For this purpose, during dl degradation experiments a
protocol was adopted by which fallowing the acquisition of a 20 pm X 20 pum
AFM image, a50 um x 50 um AFM image was recorded. This large scan
contained the smdler scan area. Now, if the action of probe scanning the
sample surface accelerated the degradation process, the centrd 20 pm x 20
pm area of the 50 um x 50 pm image would display alarger morphological
change than the surrounding area, due to the larger extent of interaction with the
ARM probe during previous scans. Similarly if the probe inhibited degradation,
the central region would display less morphological change. The seriesof 50
pm x 50 um AFM imagesin Figure 4.12 were taken dfter the data shown in
Figure 4.9 during a degradation at pH 12.5. From this data it can be observed
that the centra 20 um x 20 pm area of these images had undergone similar
degrees of morphological changes to tiiarr corresponding surrounding regions.
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Figure4.12 50 pm x 50 um valJdation AFM images recorded immediatiey
after the 20 um x 20 um AFM imagesin Figure 4.9. P=0.05, I
= 0.05, D = 0.05.
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Therefore, it is concluded tiiat over the time-scale of these experiments the AFM
probe did not influence the surface morphology at the micron-scale level.

The visuaUzation of diese PSA samples provide the first examples of the
use of the AFM to study the surface erosion of a biodegradable polymer. To
consider the potentia benefit of the technique to controlied release research it is
worth comparing the type of data obtained witii tiie data recorded with an SEM
by Mathiowitz et al on similar PSA samples (129). In the SEM studies, the loss
of amorphous polymer from around the crystalUne fibres was observed by
comparing different sample areas before and after exposure to the aqueous
environment. The results demonstrated a very clear exposure of the sphemlitic
fibres, however, tiie samples had to be dried and exposed to the vacuum widiin
the gold coater prior to imaging. The advantage of the in situ AFM method Ues
in the ability to repeatedly record changes occuring to just one area of the
sample surface during erosion. For wel-defined surface morphologies such as
PSA sphemUtes, the SEM is well suited but we believe the AFM techniqueis
preferable for complex systems where the interpretation of surface morphology
changes is assisted by observing the evolution of surface changes.

In the next section, a complex biodegradable blend system is
characterized during erosion to demonstrate the suitability of the in situ AFM
methods over SEM for certain sample types.

4.3.2 Biodegradable Polymer Blends

The thin fihns of PSA and PLA and the blends containing differing proportions
of these two polymers displayed distinct surface morphologies when analyzed
with the AFM. As recorded in section 4.3.1.1 the film produced from the PSA
solution possessed sphemlites at the surface the fibres. The surface topography
of the single component PLA films was found to be relatively smooth and
lacking in the sphemUtic stmctures. In Figure 4.13, the surface topography of a
10 um X 10 um area of a PLA film is shown. This image showed a smooth
film stmcture dismpted only by occasional aggregates. This type of surface
morphology is typica of alow crystalinity polymer sample prepared by spin
casting.
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Figure4.13 10 pum x 10 um AFM image of the surface of aPLA sample. P =
0.05,1=0.03, D =0.05.
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For the polymer blend containing 70% PSA: 30% PLA, the surface was
observed to consist of a granular morphology (Figure 4.144). The granules had
diameters ranging from 200 nm to 1 um and protmded from the other surface
material by 10 to 50 nm. Between the granules, the polymer fdm appeared to be
continuous. When the polymer blend composition was changed to 50% PSA:
50% PLA, the AFM recorded topography changed to show a gentiy pitted
surface. This surface morphology can be observed in the AFM topograph in
Figure 4.14b . The pits had a broad and shalow structure with typical diameters
ranging from 400 nm to 2 um and depths of 20 to 60 nm.

A pitted surface morphology was aso observed for the film of the 30%
PSA:70% PLA blend (Figure 4.14c). However, the AFM images showed the
pits to be smaller in diameter than tiie 50% PSA:50% PLA blend film. The
diameter of tiiese pits was found to be between 200 and 800 nm with depths of
between 20 to 50 nm.

For al the polymer blends studied it was evident that the presence of
PLA had inhibited the formation of identifiable fibrous stmctures by the PSA
component. Even at ahigh relative PSA composition of 70%, the crystalUzation
process appears to have been significantiy impaired.

The two polymers in these blends are known to erode at very different
rates in agueous environments (180). In physiological conditions, the PSA has
an eUmination time of between 2 to 4 weeks, whUg the PLA has an elunination
time of 12 to 16 weeks. Therefore, initial changes in surface morphology
should be caused by the loss of the PSA material in the films and the
morphology of the PLA material should be exposed.

For 70% PSA:30% PLA films the initial granular continuous film
structure observed in the origina film rapidly changed during degradation in the
pH 125 KCI/NaOH buffer solution. The four 10 pm x 10 um AFM imagesin
Figure 4.15 show data recorded at degradation times of 0, 2, 5 and 10 minutes.
These images show that the granular features remained relatively constant in the
first stages of erosion, whilst the polymer material between the granules was
lost at a more rapid rate. In the image taken following 5 minutes of degradation,
the granules are more distinct from the rest of the film. This process continued
until after 10 minutes of degradation the granules remained as isolated islands
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10 pm X 10 um AFM images of the surface morphology of

PSA/PLA blends. P=1.2,1=0.05, D = 0.05.

Figure 4.14
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Figure4.15 10pum X 10 um ARM images of the degradation of a
70% PSA:30% PLA filmat pH 125. P=0.25,1=0.05,D =
0.05.
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on the subgrate surface. This dataindicatestiiat tiie PLA materid was present
as granules in the initia film. PSA materid was present between the PLA
granules prior to the eroson to give the continuous film observed in theinitid
surface morphology studies.

InFgure 4.16, four 10 um X 10 um AFM images are displayed which
show the erosion of the 50% PSA:50 % PLA blend film in tiie pH 125
KCI/NaOH buffer solution. Surface topographs prior to the degradation
showed a continuous fihn with broad, shdlow pits in the surface. As the
degradation procesded these pits could be obsarved to broaden and degpen. As
this erosion process continued, a network smcture was exposed. This network
stmcture remained on the surface for over 40 minutes of exposure to the pH
125 buffer solution.

Thus for the 50% PSA: 50% PLA fdm, the eroson and loss of PSA
materid resulted in the exposure of a network of PLA. Here, the degradation
experiment has reveded a fundamenta difference in film morphology between
the 70% PSA: 30%PLA fdm and the 50% PSA: 50% PLA fihn. Asthe amount
of PLA in the blend increased, an inverson in the phase morphology occurred
with the PLA morphology changing from isolated granules in a network of PSA
to anetwork of PLA separating areas of PSA.

Further increasing the proportion of PLA in the blend had a dramatic
effect on the degradation characteristics of the thin films. The ARM data
recorded during the erason of the 30% PSA: 70 % PLA sampleat pH 125is
shown in Figure 4.17. The mog noticesble feature of this series of imagesis
the timescae over which they were recorded. The find image was recorded 3
hours after the first exposure of the blend to the pH 12.5, demongtrating the
resstance of the blend to degradation, the other blends showed clear erosion
within 10 minutes and the fUms became ungtable with 40 minutes. The only
evidence of degradation occurring to the 30% PSA: 70 % PLA filmisadight
increase in the depth of the pits during the first 30 minutes of the experiment

Clearly, this blend displayed a very different pattem of degradation to
the blends with lower PLA concentrations. This pattem may be explained by
SIMS and XPS studies performed within the Laboratory by Dr Alex Shard
(188). These surface chemidtry results indicated that there was a sgnificant
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Figure4.16 10pum X 10 um AFRM images of the degradation of a
50% PSA: 50% PLA filmat pH 125. P=0.15.1=0.05,D =
0.05.
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surface enrichment of PLA over PSA. This enrichment may have produced a
barrier between the PSA and the pH 125 solution. Hence, the kinetics of
degradation were determined by the dowly degrading PLA only. For the lower
PLA content blend fihns, there appeared to be insufficient surface PLA material
to prevent permeation of the hydrolysing solution to the PSA material and hence
the film becomes unstable to the high pH environment within minutes of
exposure.

4.4 Conclusions

The work described in this Chapter represents the first example of the use of in
situ AFM to study dynamic changes occurring at the sobUd/agueous interface of a
polymeric biomaterial. It has been demondti-ated that the technique can observed
the preferential loss of amorphous materia over crystalUne fibres on PSA
samples. This result confirms previously published findings using SEM,
however, the AFM technique has the advantage of recording the change in
surface morphology from one area of a sample without the exposure of the
polymer to non-aqueous conditions. This allows the evolution of surface
morphology changes to be foUowed.

The potentia of the technique to enhance the characterization of potential
dmg delivery systems has been demonstrated on PSA/PLA biodegradable
blends. The ability to determime the influence of polymer phase morphology on
surface erosion has generated novel information on the importance of surface
enrichment to the overal degradation kinetics. The abUity of the AFM to follow
changes in the surface morphology on one area of the blends during
sgnificantly simplifies the interpretation of the dynamic surface changes.
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Chapter 5

Visualizing the Release of Protein from a

Poly(ortho ester) Film

5.1 Introduction

The availability of genetically engineered peptide and protein dmgs has provided
new clinical opportunities in the ti-eatment of many important disease states (189).
For example, protein dmgs are now being employed to overcome hormonal
deficiencies (eg. human growth hormone (190) and luteinizing hormone releasing
hormone (LHRH) (191)) and to increase the efficacy of the immune system (eg.
interferon and interieukin (192)).

The delivery of proteins has been highlighted as a major obstacle to these
dmgs achieving their fuJ clinical potential (193). Protein dmgs cannot be deUvered
by conventional oral methods because they are metabolized rapidly by enzymesin
the stomach and their absorption across other mucosa tissue is limited by tiieir large
molecular size and low solubiUty in Upid (194). Therefore, parentera delivery isthe
dominate form of protein dmg delivery. However, parentera delivery is not idedl
due to the cost and inconvenience of injections. These problems are further
exaggerated by the fragility of protein dmgs within the body which demands that
injections have to be given frequently.

A number of approaches are been researched as altematives to the
conventional parenteral delivery of protein dmgs. Many of these methods rely on
increasing the movement of the dmg across a mucosal membrane. Techniques for
increasing this movement include the oral deUvery of proteins encapsulated in
polymeric microspheres (195), iontophoretic acceleration of protein movement from
transdermal patches (194), chemica penetration enhancers (196), and the recent
description of the use of ultrasound to increase skin permeabiUty (165). An
aternative to enhancing mucosa absorption is the use of the biodegradable polymer
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dmg ddlivery systems introduced in Chapter 4. Heller has extensively detailed the
current research in the use of such devices (170). The use of surface eroding
biodegradable polymer systems offers the combined advantages of controlled
kinetics of releaseinto the body and protection of the protein dmg from metabolism
prior to rdease. Such sysems still require parenterd admingtiration or implantation,
but the frequency of admingration is Sgnificantiy reduced. Ddlivery systems with
release times of hours to years can be developed depending on the dedired kinetics
for eech dmg.

In this Chapter, the in situ ARM techniques developed in Chapter 4 to
visuaize polymer degradetion, are extended to consider the relationship between
polymer degradation and the release kinetics of amodd protein dmg. In addition, a
new method of analyzing the three-dimensond ARM images is described which
aJows changes in the volume of protein particles during rdease to be measured. To
perform this development work, a poly(ortho ester) polymer has been chosen due
to the published use of these polymersin the ddivery of proteins (see section 5.1.1)
and due to the smplicity of surface morphology caused by the low crystdlinity of
the polymer.

5.1.1 Poly(ortho esters)

The poly(ortho esters) were developed to overcome the poor predictability of dmg
release kinetics that hed been reported from implanted polyester based matrices.
This poor predictability was caused by the extensve and rapid diffuson of water
into the polyesters causng dmg release to be controlled not by the rate of polymer
surface erogon, but by the diffuson rate of the dmg out of the hydrated polymer
meatrix.

The polymer usad in the studies described in this Chapter was developed by
Heller and co-workers (197,198). The basc smcture is formed by the addition of
3,9-di(ethyUdene 2,4,8,10 - tetraoxaspiro [5,5] undecane) (DETOSU) monomer to
adiol monomer to give the chemica mcture shown in Figure 5.1. The DETOSU
basad poly(ortho esters) contain acid labile ortho ester linkages in their backbone
stmcture. Within agueous environments, the ortho ester groups are hydrolysed and
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pentaerythritol dipropionate and the diol monomer are generated as breakdown
products as shown in Figure 5.2. As indicated in Figure 5.2 the pentaerythritol
dipropionate is further hydrolyzed to pentaerythritol and acetic acid.

Although the rate of water permeation into these poly(ortho esters) is dower
than the rate for polylactide and polyglycoUde polyesters, the poly(ortho esters) iU
display swelling witiiin a period of one week (199). To overcome this upper limit
of useful time of a poly(ortho ester) device, attempts have been made to conti-ol the
rate of permeation and hydrolysis using excipients (200). Basic salts have been
used to stabilize the core of poly(ortho ester) matrices. These salts inhibit the
erosion of polymer within the bulk of the polymer and therefore a surface eroding
device is formed. There is adso evidence that the addition of acidic anhydrides
excipients which are highly soluble in the poly (ortho ester) but poorly soluble in
water can generate surface eroding devices with useful lifetimes of upto 1 month
(201).

The use of a poly(ortho ester) to achieve the controUed release of an LH-RH
analogue protein dmg has been reported in the literature (202). The polymer used
was based on the DETOSU stmcture and it was shown that such a system could
achieve near-first order release kinetics for a period of 30 days.

5.2  Experimental Methods

5.2.1 Polymer Material

The poly(ortho ester) used in the current studies was prepared by the addition of a
1,5-pentanediol monomer unit to the DETOSU monomer to form DETOSU 1,5
pentanediol. This polymer was prepared and purified by the group led by Jorge

HeUer (APS Research Ingtitute, Redwood City, U.S.A.) using methods described
in the literature (203).

116



Figure 5.1

Chemical structure of a DETOSU poly(ortho ester).
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5.2.2 Sample preparation

Control samples that consisted of the DETOSU 1,5-pentanediol without protein
were prepared by spin casting 20 pl aliquots of a 100 mg/ml solution of the
polymer in chloroform onto a 1 cm x 1 cm sguare of freshly cleaved mica. The
samples were allowed to dry under ambient conditions for one hour prior to
analysis.

The method employed to produce protein containing films was to suspend
particles of the protein in the chloroform solution of polymer and spin cast. Such a
method has been employed for other biodegradable systems where the polymer and
dmg are not soluble or stable in any one solvent (176). The protein, bovine semm
albumin (BSA) (Sigma, Poole, U.K.), was gentiy ground to remove large particles
before suspension. Then 10 mg of the ground powder was dropped into 1 ml of the
100 mg/ml polymer solution. The suspension was gentiy agitated and then a 20 ul
aJquot was spun cast onto a1 cm x 1 cm sguare of freshly cleaved mica. Samples
were dried under the same conditions as the conti-ol samples.

5.2.3 AFM analysis

Visualization of the degradation of the poly(ortho ester) control samples and the
protein containing films was performed using the general methods described in
Chapter 4 (section 4.2). Initial surface characterization was performed in water at
pH 7. Then the water was replaced with a dilute solution of HCI a pH 6 in which
the acid-labile poly(ortho ester) degraded.

5.2.4 Computational Analysis of Volume Changes

Cross-sectional and volume analysis of the AFM data acquired during polymer
degradation was performed on the Genesis |l Graphics System (123, 204). The
general methods employed to perform the analysis of changes in volume of protein
particles during the experiments are described in the relevant Results and
Discussion section (5.3.3). Detailed descriptions of the Genesis system are
documented in reference 204.
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5.3 Results and Discussion
5.3.1 Characterization of Control Poly(ortho ester) Films

AFM imaging of the surface morphology of the DETOSU 1,5-pentanediol films in
air showed a continuous film with granular features evenly distributed across the
surface. The 20.1 pm x 20.1 um AFM ‘unage in Figure 5.3ais representative of the
topographies recorded. The granules had diameters between 100 and 1000 nm and
heights between 10 and 50 nm.

When the surface of the DETOSU film was exposed to the pH 6 HCI
solution, the degradation of the polymer was initiated and led to an increase in the
surface roughness of the film and the increased prominence of the granular surface
morphology. The AFM images in Figure 5.3 show three of the scans recorded
before and during the erosion process. These images record an increase in the
prominence of the granules. In order to quantify this interfacial change, anaysis of
the root mean square surface roughness (rrms) of the images in Figure 5.3 was
performed. The rrms vaue increased from 11 nm to 25 nm and finaJy to 40 nm for
the degradation times of 0, 40 and 70 minutes respectively.

5.3.1 Protein Containing Films

The presence of BSA particles in the polymer film resulted in a rougher surface
morphology, as demongtrated by the rrms value of 96 nm for the AFM image of a
typical BSA containing polymer film shown in Fig 5.4a (t=0 min). BSA particles,
with diameters between 5 and 15 pum and maximal heights above the polymer filrﬁ
of 1 um, could be identified. The particles were embedded in the polymer film so
that only the upper portion contributed to the surface topography. Between the
particles, the polymer film had a similar granular morphology to the control film
shown in Figure 5.3a

The morphological changes on erosion of the protein containing film are
displayed in the series of eight 60.5 pm x 60.5 pm AFM images shown in Figure
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Figure 53  AFM visualization of the degradation of a control DETOSU 15
pentanediol filmin apH 6 HCl solution. P=0.25, D = 0.05, | =
0.15. Scan frequency 7 Hz.
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Figure 54  AFM visudization of the erosion of a DETOSU 15 pentanediol
film containing BSA and the subsequent dissolution of the protein
particles. Three-dimensional shaded view. P=0.25,D =0.05,1 =
0.15. Scan frequency 7 Hz.

122



(e 27 min )  45min

(@ 60min (d)  90min

1117.9 nm

Figure 54 Continuation of visualUzation of protein release in three-dimensional
shaded view.



5.4 in three-dimensiona representations. To assist comparison of consecutive
images, the datais aso displayed as two-dimensiona representations in Figure 5.5.
Analysis of the AFM images showed that the mechanism of erosion was more
complex than for the control DETOSU 15 pentanediol films. Considering first the
areas of the images m Figure 5.4 tiiat appeared to be free of protein (for example,
the area marked A in Figure 5.4a (0 min)), it can be seen that the degradation
process resulted in the development of agranular morphology and an increase in the
surface roughness. The pattem foUowed in the erosion of these areas is similar to
that observed for the contral films (Figure 5.3).

To appreciate the changes that occurred in those areas of the film that
contained protein, this discussion will concentrate on two of the protein particles.
These have been |abelled B and C in Figure 5.4a (0 min). Protein particle B initialy
had a maximal height above the polymer fihn of approximately 12 um. This height
is shown in the cross-section in Figure 5.6a After 12 minutes of exposure to the
aqueous acidic environment the maximal height value decreased to 800 nm (see
cross-section in Figure 5.6a). This indicates that protein dissolution occurred within
minutes of the addition of the pH 6 aqueous environment The loss of protein from
the film continued throughout the 90 minutes of the experiment as can be observed
in both the three-dimensional AFM images and their corresponding cross-sections.
In the AFM images the particle can be observed shrinking in size in al three-
dimensions, until in Figure 5.4h (=90 min) the image contrast and the
corresponding cross section was dominated by the granular structure of the eroding
polymer film and the protein feature had dissolved away.

The dissolution of protein particle C initiaUy occurred at a much slower rate
than particle B, as shown in the cross-sectional data in Figure 5.6b.
Characterization in water showed the maximal height of the particle above the
polymer film to be approximately 600 nm in the original film. This value was
maintained m the images corresponding to erosion times of 12, 45 and 60 minutes.
Then, there was arelatively rapid loss of the protein material as displayed by the
decrease in height of the particle after 90 minutes of erosion. The retarded kinetics
of the loss of protein from particle C may indicate that this particle had a thicker
coverage of polymer than particle B due to a differentia extent of embedding of the
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protein particles. Hence, there could be a lag period in which the height of the
particle above the polymer fihn was constant. The lag period may have ended as the
erosion of the polymer exposed the protem to the agueous conditions m the imaging
chamber.

A final aspect of the release of protein revealed by the AFM images in
Figure 5.4 was the uncovering of protein particles tiiat were initially below the
surface and hence, did not contribute to the surface topography. For example, the
particle labelled B in Figure 5.4b (t=2 min) could not be identified in Figure 5.4a
(t=0 min). The behaviour of this particle during polymer erosion is further
discussed in the next section as part of the volume analysis.

5.3.3 Quantification of Volume Changes During Protein Release

To enhance the analysis of the three-dimensional changes occurring during the
surface erosion and protein dissolution of these systems, computer algorithms have
been developed with PhilUp WilUams of the Laboratory of Biophysics and Surface
Analysis which aJow the quantification of volume changes occurring to the protein
particles during the experiment.

In essence, the procedure for volume analysis involves selecting from the
AFM data an area of the polymer film which contained a protein particle and
calculating the volume contained between the image surface and the instmmental
zero point Changes in volume could then be determined by comparing the volumes
of successive AFM images taken as the degradation progressed. However, the
procedure is complicated by drifting of the scan region in all three-dimensions
between the capture of each image. This drifting means that the absolute z-height of
the AFM images and the x,y plane position of the protein particles in the topograph
varie in an unknown manner from one scan to the next

To overcome the problems caused by instrumental drift and permit accurate

volume analysis, the exact centre of the protein particle being analyzed has to be
identified. To determine this x,y position, a threshold image was generated of the
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original AFM topograph (205). This binary image is alateral section taken through
the AFM data. Any pixels with a height above the section are given avalue of 1, aU
others are set to zero. The threshold image of a 14.2 um X 14.2 ym area around
protein particle B is shown in Figure 5.7. The threshold value for this image was
set at hadf way between the maxima z displacement of the topograph. With
carefully selected threshold values the white pixels in the binary image identify the
cross-section of the protein particle, the centre of which may be found by
skeletonization (205). In skeletonization, boundary pixels with 2 or more white
pixel neighbours are removed recursively until no change in the image occurs. The
centre of the protein is identified by the intersection of the two lines generated by
this procedure. The skeletonization of the threshold image in Figure 57 is
displayed in Figure 5.8, the successive images show each step in the procedure,
starting with the complete threshold image and finishing with the single pixel width
Cross.

Having identified the centre of a protein particle, a square area of known
dimensions whose centre lies at the protein particle centre was enlarged from the
origina AFM topograph. This enlarged area was then used in the calculation of the
volume. Hence, for each time point in the experiment the scan area used in the
analysiswas identical in x and y dimensions and is positioned exactiy on the centre
of the protein particle.

The above threshold and skeletonization procedures overcame problems of
X,y plane drifting, however, the problem of z-height drift still remained. To
elimmate tiiis vertical drift effect the volume change calculated for each image isthe
relative volume change of the protein particle to the polymer. The schematic
diagram in Figure 5.9 shows, in cross-section, the procedure for calculating thié
relative volume change. The maximum height of the protein particle at the calculated
centre was recorded (Zp). Then, the volume of a box (Vp) with the x,y dimensions
of the scan and a height value of Z (above the instmmental zero) was cal cul ated.
The measured volume of the AFM scan area (V arpm) was then subtracted from this
box volume (Vp). The change in this volume (V pig) is calculated for each of the
AFM images and by subtracting this value at each time point from the value of
Vpirr & 0 mins, the change in tiie volume of tiie protein particle relative to the
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Figure 57 A direshold image of protein particle B.



Figure 5.8 Skeletonization of the threshold image in Figure 5.7.
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Figure 5.9 Schematic diagram of the calculation of the relative volume of a
protein particle in the polymer matrix. The AFM recorded vol ume
of the protein particle in polymer matrix Varm is subtracted from
the box volume V;, (calculated from protein particle height and the
scan dimensions) to give the volume Vpire. Subtraction of the
values of Vpirr from consecutive images enables the relative
change in volume of protein particle, compared to the polymer
matrix, to be measured.
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polymer surface was determined. It should be noted that the effect of the AFM
probe shape on tiie volumes has not be included in the current discussion. Methods
of estimating the effect of probe convolution on the AFM images without prior
knowledge of the exact probe shape are currentiy being investigated (206).

The above procedure has been used to analyze the relative volume changes
occurring to the protein particles labeUed B and D in Figure 5.4a (t=0 min) and 5.4b
(t=2 min) respectively. The graph in Figure 5.10 is a plot of the relative change in
volume of protein particle compared to polymer matrix against time for both these
particles. For protein particle B, the volume analysis confirms the contimual 10oss of
protein from the surface over the 90 minutes experiment. The negative gradient of
the plot demonstrated that the volume of the protein particle is continually
decreasing compared to the polymer matiix. The total volume change was calculated
as 103 um3.

The analysis of particle D revealed a different pattem of volume change.

Here, the initial slope of the volume change plot was positive. This indicates that
the relative volume of the protein particle was increasing as compared to the
polymer matrix. This uncovering of the particle continues for the first 60 minutes of

the experiment Then, in the last 30 minutes of the experiment, the protein particle
was removed by dissolution. The uncovering of this subsurface particle indicates
that the polymeric material which is associated with the protein is being eroded at a
slower rate than the surrounding polymeric material. However, the underlying
mechanism of this processis not yet understood.

54 Conclusions

The work described in this Chapter represents an extension of the use of in situ
AFM to visualize the dynamic surface events which underUe the mode of action of
surface eroding polymeric controlled release devices. The technique has been
employed to image the simultaneous erosion of a biodegradable poly(ortho ester)
and the dissolution of embedded protein particles.



150

<
E
T 100
S ~ Protein particle B
EE
S o 50
==
28
c -
=g O
=2
250
e
‘% Protein particle D
2 -100
-150 e
0 20 40 60 80 100
Time (min)

Figure 510 Graph of the relative change in volume of a protein particle
compared to the polymer matrix against time for particle B and D
(see Figure 5.4). A negative gradient indicates that the volume of
protein particle has decreased more rapidly than the volume of the
surrounding polymer matiix.

133



The work indicates that there are three species of protein particles within the
polymer film. Some particles which are prominent in the initial surface
morphology, such as particle A, begin dissolution within minutes of contact
between the poly(ortho ester) film and the acidic agueous medium. Another group
of particles, such as particle B, are present in the initia surface morphology but do
not begm to dissolve until polymer degradation has progressed for a period of time.
Finaly, some particles are initialy completely covered by polymer but during
polymer erosion they become uncovered before they are removed by dissolution.
An example of this final type of particle is particle D. The mechanism by which
these particles are uncovered is unknown but it must involve the surrounding
polymer being eroded a a faster rate than the protein materid is dissolved.

The computer methods developed to measure the changes in volume of
protein particles during the experiments have successfully confirmed the different
rates of dissolution. Problems with drifting of the AFM instmment during image
acquisition restrict the calculations to a measurement of the relative volume of
protein above the polymer matrix, but this technique still provides useful
information for comparing the kinetics of protein particle dissolution.
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Chapter 6

Simultaneous AFM/SPR Analysis of Polymer
Degradation.

6.1 Introduction

Thefird three experimental Chapters of this diess have described a progresson
in the type of informetion obtained from polymeric biomaterid surfaces with the
AFM. In Chapter 3, the ARM was usad to image the static surface morphology
of a polymeric biomaterid. Then, in Chapter 4 advancesin the use of in situ
AFM within agueous environments were harnessed to visuaize dynamic
changes occurring during the erason of a number of biodegradable systems.
This in situ application provided data about the influence of polymer
morphology on the mechanism of degradation from a semi-crystalline
homopolymer and a polymer blend, however, the deta provided no informetion
conceming the kinetics of the erason. The computationa methods described in
Chapter 5 have atempted to add a kinetic component to the data through
andysds of volume changes. In thisfina experimenta Chapter, the concept of
combining kinetic data with the morphologica deta from an ARM is extended
with the introduction of the combined AFM/surface plasmon resonance
instmment. The biomedical potentiad of the surface plasmon resonance
Instmment (SPR) is discussed in the next section. The experimenta work
described is part of alarger project to design, constmct and implement the
combined AFM/SPR. The desgn and constmction was performed by a number
of members of the Laboratory of Biophysics and Surface Analysis (see
reference 128 and Acknowledgements).

6.1.2 Surface Plaamon Resonance Analysis in Biomedical Science

The design of a Kretschmann SPR insgmment and the mechanism of data
acquisition have been described in Chapter 2 (section 2.2.1). In brief, the SPR
instrument monitors changesin the optica properties of tiiin layers of insulatmg
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materials above the silver surface of the SPR sensor slide. These optical
properties can be related to the real-time changes in the concentration or
thickness of material present at a surface (124-127).

With reference to biomedica research, SPR analysis offers a sensitive
real-time technigque to monitor changes occurring at soUd/aqueous interfaces.
The principle area of application has been in the study of Ugand-receptor
binding (207). Here, the SPR can be used to measure binding kinetics, as
demonstrated by studies on the binding of monoclonal antibodies to tobacco
mosaic vims peptide (208) and the interaction between repressor proteins and
DNA (209). A number of groups have also demonstrated that SPR analysis can
be utilized in epitope mapping (210, 211). In these studies, antigen binding
sites are identified by the SPR-detected binding of specific monoclonal
antibodies to target macromolecules which are covaently coupled to a hydrogel
support (212).

In addition to studies of ligand-receptor binding phenomena, SPR
analysis is currentiy being employed to study non-specific interaction between
biomolecules and synthetic surfaces. For example, Davies et al have detected a
significant change in the functionality of ferritin antibodies depending on the
method of immobilization of the antibodies to polystyrene surfaces (213). SPR
analysis is also being used as method to quantify the adsorption of proteins to
synthetic polymer surfaces (214). These studies offer a method of elucidating
the underlying processes involved in determining the biocompatibility of
polymers.

The work described in this Chapter describes a new application of the
SPR instrument for analyzing polymeric biomaterials. The SPR is used to
measure changes in the thickness of thin films of biodegradable polymers
during surface erosion. The concept behind these experiments is that as a
polymer film erodes and degradation products are removed by dissolution the
SPR detects a decrease in the amount of material above the sensor surface
through a decrease in the SPR angle (see Chapter 2). This work is based on a
number of published SPR studies in which the SPR has been used to monitor
changes in the thickness of thin films of polymeric and non-polymeric
materials. The eariy work in this field was performed at the IBM research
laboratory, San Jose (215, 216). These studies concentrated on layers of the
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fatty acid sdt, cadmium arachidate deposited on stiver surfaces. Other pubUshed
studies in this field include the analysis of the influence spin casting speed on
the thickness of overiayers (217), the thickness of Langmuir-Blodgett films
(218), and the adsorption of layers of alkanes onto gold from the gaseous phase
(219).

6.2 Experimental Methods

Polymer preparation

All the polymers used in these experiments have been introduced in previous
Chapters. PSA and PLA synthesis and stmcture has been described in section
4.2.1. The DETOSU 15 pentanediol poly(ortho ester) was described in section
5.2.1.

Sample preparation
Thin films of the homopolymers and polymer blends were prepared by spin
casting as described in section 2.2.3.

6.3 Results and Discussion

For clarity, this section has been divided into three parts. In the first part the
degradation of a DETOSU 15 pentanediol sample is andyzed by SPR aoneto
familiarize the reader with the results obtained by this instmment In the next
two parts, results are presented from the combined AFM/SPR for DETOSU 15
pentanediol and for anumber of PSA/PLA immiscible blends.

6.3.1 SPR Analysis of a DETOSU 15 pentanediol Film

The effect of spin coating a thin film of the poly(ortho ester) onto the silver
surface of the SPR sensor was to increase 6SPR (the SPR angle) from a value of
64° to 71.4°. Thisincrease is shown in Figure 6.1 and is expected due to the
increased quantity of the polymer above the sensor and within the detection

range of the SPR. In addition, to the mcrease in the absolute value of Bgpg there
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Figure 6.1 The increase in Bspg due to spin casting a thin poly(ortho ester)
film onto the silver surface of an SPR sensor dlide.



was also an increase in the half-width of the SPR trough from 0.70° to 1.84° as
a result of the presence of the polymer layer. This effect of thin fdms increasing
the SPR haf-width has been documented in the literature previoudly for non-
absorbing films of LiF and other materias (125).

Initially, the fluid pumped into tiie liquid ceU of the SPR instrument was
de-ionized water at pH 7. Having measured Bgpgr for the polymer-coated SPR
sensor, the fluid in the syringe supplying the liquid cell was changed to a pH
3.5 HCI (ag) solution and the syringe driver was programmed to pump fluid
into the ceU at arate of 1 plsec-1. The time a which pumping of the acidic
solution commenced was taken ast = 0 min. The SPR data displayed in Figure

6.2 shows the change in Bspr witii time as the poly(ortho ester) film degraded

within the acidic environment. For thefirst 5 mins, 8spg maintained a value of

71.4°. This lag period can be attiibuted to the time taken for the HCI solution to
travel through the tubing connecting the syringe to the liquid cell. Att =5 min,

the effect of polymer degradation on Bspr became evident as the value fdl at a

rate of 0.260° min-1 for 4 minutes.

At this stage of the experiment (t = 9 min), the HCI solution in the
syringe was exhausted and the pumping of fluid by the syringe driver was
stopped. As aresult of the solution within the liquid cell being stationary, the

rate of decrease of oR dowed over the next 12 minutes untU at t = 20 min the

value of 6sPR became static. This effect may be attributed to a stagnant layer of

liquid above the degrading polymer surface which from t = 9 min to 21 min
would contain an increasing concentration of the degradation products. As the
concentration increased it is possible that the HCl solution became saturated
and, hence, the removal of further poly(ortho ester) from the fdm was inhibited.

At t = 50 min, the syringe was re-filled with the pH 3.5 HCI solution
and pumping recommenced. Immediately, the value of 8spr began to fal and
the rate of decrease reached avalue of 0.168°min-1. In the fina stages of this

experiment, as 9SPR approached a value expected for an uncoated stiver surface,
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Figure 6.2 SPR data recorded during the degradation of a DETOSU 15
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the rate of fadl of osPrR again dowed significantly and a t = 82 min became
static. This deceleration of degradation was caused by exhaustion of the
polymer film.

This first example of the application of SPR to monitor polymer
degradation introduces the concept of relating 6sPR to the extent of degradation.

Currently, it is not possible to convert the change in 6spgr to a precise

measurement of the change in thickness of the polymer film because the
sensitivity of the SPR response is dependent on the overlayer thickness.
Therefore, if two separate polymer films, one 100 nm thick and the other 200
nm thick, were analysed by SPR during surface erosion, a | nm decrease in

film thickness for the 100 nm film would produce a dightly larger fdl in 8sPrR

than the same decrease in thickness for the 200 nm film. The rate of decay of the
SPR response with increasing distance from the silver surface is currently being
modelled within our Laboratory and by other groups (207). When this

modelling is available it may be possible to convert 8spr changes directiy into

absolute changes in film thickness.

The sensitivity of the SPR data to changes in the kinetics of polymer
degradation have been demonstrated by studying the pH dependence of the rate
of erosion of a DETOSU 1,5 pentanediol film. For these studies, buffered
solutions of potassium hydrogen phthalate with sodium hydroxide or
hydrochloric acid were used to change the pH within the liquid cell between 5.5
and 3.5. Initialy, 1 ml of pH 7 water was pumped into the AFM/SPR
compartment to check that a constant SPR angle was obtained. Then, afurther 1
ml of a pH 5.5 buffer solution was pumped into the cell and the change in SPR
angle was monitored. This procedure was then repeated using 1 ml of apH 5.0
buffer solution to replace the higher pH buffer. The experiment continued in this
manner. After each buffer was pumped in, a lower pH buffer was used to
replace it and the SPR angle change was recorded.

The SPR results from this experiment are displayed in Figure 6.3. Each
arrow indicates the time at which the pH of the pumped solution was lowered,
starting with pH 5.5 at 0 min, then progressing to pH 5.0, 4.5, 4.0 and 3.5.
Overdl, the SPR angle shift curve showed an increase in the rate of the erosion
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as the pH was lowered. The SPR datain Figure 6.3 displayed an acceleration of
the rate of shift, with recorded values of -0.007, -0.012, -0.040, -0.125 and-
0.280°min-! a pH 5.5, 5.0, 4.5, 4.0 and 3.5 respectively. On addition of the
pH 3.5 solution, the SPR shift rate decreased to zero after an initial rapid rate of
shift. This rate decrease was again caused by the loss of the final polymeric
materia from the silver surface.

6.3.2 Combined AFM/SPR Analysis of Poly(ortho ester) Films

The AFM and SPR data recorded during the erosion of a spin cast DETOSU

15 pentanediol fdm are displayed in Figure 6.4 and 6.5 respectively. The AFM

component of the combined instmment uses a 3 um scanner tube (see section
2.3) and therefore the AFM data visualizes the degradation process on a smaller
length scale than the previous description for the DETOSU 15 pentanediol
polymer in Chapter 5. Overal, the 3 um x 3 um imagesin Figure 6.4 showed a
process of pit formation. The initial polymer morphology was composed of a
smooth film with a surface roughness of 5.2 nm. The surface of the film
possessed a number of shallow pits with depths of between 1 and 6 nm. The
SPR datain Figure 6.5 showed that the presence of this film on the SPR sensor

generated avaue of 67.4 ° for 0SPR.

When a pH 4.0 HC| solution was introduced into the Uquid cell of the
combined instmment 6SPR initially increased due to the higher ionic strength of
the buffer compared to the displaced water. Within 1 min, at t = 4 min, the
erosion of the poly(ortho ester) produced the expected fdl in GsPR. Fromt =5

to 30 min Bgpg fell a arate of 0.084’min-1 . During this period, two AFM

images were recorded which demonstrate that the AFM can record the
morphological changes generated during the surface erosion. In Figure 6.4b at t
= 17 min, the image records the formation of a number of new pits and a
general expansion of existing pits. This represents the first demonstration of pit
formation as a mechanism of polymer erosion for a poly(ortho ester) system.
The process of pit formation and deepening continued as displayed in Figure
6.4c, t = 23 min. At this stage, the topography of material at the base of the pits
was granular indicating that stiver surface of the SPR sensor had been exposed.
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Figure 64  AFM images recorded during the degradation of a DETOSU 15
pentanediol film. P=6,1=1,D = 1.
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At t = 30 min, the pH of the HCl solution was decreased from 4.0 to
4.5. The SPR data clearly demonstrated the dowing in the rate of polymer

erosion as aresult of the pH change with the rate of decrease of @spg measured
at 0.021°min-1. The AFM datarecorded over this period showed the exhaustion
of the polymer as the pits in the film continued to expand.

One problem that has to be addressed when analyzing simultaneously
acquired AFM/SPR data is the differences in the time a which the complete loss
of the polymer film was recorded. In the example shown in Figure 6.4 and 6.5,
the AFM data appeared to show complete film remova after approximately 57
min, whilst the SPR angle continued to fall after this period. The explanation of
this lies in the difference in the sample areas analyzed by the two techniques.
The AFM analyses a surface area of the sample of 9 um2 compared to an
estimated area of 5000 um?2 analyzed by SPR (127). Therefore, the SPR data
will tend to average out any heterogeneity in the rate of film removal across the
sample surface. This explanation is supported by repeats of this degradation
experiment in which the surface changes recorded by AFM have been found to
occur at both quicker and dower rates than the changes recorded by SPR.

This example of analyzing the erosion of a DETOSU 1,5 pentanediol
film represents the first example of the implementation of the combined
AFM/SPR to investigate a dynamic solid-liquid interfacial change. The
information obtained shows that on a ssimple homopolymer system, the
combined instmment can determine the effect of pH on the kinetics of polymer
degradation and it can visualize the mechanism by which polymer materia is
removed from the surface. In the next section, the combined instrument is
applied to the PSA/PLA immiscible blends which were first introduced in
Chapter 4. The am of these studies was to investigate if the morphological
changes visuaized during erosion by the AFM could be related to the kinetics of
film degradation recorded by the SPR.
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6.3.3 Analysis of PSA/PLA Blends
6.3.3.1 Analysis of single component films

The two polymers used to form the immiscible blends are known to display
very different hydrolytic susceptibilities within alkaline conditions (180). As a
firgt stage of the combined AFM/SPR analysis the effect of these susceptibilities
on degradation of single component polymer films was investigated.

The AFM and SPR data recorded during the degradation of a PSA
film exposed to apH 11 KCI/NaOH buffer is displayed in Figures 6.6 and 6.7
respectively. The four AFM images show the topographical changes occurring
to a3 pm X 3 pum areaof the sample. On the smultaneously acquired SPR data,
the time at which each AFM image was recorded is again indicated by alabelled
arrow.

Initialy, the PSA film was characterized before degradation with the
liquid cell filled with pH 7 water. The AFM image displayed in Figure 6.6a
shows the expected fibrous morphology of the PSA film at t = 0 min with fibres
possessing diameters of between 50 and 300 nm. The presence of the PSA film

on the SPR sensor caused Ospg to shift from 64.9° for the uncoated silver to a
value of 68.4°.

The degradation experiment was started by initiating the pumping of
the pH 11 buffer into the Uquid cell. For a period of approximately 10 min after

the start of pumping 6spr Was unchanged due to the lag time corresponding to

the time required for the buffer to travel from the syringe to the liquid cell and
displace the water. As the buffer displaced the water, there was a dight increase

in GSPR from 68.4° to 68.7°, due to the detection of an increase in the ionic
concentration of the fluid in the liquid ceU. Att = 11 min, the effect of polymer
degradation became dominant and GSPR decreased rapidly at a rate of

0.163°min-! for a period of 10 minutes. During this 10 min period, the AFM
image in Figure 6.6b was recorded. This image displayed the start of the
erosion of the film and in particular, the breakdown of the fibrous surface
stmcture.
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The next stage in the SPR data showed a reduction in the rate of
decrease of 8spr until, after 65 minutes of the experiment, 8spr Maintained a
constant value of 64.2°, a value which would be expected for the silver film of
an uncoated SPR sensor. AFM images recorded during this period (Figures
6.6c and d) show the loss of the PSA film from the SPR sensor. The exposure
of the silver surface with the characteristic particulate stmcture can be seen in
these images.

Therefore, in the analysis of the degradation of the PSA film, the
AFM/SPR instrument recorded the rapid loss of the film as a result of

hydrolysis. The initial rapid rate of decrease of Bgpr occurred when the polymer

film completely covered the SPR sensor surface. Then, as this complete
coverage was lost, the rate of erosion dowed due to the decrease in the polymer
surface area, and hence, the reduction of the number of sites available for
hydrolytic attack.

The analysis of the degradation of the single component PLA film
emphasised the differences in the rates of hydrolysis of PSA and PLA. The
AFM and SPR data for PLA is displayed in Figures 6.8 and 6.9 respectively.
The AFM recorded surface morphology of the PLA film displayed the smooth
nature of the surface at this scale that is typical of a spun cast film of a low
crystallinity polymer. The vaue of 8spr recorded for this film was 70.1°. The

contrast between the rates of degradation of the PLA and the PSA is apparent
from the SPR data in Figure 6.9. For the PLA degradation the rate of GSPR

decrease was found to be 0.001 °min-!1 and after 160 minutes degradation GSPR

was lowered by ordy 0.22° in total. The AFM data recorded simultaneoudy over
this period of time demonstrated no changes in surface morphology.

6.3.3.2 Analysis of PSA/PLA Blend
The fud step in the characterization of the degradation of these PSA/PLA blends
was to consider the effect of the blend composition on the AFM recorded

surface morphology. The three AFM images in Figure 6.10 show the surface
morphology of the 70%: 30%, 50%: 50% and 30%: 70% PSA:PLA blends
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Figure 6.8 AFM analysis of the morphology of a PLA film in a pH 11
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Figure 6.10 3 pm X 3 um AFM images of the initial surface morphology of
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stmemre of the PLA component and areas marked i represent the
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prior to degradation. All three images show the phase separated morphologies
of these films, with a continuous network of one component (marked n) and
isolated idands of the other component (marked i). As the proportion of PSA in
the blend decreased, the size of the isolated idlands shrank, indicating that the
PSA formed the idands in the network of the PLA. These blend samples, which
were spun cast onto the silver surface of the SPR sensors, display a dlightly
different morphology to the blends described in Chapter 4 (section 4.3.2) which
were spun cast onto mica substrates. The mgor difference is that for the SPR
sensor samples the PLA is aways the continuous network phase whereas,
when mica was the substrate, the PLA formed isolated islands for the 70%
PSA: 30% PLA sample. This difference may be caused by the change in
substrate or the greater volume of polymer solution used to prepare the SPR
dlide samples (100 pl, see section 2.2.3) compared to the mica substrate
samples (10 pl, see section 4.2.2). The greater volume was used because the
SPR dlides are approximately 2 cm wide and, therefore, more polymer solution
is required to generate a complete coverage of the substrate by the polymer
blend.

After each sample was imaged to andyse the initid surface morphology,
surface erosion was initiated in the pH 11 buffer. Considering first, the
combined data for the 70:30 PSA/PLA blend. The dynamic surface topography
changes occurring during degradation are displayed in the eight AFM imagesin
Figure 6.11 and the corresponding shift in GSPR with time is plotted in Figure

6.12 with the times of acquisition of the AFM data again indicated with labelled

arrows.

After the initial lag phase, there was a period of rapid decrease of GSPR.
The decrease reached a maximum rate of 0.170°min-! between t = 15 and 37
min and during this period GsPR fdl by 3.32°. This rate is very similar to the

rate recorded for the single component PSA film. During this period, the AFM
images in Figures 6.11b, ¢ and d were recorded. These images recorded the
loss of polymeric material from the islands, i.e. the remova of PSA material.
This remova resulted in the formation of pits which increased the prominence
of the PLA network as highlighted by the cross-sections displayed in Figure
6.13. In the AFM image in Figure 6.1 1d, the topography of the underlying
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158



925

N U
g % il — 0min
~ 875- B
£ k N - 18min
.9.0 850- ",‘.‘ e ‘..‘ '
)q(a \‘:' < o P 2%6 min

825- ;

N “ -eme 37 MiN
800-+—— - :
0 250 500 750 1000

Distance (nm)

Figure 6.13 Cross-sectiond anayss of the preferentid erosion of PSA
resulting in the exposure of the PLA network.



silver surface of the SPR sensor became apparent on those areas not covered by
the PLA network. Clearly, both the AFM and SPR data indicate the removal of
PSA materia in the first 40 minutes of exposure to the pH 11 environment.

After the initia rapid rate of decrease of GSPR, there was a deceleration
period. This deceleration is expected due to the decreased surface area of the
PSA available for degradation as the SPR sensor surface was exposed.

However, the rate of GSPR decrease does not fall to zero as observed for the

single component PSA film (Figure 6.7). Instead, over a period of 140 min, the
rate of shift dowly fell from 0.04°min-1 a t = 40 min to 0.001°.min-t a t = 180
min. The AFM images recorded during this period are displayed in Figures
6.1 1e to h (it should be noted that the image area analyzed in these Figures has
moved dightly from the area in the first four images due to areadjustment of the
AFM cantilever setup at t=40 min). The topographs show that small changes
occurred to the network structure as degradation progressed. The most
noticeable stmctural change was a widening of the pits as the polymer network
shrank. However, it is clear that the rate of degradation had slowed
considerably compared with the early phase of PSA removal. The interesting
aspect of this period of film degradation is that the SPR data indicates that the
hydrolytic remova of polymeric materiad occurred at arate which is intermediate
to that recorded for the single component films. It appears, therefore, that the
blending of these polymers achieved the objective of generating new materials
with characteristics moderated by the two components. The mechanism by
which this intermediate rate of degradation was achieved has not been
elucidated. However, it is possible that PLA protected the remaining PSA
material. This mechanism was previously proposed in Chapter 4 were the
tendency for the PLA materia to preferentialy reside at the surface of these
blended films as indicated by SSIMS and XPS studies was introduced (220).

At the end of this degradation experiment, the rate of SPR angle shift
was 0.0005°min-1, which is consistent with the degradation of apure PLA film
given the decrease in surface area of a network compared with a complete film.
Therefore, from the AFM/SPR data three stages in the degradation of the
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PSA:PLA 70:30 blend films can be identified. Initialy, there was arapid loss of
PSA idands. This was followed by along intermediate stage during which film
removal occurred slower than the rate expected for PSA and faster than the rate
for PLA. Finally, the degradation profile reflected the loss of pure PLA
material.

The next step in the analysis of these blends was to further explore the
nature of this intermediate stage by anayzing films containing higher
proportions of PLA. The AFM and SPR data recorded during the degradation of
a30% PSA: 70% PLA film are displayed in Figures 6.14 and 6.15 respectively.
The AFM images demonstrated a similar genera pattern of degradation as
observed in the 70% PSA: 30% PLA blend, with an initial erosion of the PSA
islands leaving the PLA network structure exposed. The SPR data in Figure

6.15 shows the effect of degradation on 8spr Over a 250 min period. Initially,
once the pH 11 buffer had displaced the water, there was a period of relatively
rapid decrease in GSR as the PSA material was removed. The maximum rate of

SPR angle shift was 0.118°.min-1 which is lower than the maximal values for
both the single component PSA film and the high PSA composition blend. This
may be expected due to the rdatively smal area of the PSA idands at the surface

of this film. Over the next 220 min of the experiment, the rate of GSR decrease

underwent a dow deceleration. However, the deceleration was considerably
slower than that recorded for the 70% PSA: 30% PLA blend and when the

experiment was terminated after 250 minutes, the rate of 8spr decrease was till
0.004°min-1.

This study indicates that as the relative proportion of PLA in the blend
was increased, the intermediate phase in the degradation of the film was greetly
extended. We aso performed AFM/SPR analysis on a 50% PSA: 50% PLA
blend. The SPR data is displayed in Figure 6.16. Again, the pattern of
degradation displayed the three distinct stages. As expected, the time for each

phase and the rate of fdl in GSPR are midway between the values for the 70%
PSA: 30% PLA and the 30% PSA: 70% PLA films.
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Figure 6.14 AFM data recorded during the surface erosion of the 30% PSA:
70% PLA inapH 11 buffer.
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Figure 6.15 SPR datarecorded during the surface erason of the 30% PSA:
70% PLA in a pH 11 buffer.
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6.4 Conclusions

The experiments described in this Chapter represent the first examples of the
implementation of the combined AFM/SPR instrument to analyse a dynamic
surface change occurring at a solid/liquid interface. The instmment has been
shown to yield new information on the surface erosion of biodegradable
polymer systems. In particular, the AFM data provides information on the
heterogeneity of surface erosion on the sub-micron length scale, whilst the SPR
data can explain the effect of this heterogeniety on the erosion kinetics for the
complete polymer film.

The benefits of constructing a combined instrument, capable of
generating simultaneous AFM and SPR data from a degradable system, are
highlighted by the studies of the PSA/PLA immiscible blends. The AFM images
visualize the importance of the phase separation of the two polymers and the
resulting rapid loss of the PSA islands. However, considered in isolation, the
AFM images did not provide a complete picture of the complexity of the kinetics
of surface erosion. This complexity was shown by the three stages evident in
the SPR data. It can be argued that the AFM and SPR data is synergistic in
nature because the three stages of erosion in the SPR datawould be difficult to
interpret without the evidence of phase separation and morphological changes
shown in the AFM data.

There remain a number of limitations in the application of the combined
AFM/SPR which are the subject of ongoing studies within the Laboratory of
Biophysics and Surface Anaysis. The non-linearity of the change in 9spr is a

concem if the precise change in thickness of a biodegradable film during erosion
is to be measured. This limitation does not prohibit the SPR from measuring
major differences in erosion kinetics, as seen when PSA and PLA are mixed,
but at present the interpretation of the kinetics of erosion can only be expressed

as changes in the value of GsPR.
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Chapter 7 Final Conclusions

Polymeric biomaterials are expected to perform increasingly complex functions
within the body. For example, dmg delivery systems for protein and peptide
dmgs are required to protect diese labile molecules for extended periods and
then rglease them over a predetermined timescale to produce a dierapeutic effect.
Biocompatible implants and cell adhesion templates are required to interact with
certain protems and cell types whilst repelling others to permit residence times
with the pody to match the desired Ufetime of the biomaterial. To achieve these
functions it is necessary to provide methods of analyzing the precise surface
characteristics of polymeric biomaterials. This, in tum, will improve the
prediction of the interactions occurring at the interface between the biomaterial
and the patient. The work presented in this thesis describes one aspect of this
surface analysis, the apphcation of atomic force microscopy techniques.

The progression of the type of data acquired from polymeric
biomaterials in the four experimental Chapters reflects improvements in the
specifications of atomic force microscopes avalable during the studies. In
Chapter 3, the studies explored the high resolution capability of the AFM and
the potential to utilize this resolution to augment current microscopy methods
for polymers. The experiments performed on poly(ethylene oxide)
demonstrated that the lamellar organization of sphemlites, single crystals and
dendrites could be visualized without sample preparation techniques to improve
the electron conductivity or increase vertical height changes across the polymer
samples. The studies also demonstrated the visualization of single molecules of
poly(ethylene oxide) deposited on an atomicaly flat substrate. The potential
application of these methods within biomaterial research liesin the ability to
characterize the mfluence of polymer chemical stmcture and device fabrication
methods on the molecular organization of surfaces.

In Chapters 4,5 and 6, the ability to image polymer surfaces within
aqueous conditions was harnessed to study the dynamic interfacia phenomenon
of polymer degradation. Initially, the work in Chapter 4 concentrated on
identifying the influence of surface morphology on erosion. Then, the release of
a protein dmg from a biodegradable polymer fdm was visualized in Chapter 5.
Thiswork provided a new insight into the relationship between polymer erosion
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and dmg dissolution. The studies in Chapter 5 also introduced the concept of
measuring erosion and release kinetics with the AFM. The computational
methods in Chapter 5 alowed relative rates of erosion of protein and polymer
areas to be measured and tiiis highlighted the different dissolution behaviour of
certam protein particles. The theme of measuring erosion kinetics was extended
in Chapter 6 with the introduction of the combined AFM/SPR. This mstmment
provided a technique for relating sub-micron changes in film morphology
during erosion to the kinetics of polymer degradation.

The methods described for analyzing polymer degradation appear to
have considerable potential for the rapid characterization of novel series of
biodegradable polymers. The development of the polyanhydrides provides a
good example of project that could benefit from in situ AFM and simultaneous
AFM/SPR studies. In the early design of the polyanhydrides the central method
of controlling the kinetics of polymer hydrolysis was to change the number of
methylene groups in the polymer backbone and, hence, change the
hydrophobicity of the materid. The standard mediod of quantifymg the effect of
these chemical changes was to measure the change in weight of a polymer
matrix over a number of weeks. AFM/SPR analysis could provide a quicker
method of determining the effect of chemical changes on degradation and
simultaneous identify problems relating to the crystalinity of homopolymers or
the immiscibiUty of blends.

Finally, the three years during which these studies have been
performed, have witnessed a number of significant developments in scanning
probe microscopy, such as near-field optical microscopy, non-contact AFM
imaging modes and spectroscopic techniques. Each of these techniques can
generate new information on the surface organization of polymeric biomaterials
and, therefore, could offer new methods of characterizing the complex
interactions which underUe successful functioning.
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