Chapter 5

Chemical and Spatial Analysis of Protein Loaded PLGA
Microspheres for Drug Delivery Applications.

5.1 Introduction

In recent years there has been an increase in the availability and development of
protein and peptide controlled release therapeutics, such as microspheres for

268 and

sustained perenteral delivery®. Such applications include vaccination
drug delivery”™®, for periods of up to 6 months. Understanding the surface and the
bulk chemical composition of such microspheres provides a greater insight into
the production process and may also contribute to the understanding of the

contribution of structure to the nature of the drug release kinetics observed.

As described in Chapter 1 the molecular characterisation of such polymeric drug
delivery formulations is crucial to provide an understanding of release from such
microspheres. This chapter therefore is concerned with the full physical and
chemical characterisation of both the surface and bulk of a protein loaded PLGA
microsphere formulation with a range of complementary techniques. The
technique of ToF-SIMS has been extensively used to study pharmaceutical
systems** ™. The utility of ToF-SIMS comes from the ability to provide high
surface specificity chemical information with high depth resolution (~1-2 nm).
AFM is a complementary technique to ToF-SIMS providing nm lateral resolution
of the surface topography which has been previously been applied to microspheric

systems®® 2 for surface topography characterisation.

ToF-SIMS depth profiling has been used to analyse biomedically relevant thin

films” 1°

to elucidate the spatial distribution of various constituents within such
systems through thickness in order to improve the properties of the formulation.
Due to the topography encountered with microsphere structure this has not been
as widely applied to the study of microspheres. This is especially true for dual

beam depth profiling whereby the sputter and analysis beams are often mounted
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opposite one another with each ion beam at a 45° elevation. Dual beam depth
profiling therefore necessitates sample stage rotation and realignment of the
sample stage between cycles of sputtering and analysis. This is in order to have
both the sputter and analysis beam focussed on the same analysis region of the
microsphere with alignment remaining a challenge. In this work ToF-SIMS is
used to chemically characterise the surface and bulk with imaging using the burst
alignment mode described in depth in Chapter 2.

The analysis of the bulk is crucial to the characterisation of pharmaceutical
microsphere systems as the distribution of drug within the microsphere will
determine the release characteristics. Confocal Raman microscopy whereby a
plane within a transparent sample is focussed on and Raman spectra mapped for
that focal plane providing a ~1 pm depth resolution was used for non-destructive
bulk characterisation. As described in Chapter 2 the Raman mapping provides
vibrational spectra through the collection of scattered light to map the chemistry
from within the focal plane selected. It has been used in conjunction with ToF-
SIMS of sectioned microspheres in this chapter in order to characterise the bulk
distribution of protein and polymer. The results of this characterisation should
allow for the distribution of constituent chemistries to be related back to the
production process. Raman mapping has previously been applied to
pharmaceutical systems including drug loaded polymeric microspheres?® 23, thin

18,19 24 and tablet compound identification?, specifically using

26-28

polymer films

multivariate methods of analysis

The use of these techniques allows for a 3D understanding of the drug delivery
method and serves to illustrate the complementary use of surface analytical
techniques for full characterisation of a PLGA microsphere drug delivery system.
A double emulsion solvent evaporation process is used to produce the
microspheres used in this study. The protein lysozyme is used as a model drug for
release from within the PLGA microspheres. This model is produced and
characterised for nominally produced microspheres which will be incorporated
within a tissue engineering scaffold for bone repair providing mechanical support
at the site of non-unified bone fractures®® *. Microspheres embedded within such

a scaffold release the protein BMP2 to stimulate osteogenesis>. As the scaffold
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and microspheres degrade the protein therapeutic, having stimulated bone repair,
will gradually transfer the load on the fracture from the scaffold to the new bone.
In this chapter a complementary approach is used to provide a detailed
understanding of component distribution within a PLGA microspheric controlled
release formulation for the delivery of protein drug. The full characterisation of
such microspheres provides valuable information that allows for improvements to
be made in the microsphere fabrication process, ultimately improving the

therapeutic properties.

The aims of this chapter are to demonstrate the full characterisation of a complex
water in oil in water double emulsion (w/o/w) to allow for inferences to be made
as to how the production process affects the distribution of chemical constituents.
This is done to expand on the work previously done with ToF-SIMS of particles
and to improve the lateral resolution attainable with ToF-SIMS chemical imaging

of samples with topography.

5.2 Experimental

Custom polymerised PLGA (56 kDa) was obtained from Lakeshore Biomaterials
(Birmingham, Alabama, USA) consisting of a molar ratio of 85:15 of DL-lactic
acid and glycolic acid respectively. Polyvinyl alcohol (PVA, 87-89 %
hydrolysed), hen egg white lysozyme and all solvents were purchased from Sigma
Aldrich (Dorset, UK). The microspheres were produced using a w/o/w solvent
evaporation method containing 1.5%, 3%, 5% and 10% (w/v) lysozyme described
in previous work® ** a schematic representation is shown in Figure 5.1. A water
in oil emulsion was established with the concentrations of lysozyme described
dissolved in 300 ul of phosphate buffered saline (PBS, water phase) added to 5 ml
of PLGA dissolved in dichloromethane (DCM, oil phase) and vortex mixing was
applied. Before the emulsion can separate 5 ml of PVA surfactant is added and
vortex mixing resumed. The microspheres are then placed in a hardening bath
with an excess of 2% (w/v) PVA solution for a period of 3 h under gentle stirring
to allow the DCM to evaporate. The particles were extracted by vacuum filtering
to isolate the resultant microspheres which were then freeze dried for 24 h.
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Figure 5.1 Schematic of a double emulsion production method.

ToF-SIMS data was acquired using a ToF-SIMS IV (ION-TOF GmbH, Munster,
Germany) described in Chapter 2. The samples were loaded by sprinkling on
double sided tape attached to aluminium blocks affixed into the ToF-SIMS stage.
For imaging studies 25 keV Bis" primary ions were used for analysis using a
256 x 256 pixel raster while ensuring the total ion fluence did not exceed the
static limit. For surface sputtering the SIMS stage was rotated after acquisition
using Biz" using the Eucentric capability of the Escosy stage control program, 20
keV Ceo?* primary ions were used to sputter a 1 mm area for 28 s then the stage
was rotated again for analysis of the sputtered surface, this process was repeated

four times.

Scanning electron microscopy (SEM) was undertaken using a JEOL JSM-6060LV
scanning electron microscope. An acceleration voltage of 10 keV was used with
no visible damage imposed during analysis. Samples were prepared by sprinkling
microspheres onto an adhesive carbon tab affixed to an aluminium SEM stub
(Agar Scientific, Essex, UK) and gold coating for 2 min at 13 mA using a Leica
EM SCDO050 gold coater (Leica Microsystems GmbH, Wetzlar, Germany).

Raman spectra were acquired using a WITec CRM200 (WITec Instruments Corp.
Ulm, Germany) equipped with a 532 nm laser source, with the laser line
suppressed by an edge filter. This laser excitation source was focused using a
100x objective and the scattered light was collected using the same objective in an

180° backscatter regime. The Stokes shifted Raman scatter was dispersed using a
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600 grooves/mm grating onto a charged coupled device (CCD), providing a

spectral resolution of ~8 cm™.

Raman maps were acquired from between 20 and 30 pm beneath the sample
surface at intervals of 1 um. Each Raman map was acquired over an area of
40 um x 40 um and constructed using a serial mapping process. This involves the
acquisition of spectra at defined points within an array using a CCD, and provides
lateral and depth resolution of ~1 um. The spectra were not subjected to any
spectral corrections to correct for aberrations or artefacts; however, the inherent

signal from thermal noise was subtracted from each spectrum.

AFM was undertaken using a Veeco MultiMode AFM (Cambridge, UK),
Quantitative nanomechanical property mapping (QnM) mode was used in order to
get maximal data from the scanning probe technique as it allows for properties
such as the Young’s modulus, adhesion and deformation to be measured while
imaging at high resolution. An 8 um area at the top of the microspheres were
analysed before and after sputtering with Ceo>* primary ions. The techniques used

in this chapter are summarised in Figure 5.2 below.

Confocal Raman
Incident Light Scattered Light

Secondary lons

P ([
o>
Primary lons
Primary
Electrons M

SE

Figure 5.2 Schematic diagram of analytical methods applied to the microsphere
samples.
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5.3 Results and Discussion

SEM was employed to gain an understanding of the size distribution and surface
topography of the lysozyme PLGA microspheres and representative data is shown
in Figure 5.3. The majority of microspheres appear smooth and spherical with
their size varying between 30 and 150 pm in diameter, as shown in Figure 5.3a.
Figure 5.3b shows at greater magnification the surface structure of some
microspheres. Pores at the surface of these microspheres measure from 2 to
11 um in diameter and a ring like morphology around some pores but not others is
observed. Some circular, pitted surface structures are also found at the surface in
the absence of a visible pore. There appears to be no evidence of protein
aggregates on the surface of the microspheres.

\ Circular pitted

surface topography
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Figure 5.3 SEM analysis of w/o/w lysozyme PLGA microspheres shown at a)
%110 and b) x900 magnification.

The range of the particle size distribution is as expected from the process of w/o/w
production of the microspheres where a normal distribution of particle size is
often observed®®. Surface pores observed are likely to be formed on the inversion
stage of the microemulsion where the PVA water phase which contains the
protein is encapsulated within the PLGA oil phase. Those water droplets that are
not fully encapsulated and are at or near the interface of the PLGA-rich oil
droplets would be expected to produce the surface pores. The origin of the pitted
circular surface topography is unknown but many of such features such as the two

highlighted in Figure 5.3b appear to be near to surface pores.
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An example of a negative ion ToF-SIMS spectrum of the PLGA lysozyme
microspheres is shown in Figure 5.4. After careful review of the ToF-SIMS of the
individual surfactant, polymer and protein controls and literature, diagnostic ions
of each of the three components of the formulation may be distinguished in the
ToF-SIMS analysis of the microspheres in Figure 5.4. Peaks observed at m/z
71/73, and m/z 87/89 correspond to [M £ H] and [M+O + H] respectively, where
M is the repeating unit of LA monomer (C3H40,) of the PLGA copolymer®. The
base peak (most prominent) of the spectrum at m/z 59 is diagnostic of PVA and
corresponds to the acetate anion CH3COOQO™ which has previously been used as a
diagnostic peak in a PLGA/ PVA system®. The high intensity of the acetate anion
is derived from the unhydrolysed vinyl acetate monomers within the 87%
hydrolysed PVA used is this study. For the hen egg white lysozyme, the
diagnostic peaks of CN™ and CNO™ at m/z 26 and 42 derived from the peptide
sequence were selected as these can only arise from the protein in this
formulation. In addition, multivariate curve resolution (data not shown) which
highlighted these peaks as being statistically significant and related specifically to
the protein structure. The peaks selected are sufficiently intense to allow for the

reconstruction of the spectra into an image format.
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Figure 5.4 Negative ToF-SIMS spectrum of the surface of PLGA lysozyme

microspheres from a mass of 0 to 100.
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Using the diagnostic ions highlighted above, the ToF-SIMS spectra were
reconstructed as images to understand the distribution of the PLGA, PVA and
lysozyme at the surface of these microspheres. Figure 5.5 shows a ToF-SIMS
image of the surface of a range of microspheres. Focusing attention to the main
microsphere at the centre of the image, the ToF-SIMS image for PLGA is not
continuous over the surface (Figure 5.5a). The reason for this is that the surface of
the microsphere is coated with a discontinuous layer of PVA as illustrated in
Figure 5.5b where discrete features as small as 700 nm in diameter may be
distinguished. The thickness of the coverage of the PVA masks the underlying
PLGA suggesting that it is greater than the sampling depth of the ToF-SIMS of
circa 1 nm under the static conditions employed in the ToF-SIMS analysis. Many
of the features within the PVA film are circular and ring-like with many discrete
isolated islands of the surfactant on the surface of the microsphere. Similar
features are seen on the surface of the other smaller microspheres within Figure
5.5b.

At the apex of the central microsphere in Figure 5.5, a surface pore is observed
which is surrounded by an intense circular ring enriched in protein (Figure 5.5c).
Again, the thickness of this overlayer appears to be greater than the 1 nm as no
PLGA is detected in this region although there is evidence of the presence of
PVA, particularly on the outer portion of the ring structure and also as a discrete
intense feature at the bottom lip of the pore. There are also lower intensity protein
signals detected and associated with the PVA surfactant discontinuous layer
(particularly visible in the lower left hand side of the main microparticle and also
on other microparticle surfaces in Figure 5.5¢) but not on the bare PLGA surface.
The overlay of all these three image sets in Figure 5.5d clearly demonstrates the
ability of ToF-SIMS to discriminate for this particular formulation the different

chemistries and their complex organisation on the microparticle surfaces.
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a) PLGA

c) Lysozyme d) Overlay

Figure 5.5 ToF-SIMS imaging of the surface of a microsphere measuring 149
pum in diameter showing the secondary ion image generated from the diagnostic
anions identified within the ToF-SIMS spectra, for a) PLGA (m/z 71/73 and
87/89), b) PVA (m/z 59), c) lysozyme (m/z 26 and 42) and d) an overlay showing
PLGA (green), PVA (blue) and lysozyme (red).

Further representative ToF-SIMS images of microspheres ranging in size from 47
to 169 um in diameter are demonstrated in Figure 5.6. All microspheres analysed
again show a patchy discontinuous surfactant film at the surface of the
microspheres and also the degree of coverage appears to be comparable between
microspheres analysed. The surface lysozyme is again found primarily as highly

intense circular ring-like structures surrounding near-surface pores.
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Figure 5.6 ToF-SIMS surface analysis of a range of w/o/w microspheres

showing an overlay of PLGA (green), PVA (blue) and lysozyme (red).

ToF-SIMS sputtering and AFM analysis were applied to the surface of the
microspheres in order to rationalise the thickness of the surfactant layer presented
in Figure 5.7. Figure 5.7a-d shows the surface of a microsphere which has been
exposed to increasing sputtering with Ceo®* primary ions. The central microsphere
focussed on measures 172 um in diameter and is shown before sputtering in
Figure 5.7a. Two pores are clearly visible at the surface in addition to fissures at
the surface, one pore appearing empty and one rich in lysozyme. The
characteristic discontinuous PVA layer is present at the surface and a diffuse
distribution of lysozyme in regions rich with PVA is also observed, further
suggesting a relationship between the spread of PVA and lysozyme at the surface.
After the initial 28 s of sputtering shown in Figure 5.7Db, it is apparent the PVA
surfactant layer is being eroded and extremely thin, with much of it being
removed from the right side of the image where sputtering is most effective
revealing the PLGA substrate immediately beneath this layer. The revealed PLGA
surface confirms the presence of PVA as an overlayer at the surface of the

microspheres and not a surface feature of the PLGA itself. The ion intensity of the
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diffuse surface lysozyme is also reduced and it is gradually apparent that with
sputtering the origin of the surface lysozyme is related to the surface pores present
including one pore which is labelled that was not clearly visible in Figure 5.7a. On
further sputtering shown in Figure 5.7c and 5.7d, the PVA layer is removed and it
is clear one pore in particular is enriched with protein, however there are residual
low intensity lysozyme signals from within other surface pores. It should be noted
that the topography of the microspheres and primary ion beams being 180° from
one another does not allow sputtering to remove the PVA and lysozyme from the
entire surface of the central microsphere focussed on (see upper top and left edge)
in Figure 5.7a-d. However the microsphere at the top left of the image has been
effectively sputtered which highlights field line effects in ToF-SIMS
topography *.

The secondary electron imaging of the ToF-SIMS, shown in Figure 5.7e,
illustrates the surface structures visible in the SIMS images and shows a thin
fissure between three surface pores which has also been imaged with the high

lateral resolution capable with ToF-SIMS.

AFM shown in Figure 5.7f was applied to the top of a microsphere before
sputtering for 100 s then again to the same microsphere after sputtering shown in
Figure 5.79. A thin smooth discontinuous overlayer is observed on all
microspheres analysed before sputtering. Line analysis of the overlayer thickness
across all data obtained shows an average overlayer thickness of 4.54 + 0.75 nm.
Figure 5.7f shows areas with a continuous film and the centre has a region of
random shaped island features which appear to have an equivalent height and
form to the larger overlayer. After sputtering as shown in Figure 5.7g it is
confirmed this layer is removed in its entirety and that it is preferentially sputtered
leaving the rougher PLGA visible (Rq of 1.83 nm before and 3.31 nm after
sputtering of the PVA surfactant layer.) The line scans shown also indicate the
PLGA surface has more prominent craters after sputtering than are visible
beforehand, this is likely in part due to the effect of prolonged ion bombardment

of the microsphere surface.
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In previous work by Shard et al. on sputtering of PLA, it was demonstrated that
the Cgo 10n dose applied in this work is consistent with 4 nm of PLA removed per
sputtering cycle®®. While this value may change depending on the polymeric
material examined, it provides a useful benchmark for organic polymers.
Interestingly, the thickness of 4.5 nm of the PVA layer as determined by AFM
correlates well with the sputtering data and also the work of Shard et al.* In
summary, the consistency of the overlayer thickness and the thickness of the
smaller islands of discontinuous surfactant observed in Figure 5.7f suggests a
45 nm thick PVA monolayer which remains after drying. The dynamic
equilibrium model of PVA adsorbing and leaving the surface of the microspheres

could explain the patchy morphology shown®’.

Surface

/ fissure

Reyealed
pore
e

165



Line scan
position

nm

Figure 5.7 a) ToF-SIMS of a microsphere before sputtering b) after 28 s, ¢) 56 s
and d) 84 s of sputtering. €) Secondary electron image of the resulting
microsphere. f) AFM height image 1% order plane fitted of an 8 pm? area at the
top of a microsphere before and g) after sputtering. Corresponding 3™ order
flattened AFM height images, and a line scan (indicated) are also shown.
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Confocal Raman mapping was applied to provide a 3D understanding of the
organisation of components across the surface and also within the bulk of the
microspheres shown in Figure 5.8. Confocal Raman analysis is feasible in this
case due to the optical transparency of PLA. The confocal Raman map of a single
optical slice in Figure 5.8a shows the presence of pores ranging in size within the
bulk of the microsphere represented typically as black (indicating void space) or
red (indicating lysozyme) spherical areas within the PLGA microsphere which is
represented in green. These pores appear to range from 2 to 16 um in diameter.
The larger pores shown in Figure 5.8a and b appear to be largely devoid of
material within the centre. Conversely the smaller pore features are filled with
protein that consistently measure approximately 2 um in diameter. This image is
typical of all the microsphere structures observed. Such pores are formed during
the inversion step of the double emulsion production method however the
heterogeneous sizing, and distribution of protein within the pores suggests a
complex mechanism is responsible for the distribution of components in the

w/o/w system as shown by confocal Raman®.

A protein coating is found adsorbed to the oil phase PLGA interface within some
of the large pores. The thickness of this layer is variable as well as the coverage.
Figure 5.8b provides an interpolated 3D representation generated using confocal
Raman maps taken at 1 um intervals in the z-axis and the 1 um depth resolution
allows for mathematical interpolation. This representation shows the protein
distribution around a large pore which contains a significant concentration of
protein adsorbed to the PLGA interface. It is apparent that the small pores are
generally found in close proximity to the larger pores.
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Figure 5.8 a) A confocal Raman map indicating PLGA as green and lysozyme as
red, showing large pores, void spaces and protein adsorbed to the wall of the pore
and concentrated pores measuring ~2 pm in diameter. b) An interpolated 3D
representation of the protein distribution within a 40 pm? area of a microsphere
showing from 20 pum (top of image) to 30 um (bottom of image) of the

microsphere bulk.

ToF-SIMS analysis of sectioned microspheres was undertaken to resolve the
chemistry of the bulk of the microspheres shown in Figure 5.9. Figure 5.9¢ shows
an overlay of lysozyme (red), PLGA (green) and PVA distribution (blue) in this
cross section. Pore features ranging in size from 2 um to 18 um in diameter are
observed, which is comparable with the values determined by the confocal Raman
analysis. Naturally, the maximum diameter of any pore feature may lie above or
below the point of the cross section but both the confocal Raman and ToF-SIMS
data illustrates the diversity in size and composition of the pores. When
comparing Figure 5.9a and b, lysozyme is clearly evident in some pores within the
microsphere bulk. Again, it is present as dense cluster of protein in the smaller
pore features and it appears to cover the surface interface with the PLGA in some
of the larger pores. The PVA visible as noted in Figure 5.9c in one pore found in
the bottom right of the image was a rare occurrence in the data collected
suggesting this morphology is not a common feature, and the same pore also
contains lysozyme, showing drug to be encapsulated within.
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Figure 5.9 ToF-SIMS of a sectioned microsphere showing a) lysozyme (CNO"),
b) PLGA (C3H302- ,C3Hs0,", C3H303 & C3H503_), and C) an overlay Showing
lysozyme (red), PLGA (green) and PVA (C,H30; blue).

ToF-SIMS analysis has shown many pores contain a larger concentration of
lysozyme within the cross section whereas confocal Raman analysis has shown
what is being imaged in the large pores is protein at the edges and base
represented as a flat 2D image, illustrating the complementary data generated by
the high surface specificity and resolution of ToF-SIMS and the understanding of
the 3D distribution of constituents achieved with confocal Raman mapping.

The comprehensive analysis of the PLGA lysozyme system illustrates the
potential for understanding the distribution of the protein and surfactant within the
complex architecture of the microparticles formed from a multiple emulsion
system. The visualisation of the surfactant layer on the surface of the
microparticles is particularly notable. Traditionally measurements of surfactant
concentration have relied on the zeta potential (measuring the electric potential in
an interfacial double layer) to approximate the variation in surfactant at the
surface®. SIMS has shown its utility in providing high resolution chemical images
of this system. Surfactant is present as a discrete but laterally incomplete layer,
ToF-SIMS and AFM are able to chemically and physically visualise respectively
the integrity and fractal pattern of the surfactant across the surface of the particles.
The PLGA particles are formed in an excess of PVA and hence the detection of a
complete homogenous PVA surface layer was initially expected. An effective
PVA coating would be required to stabilize the microparticle formation in

solution and on evaporation of the organic solvent®. Indeed, the surfactant

169



41, 42 of

concentration optimisation has an important role in reducing the diameter
the resulting microspheres through stabilisation of the emulsion droplets, reducing
the occurrence of coalescence and allowing for a greater number of droplets to be
encapsulated®. One possible explanation of the visualisation of the incomplete
PVA coverage on the microparticle surface may be due to the contraction of the
film during the drying process. Interestingly, the thickness of the PVA layer was
largely uniform where it existed across the surface as measured by AFM and
sputtering ToF-SIMS studies. This approach has shown it is possible to visualise
the surface surfactant distribution at nm resolution that may provide a new method
for future experimentation to correlate in vitro performance with surfactant

coverage.

The studies presented in this chapter show that the protein on the surface of the
microparticles is organised in a number of ways: firstly, the majority of the
surface protein appears to be densely clustered around features that are associated
with sub-surface protein filled pores that touch the outer surface of the
microparticles due to incomplete encapsulation of the protein rich water droplets
in the particle formation process. The ToF-SIMS images show intense signals,
located often in ring around open pores or ribbon structures traversing across the
microparticle surfaces. Secondly, there is evidence for the presence of protein
dispersed within the surfactant film layer itself. This work represents the first
example where the spatial location of the protein, surfactant and the polymer
substrate in the ToF-SIMS images of the microparticle surfaces has been

demonstrated.

With regard to the bulk distribution of the protein within the microparticles,
confocal Raman analysis of the intact particles and the ToF-SIMS imaging of the
microtomed particles confirm that lysozyme is located in the pores formed by the
evaporation of water from the aqueous droplets dispersed within the PLA rich
organic phase. The wide size distribution of these pores suggests incomplete
stabilisation of the water droplets by the PVA surfactant, the larger ones
potentially being formed via coalescence of the droplets during the removal of
solvent during the particle production process®. The internal contents of

microemulsion droplets are known to diffuse and undergo collisions, should these

170



collisions be sufficiently energetic the surfactant film may rupture causing droplet
exchange which may explain the size distribution®. Both the Raman and ToF-
SIMS analysis show the presence of a population of smaller pores (2-5 pum)
dispersed throughout the microparticles which are protein rich. In contrast, protein
is coating the inner surface of the larger pores (up to 20 um) leaving larger
volume unoccupied. The mechanism for the formation of such void spaces is
unclear in the latter case but the potential coalescence of protein rich water
droplets during the particle production may play a role as the subsequent removal
of water at the droplet interface would promote the transport of the protein with
this solvent front to the surface of the pore. This analysis has revealed a complex
and heterogeneous organisation of protein distribution within the microparticle
bulk that may have an impact on the mechanism and kinetics of release of the

protein from such systems.

5.4 Conclusion

Partially porous protein loaded microspheres for use as controlled drug delivery
biomaterials have had their surface and bulk scrutinised with an array of
complementary analytical techniques. For the first time the ability to spatially
image PVA surfactant and protein adsorbed to the surface of microspheres using
ToF-SIMS imaging has been shown and that this surfactant layer has a thickness
of circa 4 nm which can be removed under ToF-SIMS sputtering studies which is
confirmed by AFM. The ability to spatially map the surface and bulk
microparticles prepared by the double emulsion approach has revealed that
distribution of the lysozyme to be complex and heterogeneous. This combined
approach of using the analytical techniques of ToF-SIMS (imaging and
sputtering), confocal Raman, AFM and other complimentary methodologies
provides a powerful toolset for the study of the spatial chemical distribution of
biomolecules and excipients such as surfactants within controlled release
formulations such as microparticles. The high lateral resolution in ToF-SIMS
imaging achieved providing valuable characterisation results, fulfilling an aim of
this thesis. The techniques utilised have been shown to be highly complementary
for the characterisation of controlled release injectables and by association,

implantable formulations, increasing the understanding of the influence of the
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fabrication process and formulation composition on the properties of the resulting
delivery systems. This work is a culmination of the expertise gained throughout
the chapters of this thesis and demonstrates the real world benefit which can be
achieved through the improved understanding of such biomedically relevant

formulations.
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