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Abstract
Purpose: The aim of this thesis was to investigate a suitable formulation for the

topical delivery of growth factors to chronic wounds, and then to determine the
concentrations reached within an animal wound model. A secondary aim was
to determine if the chosen growth factor was present at levels able to stimulate
the production of other cytokines, specifically IL-1~ and MCP-1.
Methods: An in vitro testing apparatus was designed and made and the release

of model actives [bromophenol blue (BPB) and horseradish peroxidase (HRP)]
from gels and films of hydroxylpropylmethylcellulose (HPMC) (E4M CR, K4M
CR and E10M CR) was determined. In this study, Fibroblast Growth Factor -2
(FGF-2) (0.3 f.lg) was incorporated into three formulations (solution, gel and
dried gel film on Melolin™ backing) and together with a control formulation
were administered to punch biopsy wounds in rats. The in vivo release was
followed over three time periods (two, five and eight hours) and the amount of
FGF-2 at various wound depths was quantified by ELISA.
markers

IL-1~

and MCP-1 were quantified using ELISA.

Two biological
The FGF-2 was

additionally tagged with a fluorescent dye so that visualisation of the
penetration could be obtained via confocal microsopy.
Results: For the HPMC gels, the more viscous gel (E10M) provided a greater

diffusional barrier and slowed the release of BPB (12 ± 3.5 f-1-g/min compared
with 16 ± 1.7 f-1-g/min and 18 ± 1.4 f-1-g/min for K4M and E4M respectively).
However, when HPMC was formulated as a dried film a burst release was seen
and release of BPB was slowest from the more rapidly hydrating K4M. With
the larger model active HRP, there was a slower diffusion through the gel
barrier formed upon film hydration, such that time of 100% release was up to
300 minutes compared to approximately 60 minutes for BPB. When the film
was dried onto a supportive backing, the initial burst release was minimised as
the film did not break apart on contact with the wound, and hence film
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integrity was maintained and release prolonged. The in vivo studies showed
that, two hours after application, the highest concentration of FGF-2 was seen in
the surface granulation tissue of rats that received the solution formulation
(2280 ± 790 pg/g). The concentration decreased with increasing tissue depth but
was significantly greater than the saline control in the surface granulation and
subcutaneous fat layers (p<O.OS). Tissue concentrations following application of
the gel and film formulations were only marginally greater than control in the
surface granulation layer.

After eight hours, rats that received the solution

retained elevated surface tissue concentrations (surface granulation and
subcutaneous fat) of FGF-2. Repeated measures ANOVA using a general linear
model showed statistically significant differences in the mean FGF-2 level with
respect to formulation and length of time of application of the formulation
(p<O.OS). In terms of other cytokines, there was a release of both

IL-1~

and

MCP-1 in all groups, immediately post-wounding, probably in response to
cellular damage. After eight hours, the film formulation appeared to elevate ILl~

levels which may be useful to drive wound healing. Confocal microscopy

images showed diffuse distribution of FGF-2 eight hours after application of the
solution formulation after eight hours and that with the gel formulation FGF-2
initially aggregated at the wound surface.
Conclusion: In vitro experiments investigating the effect of hydration rate and

viscosity of HPLC polymers allowed a formulation to be chosen for further in
vivo study. Elevated FGF-2 could be measured in superficial wound tissues up

to eight hours after application of a solution.

However, application of a

comparable amount of FGF-2 in HPMC gels or films did not produce
appreciable elevations in FGF-2 in wound tissues, although confocal
microscopy indicated the penetration of FGF-2 into the wound for up to eight
hours.
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Chapter One

General Introduction

Wound Healing and Chronic Wounds
1.1

Normal Wound Healing

A wound can be defined as 'a breach of the epidermis of the skin that can lead to
infection and sepsis' (Schultz et al. 2003). Wound healing is regarded as a stepwise regulated process that relies on many factors to allow progression through
the three main phases of healing; haemostasis and inflammation, granulation
tissue formation and matrix formation and remodeling (Clark 1993, Kiritsy et al.
1993, Schaffer and Nanney 1996, Singer and Clark 1999, Mandracchia et al. 2001,
Monaco and Lawrence 2003, Baum and Arpey 2005). It is recognised that growth
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factors or cytokines are important for wound healing and these come from many
sources including; platelets, macrophages, fibroblasts and other cell types, as well
as being released from extracellular matrix (Bennett and Schultz 1993a, Bennett
and Schultz 1993b, Kiritsy et al. 1993, Steed 1997, Buerk et al. 2000, Efron and
Moldawer 2004) (Table 1.1). They are important in the recruitment and activation
of many cell types including inflammatory cells and those needed for the
regeneration of the vasculature and to repair tissue damage. The main functions of
growth factors in wound healing are summarised in Figure 1.1. This figure shows
the complexity of the growth factor and cellular interactions in wound healing.
Table 1.1. Important growth factors in wound healing
Adapted From: Advances in wound healing, Buerk et al. 2000
Factor

Source

Biologic Effect

TGF-~

Macrophages, platelets,
fibroblasts, keratinocytes

Inflammatory cell migration
Fibroblast migration and proliferation
Angiogenesis
Collagen synthesis
Fibroblast proliferation
Angiogenesis
Collagen synthesis
Epithelialisation
Collagen synthesis

(Transforming growth
factor beta)
FGF
(Fibroblast growth factor)
KGF
(Keratinocyte growth
factor)
PDGF
(Platelet-derived growth
factor)
VEGF
(Vascular endothelial
growth factor)
EGF
(Epidermal growth factor)

Fibroblasts, endothelial
cells, bone cells, smooth
muscle cells, chondrocytes
Fibroblasts

Platelets, macrophages,
endothelial cells,
fibroblasts, smooth muscle
cells
Macrophages, epidermal
cells

Inflammatory cell migration
Fibroblast migration and proliferation
Collagen synthesis

Platelets

Fibroblast migration and proliferation
Angiogenesis
Epithelialisation
Collagen synthesis
Pleiotrophic expression of growth
factors
Fibroblast proliferation
Macrophage activation
Angiogenesis/granulation tissue
formation

IL-l
(Interleukin-1)

Neutrophils

GM-CSF
(Granulocyte macrophagecolony-stimulating factor)

Multiple cells

Angiogenesis
Increased vascular permeability
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Figure 1.1. Cell types involved in the wound healing process. These cells release many growth factors
and cytokines which act on target cells. Different cell types may release the same factors and these
individual factors may have several cell targets. The solid lines show the first wave of factors released
immediately from plasma and platelets. Dotted lines show the factors released from macrophages and
the dashed lines indicate the factors that impact on angiogenesis and granulation tissue formation.
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As indicated in Figure 1.1, there are several cell types involved in wound healing
and they are important to produce growth factors and recruit the next wave of cells
in the cellular response. Figure 1.2 shows the time course of infiltration of cells
into normally healing wounds. Initially, neutrophils are important for cleansing of
the wound area (Kiritsy et al. 1993, Singer and Clark 1999). Macrophages also
arrive early post-wounding and maximum levels are reached around 48 hours
after injury. Macrophages are crucial for the generation of growth factors and
recruitment of fibroblasts (Kiritsy et al. 1993). Fibroblasts perpetuate a positive
feedback loop to recruit more fibroblasts and allow collagen deposition (Singer
and Clark 1999).

Lymphocytes are important for maintaining resistance to

infection while the skin barrier is impaired (Stadelmann et al. 1998a).
Maturation
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Figure 1.2. Time course of important cell types in wound healing.
Adapted from Witte and Barbul 1997.
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Due to the complexity of the wound healing process it is usually described as
taking place in arbitrarily defined phases to identify the progression of healing.
These phases consist of haemostasis and inflammation, granulation tissue
formation and matrix formation and remodeling. These will be discussed as such
in the following text. These phases often overlap and it is possible for a wound to
have different areas in different phases at the same time.

1.1.1 Haemostasis and inflammation

Following damage of the epidermis and disruption of blood vessels, the first
priority of the body is to stop blood loss. Within seconds platelets arrive, become
activated and form a haemostatic plug (Schaffer and Nanney 1996). Activated
platelets release several growth factors from their alpha granules including;
platelet derived growth factor

(PDGF), epidermal growth factor

transforming growth factors alpha and beta (TGF-ct &

-~),

(EGF),

heparin-binding

epidermal growth factor (HB-EGF), insulin-like growth factor-1 (IGF-1) (Cockbill
2002), platelet-derived epidermal growth factor (PDEGF) and platelet-derived
endothelial cell growth factor (PDECGF) (Lawrence 1998).

Once the blood flow has been controlled, there is a period of vasodilation, largely
in response to nitric oxide (NO) (Conway et al. 2001) and histamine (Steed 1997).
Following this there is further increased vascular permeability, mediated by
vascular endothelial growth factor (VEGF) (Conway et al. 2001).

These

permeability changes must be tightly regulated as excessive vascular permeability
can result in pathological outcomes (Conway et al. 2001).
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A major event of the early inflammatory phase is the rapid accumulation of
neutrophils into the area, which arrive within hours (Kiritsy et al. 1993).
Neutrophils and monocytes are attracted via chemotactic signals from platelets
and inflammatory triggers (Figure 1.3) (Martin 1997, Luster 1998).

0

0

Leukocyte

A

Chemokine
lnterleuldn-1 and

tumor necrosis factor

Figure 1.3. Chemokine regulation of leukocyte movement.
Reproduced from Luster 1998 with permission.
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These neutrophils are recruited via the substances released from the activated
platelets, which include platelet-activating factor, platelet factor 4 (Lawrence 1998),
TGF-~

and complement factor 5 (Schaffer and Nanney 1996, Singer and Clark

1999). The movement of neutrophils and monocytes is controlled by a family of
chemokines which are leukocyte chemoattractants (Gillitzer and Goebeler 2001)
and cause neutrophils and monocytes to adhere to the endothelium within
surrounding blood vessels before extravasation to the source of the trigger within
the wound extracellular matrix (Luster 1998).

The neutrophil response is short

lived, but acts to cleanse the wounded area by phagocytosing damaged tissue and
bacteria (Kiritsy et al. 1993, Singer and Clark 1999).

In response to chemoattractants such as

TFG-~

and monocyte chemoattractant

protein-1 (MCP-1) (Singer and Clark 1999), monocytes arrive and become activated
macrophages. Macrophages must be present for normal wound healing to proceed
(Stadelmann et al. 1998b). As well as their role in tissue debridement, macrophages
also release many proteolytic enzymes and growth factors including interleukin-1
(IL-1), basic fibroblast growth factor (FGF-2), PDGF, TGF-a and

TGF-~

(Kiritsy et

al. 1993), which form a positive feedback loop to continue attracting more
macrophages to the area and further perpetuate the wound debridement (Figure
1.4).

In uncomplicated wounds, this inflammatory phase is transient lasting

around 24-48 hours. In appropriately healing wounds, there are maximum levels
of monocytes and macrophages within 48 hours (Kiritsy et al. 1993).
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Figure 1.4. A cutaneous wound three days after injury.
Reproduced from Singer and Clark 1999 with permission.

1.1.2 Granulation tissue formation

Once blood loss has been stopped, the area debrided and bacteria removed, the
next process is to restore the vasculature (Figure 1.5). Granulation tissue begins to
invade the wound area about four days after injury.

Granulation tissue is

composed of macrophages, fibroblasts and neovasculature (new blood vessels) in a
loose matrix of fibronectin, collagen and hyaluronic acid (Mutsaers et al. 1997,
Cockbill2002). The macrophages provide a continual source of growth factors; the
fibroblasts produce the extracellular matrix (ECM) and the blood vessels bring
nutrients and remove waste (Singer and Clark 1999). The structural molecules of
the ECM promote granulation tissue formation by providing scaffolding for
contact guidance (fibronectin and collagen) and low impedance for cell mobility
(hyaluronic acid), as well as a reservoir for cytokines (Clark 1993). Fragmentation
of the epithelial basement membrane allows epithelial cells to migrate and

8

Introduction
Chapter One

resurface the wound (Singer and Clark 1999, Liekens et al. 2001), but also results in
the liberation of growth factors from the ECM including FGF-2, VEGF and IGF-1
(Conway et al. 2001).

Figure 1.5. A cutaneous wound five days after injury.
Reproduced with permission, Singer and Clark 1999.

During this time the number of neutrophils and monocytes are reported to
decrease and the number of fibroblasts in the wound area increases (Cockbill 2002)
(Figure 1.2). Both

TGF-~

and PDGF released from macrophages are chemotactic

factors for fibroblasts, but also stimulate proliferation and gene expression of
collagen (Kiritsy et al. 1993). These stimulated fibroblasts in turn express

TGF-~

and PDGF that form another positive feedback loop to recruit more fibroblasts to
the area (Kiritsy et al. 1993).

Fibroblasts are also a source of matrix

metalloproteinases (MMPs) and tissue inhibitors of matrix metalloproteinases
(TIMPs) . These enzymes are responsible for the elimination of fibers which do not
contribute to the structural strength of the wound (Cockbill 2002).

TGF-~

appears
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to play an important role as it is the most potent stimulator of fibronectin and
collagen production and directly increases the transcription of type I collagen
genes and the maturation of collagen fibrils into mature bundles (Kiritsy et al.
1993). Additionally,

TGF-~

inhibits the production of collagenase and other tissue

proteinases (Kiritsy et al. 1993). Collagen production appears to reach a peak about
day five to seven after wounding (Cockbill2002).

As the granulation is completed, the wound edges contract.

This process is

driven by the conversion of fibroblasts to myofibroblasts because the latter contain
contractile proteins that undergo contraction (Moulin et al. 2000).

While

inflammation and granulation tissue formation are taking place, there is also
reepithelialisation of the wound surface. Epithelial cells derived from either the
wound margins or dermal appendages migrate under the scab (Kiritsy et al. 1993).
Growth factors such as EGF and TGF-a directly increase the rate of
reepithelialisation (Kiritsy et al. 1993).

Additionally, neovascularisation is also

occurring. Following migration and proliferation, endothelial cells assemble into
solid cords and subsequently acquire a lumen in a process of neovascularisation
(Klagsbrun and Moses 1999, Conway et al. 2001). Lumen diameter of the new
vessels is reported to be tightly regulated by several factors, importantly VEGF,
Angiopoietin-1 (Ang-1) and multiple integrins (Conway et al. 2001).
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1.1.3 Remodeling

The maturation/regeneration phase is the final phase of wound repair and can last
from three weeks to two years after the original injury (Cockbill2002). The ECM
constantly reflects a balance between synthesis and degradation of collagen. As
collagen is deposited in the wound, the fibroblasts begin to regress. Over time the
collagen type III which was initially produced during granulation, is replaced with
a collagen type I, which has a higher mechanical strength. However, the new
tissue that develops will only ever reach between 70-80% of its original tensile
strength (Kiritsy et al. 1993, Cockbi112002).

1.2 Chronic Wounds
Chronic wounds display aberrant wound healing or wound healing that deviates
from normal. The term 'chronic wounds', implies that these wounds do not heal in
a timely fashion (Eaglstein and Falanga 1997). Disruption to the normal wound
healing process may lead to an inadequate response or an exaggerated response.
Chronic wounds (including diabetic ulcers) are common, disabling and frequently
lead to amputation (Jeffcoate and Harding 2003). Patient mortality is high as a
result of these wounds and ulcers often recur, especially if the underlying
pathology that resulted in ulcer formation is not addressed (Jeffcoate and Harding
2003). The calculated costs of chronic wounds to health systems is significant, i.e.
£1 billion per year in the United Kingdom (Harding et al. 2002). Whilst the dollar
figure for New Zealand has not been calculated, it is also expected to be significant
as in 2002 it was shown that a quarter of patients with chronic ulcers require
hospitalisation, with an average stay of 35 days.

It was also noted that the

associated burden of ulcers in New Zealand is similar to other developed
countries, but that there needs to be urgent attention given in New Zealand as it is
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predicted that the number of patients with leg ulcers will double within the next 25
years (Walker et al. 2002).

Figure 1.6 illustrates some types of chronic wounds. The causes of chronic wounds
can include vascular occlusion, inflammation, pressure necrosis, physical agents,
infection and tumours (Eaglstein and Falanga 1997).

Figure 1.6. Chronic wounds.
(A) Chronic wound (University of Glamorgan, 2007). (B) Diabetic foot ulcer (THBO, 2007) .
(C) Non-healing ulcer in a patient with chronic limb ischemia (University of Texas, 2007) .

Three major chronic wound types are decubitus (pressure), venous and diabetic
ulcers and these in combination are reported to contribute about 70% of all chronic
wounds (Eaglstein and Falanga 1997). The general treatment for all three types of
wounds includes, debridement of the necrotic tissue, creation of a moist wound
healing environment and control of the bacterial load within the wound (Eaglstein
and Falanga 1997).
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1.2.1 Decubitus (pressure) ulcers

These involve a deep tissue necrosis and a loss of tissue volume (Falanga 1993).
Both the degree of pressure and the duration of pressure are important variables
necessary to cause necrosis and ulceration.

In individuals with a pre-existing

defect, such as a previous ulcer, the ulcers may occur rapidly and with less
pressure (Falanga 1993).

An external force increases the pressure on the

vasculature which impedes blood flow when it exceeds intracapillary pressure
(Nwomeh et al. 1998). This leads to increased capillary filtration, oedema and cell
autolysis in damaged tissue (Falanga 1993).

The lymphatic channels are also

occluded which further exacerbates oedema and cell autolysis in damaged tissue.
An altered state of fibrinolysis follows periods of ischaemia and contributes to the
tissue damage at the area (Falanga 1993). As a consequence of tissue ischaemia,
toxic metabolites accumulate in the tissue spaces and signals a sense of discomfort
and pain in normal individuals (Nwomeh et al. 1998).

1.2.2 Venous ulcers

These ulcers occur as a result of long standing venous hypertension (Falanga 1993).

In a diseased venous system, the pressure difference between the deep and
superficial venous systems generated when the calf muscle contracts is inadequate
to force the blood to flow upwards towards the heart and this leads to venous
insufficiency (Falanga 1993). Several abnormalities may be responsible for the
underlying damage and there are differing hypotheses with regard to how the
ulcer forms (Falanga 1993, Nwomeh et al. 1998). One hypothesis suggests that
venous hypertension leads to distention of the capillary beds and leakage of
macromolecules particularly fibrinogen from blood into the dermis.

This

fibrinogen polymerises into 'fibrin cuffs' that then act as a barrier to the diffusion
of oxygen and nutrients into surrounding tissue causing damage to the local tissue
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(Falanga 1993). A second hypothesis suggests that leakage of macromolecules into
the dermis 'traps' growth factors and makes them unavailable for the repair of
damaged tissue (Falanga 1993).

A third hypothesis suggested that venous

hypertension leads to endothelial cell damage, which causes leukocytes to adhere
to each other. These adherent leukocytes then release inflammatory mediators,
which may lead to local tissue damage (Falanga 1993). In patients with venous
ulcers, treatment with compression is critical as it redresses the pressure difference
between the deep and superficial venous systems (Bello and Phillips 2000).

1.2.3 Diabetic ulcers
It is well recognized that patients with diabetes mellitus are at risk of developing

repetitive injuries that do not heal well. Peripheral wounds occur primarily as a
result of ischaemia, but because of concomitant peripheral neuropathy they remain
painless and are therefore often ignored by the patient allowing progression to
chronic lesions to occur (Nwomeh et al. 1998). Sensory impairment and autonomic
nerve failure contribute to a lack of awareness of the initial damage and vascular
abnormalities related to glucose metabolism impede the repair process (Falanga
1993). The biochemical basis for the neurological abnormalities is thought to be
related to the impairment of glucose metabolism (Nwomeh et al. 1998, Jeffcoate
and Harding 2003). This damage affects peripheral sensation, innervation of the
small muscles of the foot and fine vasomotor control of the pedal circulation
(Jeffcoate and Harding 2003).

Foot tissues in diabetic patients can become

ischaemic because of either macrovascular disease (i.e. atherosclerosis) and/or
microvascular disease (thickened basement membrane, capillary wall fragility and
thrombosis) (Jeffcoate and Harding 2003).

14

Introduction
Chapter One

1.2.4 Healing failure

There are several additional reasons proposed in the literature to explain why
some wounds fail to heal. Local factors can include the presence of foreign bodies,
tissue maceration, ischaemia and infection (Harding et al. 2002). Systemic factors
including age, malnutrition, diabetes (as mentioned in 1.2.3) and renal disease may
be important (Harding et al. 2002). There may also be a disruption of the pattern of
growth factors normally expressed (Harding et al. 2002).

There are several

differences reported between acute and chronic wound environments.

New

treatment modalities show a move to a proactive rather than passive approach to
wound healing (Williams and Armstrong 1998). Underlying most new treatments
is the philosophy that there is a need to convert the chronic wound into an acute
wound to promote healing (Williams and Armstrong 1998).

Supporting this

hypothesis is the recognition that all chronic wounds start as acute wounds; the
question still is, "at which point is the normal wound healing process
interrupted?" (Lobmann et al. 2002)

Chronic ulcers are have been shown to have reduced levels of PDGF, FGF-2, EGF,
and TGF-[3 when compared with acute wounds (Cooper et al. 1994, Harding et al.
2002).

One group (Bennett and Schultz 1993b) agreed that there were decreased

levels of growth factors in chronic wounds, but felt that the levels did not appear
to be low enough to account for a lack of mitogenic activity. It has been suggested
that the topical application of growth factors would be of benefit in these patients
(Cooper et al. 1994). Since growth factors stimulate a variety of functions, and the
deficiency may occur at any phase of healing, a combination of growth factors may
be more effective than the application of a single factor (Nath and Gulati 1998).
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Chronic wounds often also display an imbalance between proteinases and their
inhibitors; this leads to excessive breakdown of the ECM (Harding et al. 2002).
There appears to be elevated levels of many matrix degrading enzymes including
Cathepsin G, plasminogen activators, elastase and several MMPs (Nwomeh et al.
1999). The presence of excessive proteolytic activity is not found in normal skin or
acute wounds (Rogers et al. 1995). It is thought that the proteolytic environment
reported in chronic wounds may be due to an excessive influx of neutrophils.
Neutrophils contain and generate many proteases and a continual influx of
neutrophils may place a strain on local repair mechanisms. When extracellular
matrix fragments are generated following this proteolytic attack, the fragments can
act as chemotactic peptides to attract additional waves of neutrophils (Yager and
Nwomeh 1999). The chronic wound proteolytic environment is characterised both
by the presence of increased amounts of neutrophil-derived matrix-degrading
enzymes as well as factors capable of activating MMPs (Nwomeh et al. 1998).
While the exact identity of the MMP activators remains unknown, there are three
candidates, Reactive Oxygen Species (ROS) generated by inflammatory cells, serine
proteases and neutrophil elastase (Nwomeh et al. 1998).

There is evidence of degradation of two cell adhesion proteins (fibronectin and
vitronectin) in chronic ulcers.

In normal wound healing these cell adhesion

proteins act to facilitate fibroblast adhesion to the extracellular matrix to localise
their effect in granulation tissue (Steffensen et al. 2001). A loss of adhesion and
localisation has been suggested to contribute to non-healing (Wysocki et al. 1993).

Fibroblast function also appears to be impaired in chronic wounds. This has been
postulated, in part, due to the pH of a wound, as fibroblasts proliferate more
actively under weak acidic conditions (Tsukada et al. 1992).

As the grade of
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pressure ulcers increases (i.e. as there is more damage seen), the pH of the wound
also increases and this in turn is proposed to decrease the fibroblast activity
(Tsukada et al. 1992). It has been reported that a Stage I wound (least damage) has
a pH close to 5.7, Stage II a pH of 6.9 and a Stage III wound a pH of 7.8. It has also
been noted that fibroblasts in chronic wounds have impaired responsiveness to
growth hormone (Harding et al. 2002) and that fibroblasts from patients with
diabetes

show abnormalities in cell proliferation,

protein synthesis and

morphology (Grazul-Bilska et al. 2002).

1.3 Current Wound Healing Therapies
The current recommendations in regard to treatments and therapies for chronic
wounds promote an holistic approach to wound healing (Schultz et al. 2003). This
includes patient centered concerns such as concurrent medications, underlying
disease states and nutritional status (Schultz et al. 2003). The next step is focused
on adequate tissue perfusion, and then thirdly the wound history and
characteristics, with a focus on whether the wound is recurrent, the size and depth,
any exudate present (both the type and the amount) and the presence of infection
(Schultz et al. 2003).

While it has been suggested that the treatment of chronic wounds should focus on
reestablishing the balance of growth factors, cytokines, proteases and natural
inhibitors as found in acute wounds (Tarnuzzer and Schultz 1996), current
strategies are limited to wound debridement, regulation of the bacterial balance
and management of wound exudate (Schultz et al. 2003). It has also been pointed
out that there is 'no substitute for a physiologic environment conducive to tissue
repair and regeneration' (Stadelmann et al. 1998a), and that the treatment of
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chronic wounds should be directed against the main aetiological factors including
hypoxia, infection, medications, vitamin and mineral deficiencies, tumours,
environmental factors and metabolic disorders (Stadelmann et al. 1998a).

Based on Winter's finding that a moist environment may allow earlier
epithelialisation in wound healing, wound occlusion is commonly used to induce
healing (Winter 1962). While wound occlusion is not shown to induce infection,
there has been a tendency by clinicians to keep infected wounds dry (Vogt et al.
2001).

There are now some advanced wound healing techniques which are described in
the sections below. It is important to remember in these discussions that these new
techniques are only successful if applied to a well prepared wound bed (Schultz et

al. 2003).

Hence, wound debridement and treatment of infection remains a

cornerstone of good wound management practice.

1.3.1 Tissue engineering and living skin equivalents

Using tissue engineering techniques, a small section of a patient's healthy skin can
be cultured onto hyaluronic acid scaffolding then used as dermal replacement on
the wounded area (Schultz et al. 2003). While still an experimental procedure, this
approach offers potential for some patients. Skin replacements have also been
derived

from

cultured human fibroblasts

from neonatal foreskins,

and

development of allogenic bilayered tissue (Schultz et al. 2003). The living human
skin equivalents produced using tissue-engineering techniques have been
successfully used to treat chronic wounds (Veves et al. 2001). While the precise
mode of action is unknown, it is believed that skin equivalents fill the wound with
ECM and induce the expression of growth factors and cytokines (Veves et al. 2001).
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Another group suggested that these therapies also provide a preformed collagen
matrix, receptors and bound growth factors that facilitate the migration of
epithelial cells to close the wound (Marston et al. 2003). Specific products available
commercially are described below.

Grafts kin®
Graftskin® is an allogenic bilayered cultured skin equivalent composed of both an
upper epidermal and lower dermal layer and contains human skin cells (Veves et

al. 2001). The dermal layer is formed by human fibroblasts. The epidermal layer is
formed by prompting human keratinocytes first to multiply and then to
differentiate (Veves et al. 2001). While it does not contain structures such as blood
vessels and hair follicles, it has been shown to produce all cytokines and growth
factors that are present in healing wounds as described in Table 1.1 (Veves et al.
2001). In a 12-week study conducted by Veves et al. (2001), they showed that 56%
of patients in the group (n=112) receiving Graftskin® had complete wound healing
(determined as full epithelialisation) compared to only 38% of the control group
(n=96, treated with saline moistened gauze only). The Graftskin® group, however,
needed an average of 3.9 Graftskin® applications over 12 weeks, which has a high
associated cost. Graftskin® costs over US$1000 per sheet so the cost-effectiveness
needs to be determined (Greenhalgh 2003).

Dermagraft®
Dermagraft® is a cryopreserved human fibroblast derived dermal substitute
(Marston et al. 2003). Human neonatal dermal fibroblasts are cultured in vitro onto
a bioabsorbable mesh. As the fibroblasts proliferate across the mesh they secrete
human dermal collagen, matrix proteins, growth factors and cytokines to create a
three-dimensional human dermal substitute (Marston et al. 2003).

A study
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conducted by Marston et al. (2003) showed that after 12-weeks of Dermagraft® 30%
of the group (n=130) had completely healed ulcers (determined as full
epithelialisation) compared with only 18% of the control group (n=115, treated
with saline moistened gauze only).

1.3.2 Modified cotton gauze

As previously stated, chronic wounds often display an imbalance between
proteinases and their inhibitors which leads to excessive breakdown of the ECM
and degradation of protein growth factors (Harding et al. 2002).

Specifically,

neutrophil elastase (a serine protease) and MMP-8 were shown to have elevated
levels in chronic pressure ulcers (Edwards et al. 2001). This led the authors to
design a type of cotton dressing to remove the elastase from the chronic wound
(Edwards et al. 2001). They modified cotton gauze by oxidation, phosphorylation
and sulphonation to enhance elastase affinity via ionic or active site uptake
(Edwards et al. 2001). They were able to show that this dressing did indeed reduce
the amount of elastase in the chronic wound fluid. Previous work by the same
group (Edwards et al. 1999) focused on a cotton-bound serine protease inhibitor
that they had formulated.

Upon contact with wound exudate the protease

inhibitor was released into the wound and able to inhibit certain proteases present,
but impact on wound healing was not investigated.

1.3.3 Maggot therapy

There has been a renewed interest in maggot therapy, as maggots are useful in
tissue debridement. Maggots secrete digestive enzymes that selectively dissolve
necrotic tissue, disinfect the wound and stimulate wound healing (Sherman 2003).
A study conducted by Sherman (2003) was designed to assess the efficacy of
maggot therapy in patients who failed conventional therapy. They showed that
20
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those in the group treated with maggot therapy (n=6) had faster debridement and
wound healing time than those treated conventionally (n=8). They also showed a
50% decrease in necrotic wound tissue surface area in nine days when treated with
the maggots and that the untreated group took 29 days to reach the same point.
This study therefore highlights the importance of wound debridement for good
healing outcomes.

1.3.4 Vacuum assisted wound closure therapy

Topical negative pressure has been trialed to treat acute wounds and to promote
the closure of chronic wounds. The rationale is that negative pressure removes the
extracellular fluid and exudate by enhancing fluid evaporation at the wound
surface which results in reduced oedema and improved blood flow and therefore
better wound healing (Fisher and Brady 2003). There have been four controlled
trials and one interim analysis, but they provide poor quality data and weak
evidence that VAC therapy may be superior to conventional methods including
saline gauze dressings (Fisher and Brady 2003).

1.4 Topical Growth Factor Therapy for Wound Healing
As discussed in section 1.2 it has been suggested that a relative deficiency of
growth factors caused by either a lack of production, high protease levels, or other
mechanisms may be important in the development of chronic wounds.

It is

hypothesised that if the wound environment more closely resembled an acute
wound environment, then chronic wounds would begin to heal (Falanga 1993,
Stadelmann et al. 1998).

There have been some successes with the topical

application of growth factors in both animal models of impaired wound healing
and also in patients with chronic wounds, as discussed below. Clinical trials of
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exogenously applied factors have been conducted over the past decade and have
had mixed successes (Robson et al. 2001b). Trials with different growth factors are
reviewed in the following sections.

1.4.1 Vascular endothelial growth factor (VEGF)

VEGF plays a critical role in stimulating angiogenesis during granulation tissue
formation and wound healing (Kirchner et al. 2003). Expression of VEGF protein
and its mRNA have been reported to be reduced in diabetic patients (Kirchner et al.
2003). This has also been demonstrated in genetically diabetic mice (db/db) when
compared with age matched non-diabetic littermates (Altavilla et al. 2001, Kampfer

et al. 2001, Lerman et al. 2003).

Kirchner et al. 2003 proposed that topical

application of VEGF (in a 5% polyethylene glycol (PEG) solution) could improve
wound closure rates in a diabetic mouse model. They applied 1 flg of VEGF daily
for five consecutive days to a 1.2 cm diameter full-thickness wound. This reduced
the length of time to 50% wound closure to 7.8 days (compared with 8.5 days) in
the non-diabetic mice and to 11.8 days (compared with 15.8 days) in the diabetic
mice.

Galiano et al. 2004 showed that the topical application of VEGF in a phosphate
buffered saline (PBS) solution (20 flg every second day from day zero to eight) to
six mm diameter full thickness wounds on diabetic mice decreased the average
time for reepithelialisation from 25 days to 12 days (almost to the rate of the nondiabetic littermates).

While very potent, VEGF is rapidly degraded and has a biological half-life as short
as three minutes within the circulation (George et al. 2000, Elcin et al. 2001). In an
attempt to overcome this problem, VEGF has been formulated in calcium alginate
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microspheres (Elcin et al. 2001) and encapsulated into calcium alginate beads (Gu et

al. 2004). This is because it has been postulated that encapsulation in a polymer
matrix protects the VEGF from enzymatic degradation and allows the protein to be
released at a controllable rate into a localized area (Gu et al. 2004). An additional
advantage of this formulation is that the gelation occurs under mild conditions
and so protein degradation is minimised (Gu et al. 2004). This matrix prevents
enzymes present in the wound from gaining direct access to the encapsulated
protein.

1.4.2 Epidermal growth factor (EGF)

EGF is important for epithelial cell migration (Kiritsy et al. 1993) and
epithelialisation (Witte and Barbul 1997) and also acts to increase the number of
fibroblasts in the wound (Bennett and Schultz 1993a). EGF has been shown to
stimulate epidermal repair in animal excisional wounds (Tsang et al. 2003) and is
thought to be relatively deficient in chronic wounds (Cooper et al. 1994, Tsang et al.
2003). In an early study, Cohen et al. (1995) found no significant difference in
healing times between treatment and control groups.

In this study healthy

volunteers were used, and an unspecified amount of EGF was applied in a silver
sulfadiazine cream to partial thickness wounds twice daily for up to 21 days. A
further clinical trial was initiated where a local application of human EGF (hEGF)
to diabetic foot ulcers was studied. After twelve weeks of treatment, 20 of 21
patients in the 0.04% w/w EGF group had complete wound healing compared with
12 of 21 in the 0.02% w/w group and 8 of 19 in the control group (Tsang et al.
2003).
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1.4.3 Platelet derived growth factor (PDGF)

The first recombinant cytokine growth factor to be approved for use by the FDA
was PDGF (Robson 2003). The product contains Becaplermin (rhPDGF-BB) which
is a 'homodimer produced by recombinant DNA technology by insertion of the
human gene for the B-chain of PDGF into the yeast Saccharomyces cerevisiae'
(Wieman et al. 1998a). Becaplermin at a concentration of 100 f-lg/g in a sodium
carboxymethylcellulose aqueous-based gel vehicle, is currently marketed as
Regranex® Gel 0.01 %.

PDGF is chemoattractant for smooth muscle cells,

fibroblasts and inflammatory cells (Kiritsy et al. 1993). It also has other activities
such as stimulating protein and collagen synthesis in fibroblasts which are
mediated via macrophages (Pierce and Mustoe 1995). PDGF has a short biological
half-life. For example, when injected intravenously it has a half-life of less than
two minutes (Bowen-Pope et al. 1984).

Early studies conducted in diabetic mice found that the topical application of
PDGF in a 5% PEG (Carbowax PEG 8000) solution increased the formation of
granulation tissue and wound closure (Greenhalgh et al. 1990). A summary paper
comparing four studies which used human patients with chronic wounds treated
with Regranex® gel showed promising results.

Two studies showed that the

incidence of complete healing was significantly higher in the treatment group
when compared to placebo gel. The incidence of wound closure increased from
35% to 50% and the time to closure decreased from 127 days to 56 days (Wieman et

al. 1998a). Complete wound healing occurred in 48% of patients compared with
only 25% in the placebo group (Steed 1995).

The third study showed that

treatment with Regranex® gel was twice that of good ulcer care alone, and the
fourth showed that there was no significant difference between patients treated
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with Regranex® gel and good ulcer care alone (Wieman 1998). In a further openlabel study conducted on diabetic ulcers, a simpler treatment regimen was used
(where dressings were changed daily instead of twice daily) and complete ulcer
healing was seen in 57.5% of patients (Embil et al. 2000).

While PDGF gel has shown efficacy in full-thickness diabetic ulcers, it has only
been used 'off-label' in acute full-thickness wounds (Cohen and Eaglstein 2001). A
double-blind controlled study comparing PDGF gel against an antibiotic ointment
in healthy volunteers showed that the healing rate (measured as percentage of
wound area reepithelialised) was increased by the PDGF gel (Cohen and Eaglstein
2001).

1.4.4 Keratinocyte growth factor (KGF-2)

Repifermin, a truncated form of recombinant human KGF-2 (also known as
fibroblast growth factor-10), emerged from a genomics-based screening program
(Robson et al. 2001a).

Repifermin was chosen because it selectively promoted

proliferation and migration of keratinocytes in culture and may also stimulate
granulation tissue formation by a direct chemotactic effect on fibroblasts (Robson

et al. 2001a). KGF-2 applied in a buffer solution to nondiabetic rats was able to
increase both the wound breaking and tensile strength of granulation tissue
(Jimenez and Rampy 1999). Another study was conducted to evaluate the safety
and efficacy of repifermin in patients with chronic venous ulcers (Robson et al.
2001a). Two doses were investigated and applied as a saline solution sprayed onto
the wound surface. After a 12-week period, there were percentage decreases in
wound size of 56% in the placebo group, 75% in the group treated with 20
and 73% in the 60

~tg/cm2

~tg/cm 2

group (Robson et al. 2001a). There was a statistically
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significant difference between treatment and placebo at the 75% wound
reepithelialised end point.

1.4.5 Transforming growth factor (TGF-(3s)

The

TGF-~

isoforms are the most broadly acting growth factors and their two most

important actions in wound healing are to stimulate the chemotaxis of
inflammatory cells and stimulate the synthesis of the ECM (Bennett and Schultz
1993a).

TGF-~

in its latent form in the bloodstream has a half-life of 90 minutes,

but when in active form this is reduced to between three and five minutes in rats
(Wakefield et al. 1990). Unlike some other growth factors, these effects are not
mediated through the actions of macrophages (Pierce and Mustoe 1995). Studies
where

TGF-~

was added to wounds in animals have shown acceleration in healing

(O'Kane and Ferguson 1997). Work done by Wright et al. 2000 showed that the
topical application of

rhTGF-~2

was able to enhance incisional wound strength in

rats (delivered as 0.25, 2.5 or 25 flg per wound). Topical

TGF-~

has been studied

for its safety and efficacy in the treatment of venous stasis ulcers (Robson et al.
1995). After addressing safety in an initial open-label trial, a randomised trial was
conducted to determine efficacy. A positive effect on the closure of ulcers was
reported but the difference between treated and untreated groups was not
significant. The authors suggested this was due to large patient variability and a
high placebo effect (Robson et al. 1995).

1.4.6 Human growth hormone (hGH)

Topical application of hGH in a collagen film formulation has been studied (Maeda

et al. 2001) although, in an early study, topical hGH appeared to impede wound
healing (Welsh et al. 1991). One potential problem with the use of this factor is that
its wound healing benefits may be due to increased production of IGF, and there is
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still debate whether this occurs in the liver or locally (Maeda et al. 2001).

A

situation may occur where there is a systemic increase in IGF rather than a local
effect. This aside, the use of collagen films for the application of other growth
factors may have merit.

1.4. 7 Progranulin

A new factor, progranulin (also know as granulin, epithelin precursor, acrogranin
and pc-derived growth factor), has been investigated for its benefits in wound
healing (He et al. 2003). This was based on the observation that peptides derived
from progranulin have been isolated from inflammatory cells (He et al. 2003). He et

al. (2003) showed that when progranulin was applied to a murine cutaneous
wound there was an increased accumulation of neutrophils, macrophages, blood
vessels and fibroblasts within the wound. They also showed that it acted directly
on isolated dermal fibroblasts and endothelial cells to promote division, migration
and formation of capillary-like tubule structures.

1.5 Role of FGF-2 in Wound Healing
The fibroblast growth factor family includes acidic fibroblast growth factor (aFGF
or FGF-1), basic fibroblast growth factor (bFGF or FGF-2) and keratinocyte growth
factor (KGF or FGF-7) as well as others (Bennett and Schultz 1993a, Drixler et al.
2000).

Two of the cysteine residues lie at positions that are conserved in all

members of the FGF family. They are spaced in such a way that they do not form
intramolecular disulfide bonds (Abraham and Klagsbrun 1998).

Fibroblast growth factors are tightly bound to heparin and heparin sulphate, which
act as carrier molecules and provide protection from deactivation via heat, acid or
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proteases (Kiritsy et al. 1993). This binding also provides a reservoir of FGFs
within the ECM (Kiritsy et al. 1993). FGF binds to two classes of receptors for
activity (Drixler et al. 2000): low-affinity heparin sulphate proteoglycans and highaffinity tyrosine kinase receptors. Although the FGF family has high sequence
homology (35-55%) individual factors vary (Abraham and Klagsbrun 1998).

The two most studied members of the FGF family are FGF-1 and FGF-2. They are
both single-chain proteins that are proteolytically derived from precursor
molecules (Bennett and Schultz 1993a). They have different isoelectric points (pH
5.6 and pH 9.6) (Bennett and Schultz 1993a) and molecular weights between 16 and
18 kD (Bennett and Schultz 1993b). FGF-1 has three cysteine residues whereas
FGF-2 has four. FGF-1 and FGF-2 have numerous biological activities, many of
which are important in wound healing. These include being mitogenic and
chemotactic for vascular endothelial cells and being mitogenic for fibroblasts
(Abraham and Klagsbrun 1998). FGF-2 may be more important in angiogenesis
than other growth factors (Bennett and Schultz 1993a) as it has been claimed to be
the most potent cytokine stimulant for angiogenesis (Buerk et al. 2000). While FGF2 is found bound to the ECM, how it is released from cells remains unclear because
of its lack of a peptide sequence that signals secretion (Bennett and Schultz 1993a).
It has been suggested that it may be released by damaged cells to exert its local

activity (Pierce and Mustoe 1995).

FGF-2 has its main stimulatory effect on the growth and differentiation of
fibroblasts and on the proliferation of vascular smooth muscle cells and endothelial
cells (Loots et al. 2002). FGF-2 stimulates the proliferation of fibroblasts, promotes
the formation of granulation tissue and is a potent angiogenic factor (Okumura et

al. 1996). It also stimulates the migration of fibroblasts, stimulates fibroblasts to
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produce collagenase and stimulates plasminogen activator and collagenase activity
in endothelial cells (Abraham and Klagsbrun 1998). Further to its direct effects,
studies have shown that FGF-2 can upregulate monocyte chemoattractant protein
(MCP-1) production by endothelial cells (Wempe et al. 1997, Presta et al. 2005) as
shown in Figure 1.7. MCP-1 plays a key role in the recruitment of macrophages
(Slavin 1996) and is seen in the early phases of wound healing (Engelhardt et al.
1998).

cell damage, hypoxia,
otm<!llc~

thNrsteea
IL·2, 1L·1P

angiogenesis

Figure 1.7 Schematic representation of the interplay between FGFs and inflammation.
Reproduced from Presta et al. 2005 with permission .

To determine the function of FGF-2 in vzvo, FGF-2 knockout mice have been
developed (Ortega et al. 1998). These knockout mice appear no different from their
FGF-2+/+ littermates except for a reduction in neuronal cell density in some areas
of the brain, and delayed wound healing.

No difference in wound healing

between FGF-2 knockout mice and wild types was seen during days one through
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to seven and by day seven all wounds were covered by a dry scab. However, a
difference in the healing time was reported with 50% healed in normal mice at 14
days compared with 17 days for knock-out mice (Ortega et al. 1998).

Tsuboi and Rifkin (1990) have looked at the histological effects of FGF-2 in diabetic
mice. They found an increase in granulation tissue thickness, increased number of
infiltrated cells, and increased capillary number and tensile strength. There was
little effect on the degree of reepithelialization, which was unexpected as
keratinocytes are reported to respond to FGF-2 (Hebda et al. 1990).

They

postulated that this was due to large scab formation over the uncovered wounds,
and suggested that this may be altered if an occlusive dressing was used. They also
found no significant difference between giving the dose once or giving it daily for
five days. In a further study using diabetic mice, Greenhalgh et al. (1990) showed
that treatment with either PDGF, FGF-2 alone or in combination gave an increased
rate of cellular infiltration and capillary ingrowth into the full-thickness excisional
wounds.

Animal models of impaired wound healing have been used for two main reasons
(Davidson and Broadley 1991). Firstly, normal wound healing is unlikely to be
improved by the addition of an exogenous cytokine and secondly because there
are important causes of delayed wound healing, including the diabetic state or
advanced age (Davidson and Broadley 1991). One group (Okumura et al. 1996)
determined that diabetic mice were a good model of impaired wound healing as
with no intervention,

diabetic mice showed delayed wound healing when

compared to their non-diabetic littermates (30 days for diabetic and 17-20 days for
non-diabetic). In another study, Greenhalgh et al. (1990) showed that non-diabetic
wounds were closed in 10-16 days whereas diabetic wounds took between four
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and six weeks to heal. All wounds were covered with an occlusive dressing to
maintain a moist wound environment (Greenhalgh et al. 1990).

While it was shown previously that topically applied FGF-2 can accelerate wound
closure (Greenhalgh et al. 1990, Tsuboi and Rifkin 1990), the study conducted by
Okumura et al.

(1996) determined optimal dosing conditions to induce

angiogenesis and granulation tissue formation in genetically diabetic mice. FGF-2
solutions caused acceleration of wound healing at doses as low as 0.2

~tg

applied

daily for seven days (1.6 cm diameter wound) (Okumura et al. 1996). The histology
of the FGF-2 treated wounds showed greater angiogenesis and granulation tissue
formation after 14 days compared with non-treated controls.

In a further experiment, Okumura et al (1996) made repeated applications of FGF-2

in solution at 2

~g

per wound for either three or five days. Repeated applications

markedly accelerated wound healing when compared to a single application. The
efficacy was seen to be more profound using repeated low doses (2
single high dose (20

~g).

~g)

than with a

Repeated dosing at concentrations as high as 20

~g

showed decreased efficacy but the effects were still significantly greater when
compared to saline control. A repeated dosing of 2

~g

gave the maximum rate of

wound healing.

While a single dose of FGF-2 has been shown to produce positive effects on wound
healing, these effects are modified when the cytokine is continuously present at the
site of injury (Davidson and Broadley 1991).
(one

~g/day

It fact a continuous dose of FGF-2

for seven days) has a much greater effect on wound healing than the

same total dose given as a single dose (Davidson and Broadley 1991). In wounds,
added FGF-2 acts with an unknown number of cytokines already present. In vitro
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studies have shown that a combination of VEGF and FGF-2 shows a greater and
more rapid capillary formation than the additive effects of each alone suggesting
synergistic activity (Asahara et al. 1995). In an in vivo study, Asahara et al. (1995),
found that the combined administration of VEGF (500 1-1g) and FGF-2 (10 1-1g)
stimulated significantly greater and more rapid formation of collateral circulation
in the rabbit ischaemic hind limb model.

A randomised placebo-controlled study was conducted by Fu et al. (1998) to
determine the effects of topical rFGF-2 on patients with second degree burns. They
showed that rFGF-2 decreased wound healing time, accelerated epidermal
regeneration and stimulated granulation tissue formation. They postulated that
this was because exogenous FGF-2 stimulates fibroblasts, vascular endothelial cells
and keratinocyte division in vitro and granulation tissue formation and epidermal
regeneration in vivo.

They also suggested that FGF-2 may stimulate wound

healing indirectly by increasing the production of other factors such as EGF,
although this was not measured.
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1.6 Formulation Challenges and Obstacles to Overcome
When considering the delivery of growth factors to improve wound healing, there
are two important points.

Firstly there is a need to localise the effects of the

growth factor and to avoid systemic side effects such as tmwanted angiogenesis or
growth factor mediated hypotension. Secondly, a sufficient quantity of the active
agent needs to be delivered for sufficient duration to restore the environment
within the wound to one that encourages wound healing (Azrin 2001).
Responsive cells need to be targeted and adequate pharmacological levels need to
be maintained without causing down regulation of the target receptors (Nimni
1997). Additionally, the properties of the formulation must be considered so as to
avoid any additional deterrent to wound healing resolution (Yerushalmi et al.
1994). Most experimental evidence supports the topical administration of VEGF,
FGF-1 & FGF-2 and PDGF.

At the time of writing, a PDGF growth factor

(Regranex*) is commercially available in some countries, EGF and FGF-2 have been
approved in China (Fu et al. 2005) and FGF-2 in Japan (Ichioka et al. 2005).

1.6.1 Timing of release or expression of growth factors

Evidence suggests there may be a temporal importance for some factors in the
wound healing cascade with concentrations of growth factors varying at specific
times in wound healing (Mandracchia et al. 2001). For example, FGF-2 appears to
be important in early wound healing and VEGF in the later stages (Nissen et al.
1996, Nissen et al. 1998). This may be due to the availability of a factor (where
some are released immediately and others require transcription for upregulation)
or that target cells vary as healing progresses. Thus, factors needed for recruitment
of neutrophils or monocytes are important initially whereas, as the healing
progresses, factors needed for fibroblast and regenerative properties become
important (Robson et al. 2000).
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1.6.2 Duration and concentrations of growth factor required in wound

Some factors need to have a prolonged contact with target cells. For example, EGF
has been reported to require a contact time of up to four hours before its effect is
seen (Aharonov et al. 1978). This may explain why some experiments using EGF
topically may not have produced the expected results (Cohen et al. 1995), EGF
being inactivated or degraded before an appropriate contact time has elapsed. At
the other end of the spectrum, some factors such as TGF-~ have an improved effect
when applied as a bolus rather than in a prolonged fashion (Dinbergs et al. 1996).
There may also be a minimal critical concentration of active factor required within
the wound before an effect is seen (Stadelmann et al. 1998b). Some factors induce
different responses depending on their local concentrations (Monaco and
Lawrence 2003). For example,

TGF-~

is chemoattractant for macrophages at a

femtomolar concentrations, but concentrations in the nanomolar range are
required to stimulate collagen synthesis by fibroblasts (Monaco and Lawrence
2003). For PDGF to induce fibroblast chemotaxis, concentrations 100-times greater
than those needed for fibroblast proliferation are reported to be necessary (Seppa et
al. 1982, Ross 1987). It has also been suggested that the topical application of

excess growth factors may cause down regulation of receptors (Nimni 1997) and
reduce wound healing (Nath and Gulati 1998).

1.6.3 Combination of factors

Since growth factors probably act synergistically or with temporal expression to
stimulate wound healing, a combination of growth factors may be more effective
than a single factor (Nath and Gulati 1998). This has been investigated by applying
an extract of platelets, 'platelet releasate', topically to wounds. While potentially a
good idea since platelets are rich in PDGF,

TGF-~

and VEGF, current results were

not as promising as hoped. While efficacy of this type of product has been shown
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in both genetically diabetic rats (Moulin et al. 1998) and in patients with diabetic
ulcers (Margolis et al. 2001), a recent randomised, double-blind, placebo controlled
study has shown no significant influence on ulcer healing with the topical
application of frozen autologous platelets in humans (Senet et al. 2003). A similar
product, 'platelet gel', has also been studied. Platelet gel is a haemocomponent
obtained from activated platelets mixed with calcium gluconate (Crovetti et al.
2004). Experiments did not reveal whether only one or the complete cocktail of
platelet factors produced the response. It is difficult to compare results between
studies as these extracts were not standardised and factors applied may differ
between studies. Synergism has, however, been demonstrated between PDGF and
TGF-a in db/db mice (Brown et al. 1994) and between PDGF and insulin-like
growth factor (IGF) (Greenhalgh et al. 1993).

Preliminary studies have been undertaken involving sequential application of
growth factors to more closely follow the normal growth factor response following
injury.

Robson et al. (2000) have investigated sequential application of

granulocyte-macrophage/colony-stimulating factor (GM-CSF) and FGF-2.

They

did not find a greater response to the combination than to FGF-2 alone. However,
they found that those receiving FGF-2 showed improved wound healing compared
with placebo, and that delaying the onset of FGF-2 treatment delayed the healing
response. Importantly, they also noted that the application of exogenous FGF-2
appeared to upregulate fibroblasts to produce other growth factors. This may be
important as the growth factor may first affect healing in its own right and also
increase the production of other important factors.
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1.6.4 Clearance of growth factors from wounds
It has been proposed that chronic wounds may fail to heal due to high protease

activity (Yager et al. 1996, Trengove et al. 2000) and persistant chronic inflammation
associated with increased infiltration of neutrophils (Yager and Nwomeh 1999). In
high protease conditions, growth factors can be degraded so that they are either
present at too low a concentration or at effective concentrations for only a short
period of time. It has therefore been suggested that a protease inhibitor may be
usefully administered before growth factor application (Trengove et al. 1999).
Research has been conducted on the addition of a topical protease inhibitor to
increase wound healing (Fray et al. 2003), and on the addition of a recombinant
version of an endogenous tissue protease inhibitor (Terasaki et al. 2003).

Promogran® is a material designed to modify the wound environment by reducing
the activity of key proteases present in chronic wound fluid (Cullen et al. 2002). It
is a freeze-dried sponge prepared from bovine collagen and oxidized regenerated
collagen. Studies of its efficacy have shown a reduction in proteases present in
diabetic foot ulcers (Cullen et al. 2002). Protease activity cannot be completely
suppressed because some activity is needed to facilitate the release of growth
factors bound to the ECM (Flaumenhaft and Rifkin 1992, Li et al. 2003).

To improve wound healing, an exogenous growth factor must be protected from
degradation and premature clearance (Robertson et al. 1999). The actual biological
half-life may depend on such factors as protease activity in the wound, presence of
heparin and whether the factor is in its latent or active form. Currently, detailed
knowledge of growth factor fate after application and its interaction with
components within the wound is limited (Robertson et al. 1999). The stabilizing
effect of heparin has been shown in work done with FGF-1. Binding of FGF-1 to
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heparin reduced its denaturation by heat, acid proteolysis and mild oxidation and
increased its stability and potentially its half-life (Damon et al. 1989, Culajay et al.
2000). This was illustrated by Ortega et al. (1991) who showed that the binding of
FGF-1 to heparin increased its half-life in the bloodstream from 0.26 hours to 26.
The effect of heparin on stability and half-life would also be expected with other
heparin binding proteins including FGF-2 (Botta et al. 2000).

To counteract these relatively short half-lives, some delivery systems take
advantage of known controllable degradation of synthetic polymers to release the
factors over an extended period of time (Lee 2000). The kinetics of release can be
varied by altering the material degradation rate (for a review of natural and
synthetic polymer matrices and their development as vehicles for delivery of these
proteins see Zisch et al. 2003). Various systems have been described in the literature
for the topical delivery of growth factors and cytokines (Grzybowski et al. 1999).
They can include application of cytokine-soaked gauze, a factor in a cream, gel or
ointment, spraying the factor over the site, preincubation of skin grafts with a
factor, and the use of genetically engineered biological bandages (Grzybowski et al.
1999). Hydrogels have been considered an attractive option as they maintain a
moist environment to facilitate healing and do not disrupt newly forming
granulation tissue (Andreopoulos and Persaud 2006). Potential hydrogels include
natural macromolecules such as chitosan and synthetic hydrogels such as
pluronics (Zisch et al. 2003).

There are downsides, however, as chitosan has

precipitated adverse effects in animal trials (such as lethal pneumonia and
increasing metastasis rate) (Ueno et al. 2001). Previous work conducted in our
laboratory indicated that pluronics may indeed impair or inhibit wound healing
(unpublished data). Water soluble ethers and esters are of current interest as are
biodegradable natural polymers. A commercially available topical growth factor
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gel, Regranex®, has been formulated in carboxymethylcellulose.

This has the

disadvantage of being an ionic derivative and may have potential interactions with
the protein active (Zabivalova et al. 2003).

For all of the above reasons,

hypromellose was chosen for investigation.

1.6.5 Dilution and diffusion of factors within the wound

The absorption of topically applied factors in wounds is poorly understood and
there is little information about their diffusion and distribution (Cross and Roberts
1999) although some work has been conducted on FGF-2 and EGF (Cross and
Roberts 1999, Duconge et al. 2004).

It has been shown that solute absorption

through a wound site is faster than through normal skin due to the loss of the
primary skin barrier (Singh and Roberts 1996), but as healing progresses the
wound environment changes and topical absorption decreases markedly by day
five to seven.

Most factors act on cells within the deeper layers of the wound. Work done by
Cross and Roberts 1999 determined the distribution of topically applied solutes
and growth factors (water 18, sodium 22, lidocaine 234, EGF 6000 and FGF-2 16000
MW). They showed that smaller and more hydrophilic solutes penetrated the
deepest, and that deeper penetration of growth factors was limited. This work is
important when considering doses of growth factors to apply as only a small
fraction makes it into the deeper layers.
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Figure 1.8 illustrates the potential fate of exogenously applied growth factors .
When a growth factor is released from a topical formulation (represented by 'F'), it
then becomes free in ECF. The potential fates include; binding to sites within the
wound (both to activate targets, and also to the ECM which acts as a storage site),
rapid breakdown due to the high protease environment, and the systemic removal
of the factors.

Topical

~;~~-ti-On_l"""------~-----~-----~-----1?-------~----------r---Wound

LOCal
+--Degradation

(-;\

~
!
Systemic
absorption

!:+

~
\!J

Binding

Figure 1.8. Schematic to show the fate of a growth factor applied topically to a wound.

The goal of a topical delivery system is to release a growth factor into the wound to
elevate the free concentration and then to release further growth factor at a rate
that is equal to the rate of loss due to the pathways identified in Figure 1.8. Ideally
this maintains the concentration of growth factor for a defined period of time.
Evaluation of a topical delivery system requires an understanding of the system
release characteristics and the time course of the concentrations achieved in the
wound.

39

Introduction
Chapter One

1.7 Aims of this thesis
The aims of this research were to investigate and characterise a formulation for the
topical delivery of growth factors using FGF-2 as a model growth factor and to
determine the characteristics of the formulation both in vitro and in vivo.
The specific objectives were:
i)

To produce a topical formulation for the delivery of FGF-2 to wounds by

investigating the in vitro characteristics of several HPMC grades using a small
molecular weight compound and then a model protein (horseradish peroxidase)
before characterising the release of FGF-2 (Chapter 2).
ii)

To evaluate the chosen formulation in an in vivo animal wolmd model to

determine the release and tissue distribution of the exogenously applied FGF-2,
and to make comparisons between this formulation and a topically applied gel or
solution (Chapter 3).
iii)

To utilise fluorescence for the quantification of the applied factor, and

ultimately to visualise the distribution of the exogenously applied factor within the
wound environment via confocal microscopy (Chapter 3).
iv)

To determine if the applied FGF-2 impacts on biological markers of

inflammation and healing, specifically MCP-1 and IL-1~.
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In vitro
Investigation of a topical HPMC film for growth factor
delivery and in vitro release
2.1

Introduction

The development of topical formulations of growth factors in wound healing is
important since they localise an applied active to the wotmd area. This may
lead to a reduction in systemic effects and potentially decrease the amount of
active needed for successful treatment. Simple aqueous solutions may not be a
suitable formulation vehicle for the topical delivery of growth factors for
several reasons. One of these is that an active applied as a solution may have
only a short retention time within the wound environment, and hence produce
a bolus release of growth factor with little or no protection of the growth factor

In vitro
Chapter Two

from wound proteases (Robertson et al. 1999, Trengove et al. 1999, Monaco and
Lawrence 2003). A formulation that releases an active over a prolonged period
of time, releases the active in a biologically active state and achieves and
maintains adequate pharmacological levels would be a great advantage.

Hydroxypropylmethylcellulose (HPMC, hypromellose) has been used in
prolonged release pharmaceutical products for many years (Alderman 1984,
Stmg et al. 1996). These polymers hydrate on contact with water to produce a
viscous gel within and surrounding the tablet matrix (Mitchell et al. 1990) which
reduces drug release by reducing diffusion through the polymer gel.

The

properties of HPMC that affect the rate of drug release include: the rate of
diffusion of water into the dry polymer; the rate of HPMC hydration and gel
formation; the viscosity of the hydrated HMPC and rate of HPMC gel
dissolution (Duddu et al. 1993). Since most growth factors are high molecular
weight compounds (e.g. FGF MW= 16000, VEGF MW= 45000 (Bennett and
Schultz 1993b)), the viscous gel formed by hydrating HPMC may represent a
considerable diffusional barrier and may be an effective means of slowing the
rate of entry of a growth factor from a topically applied gel to an tmderlying
wound.

Several grades of HPMC are available differing in the type (methoxyl or
hydroxypropyl) and degree of substitution of the cellulose backbone (Figure
2.1) (Whelan et al. 2002).
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Figure 2.1. HPMC chemical structure.

Different hypromellose grades have different hydration rates and gel viscosities
(Alderman 1984). E4M and K4M have equal viscosities at concentrations of 2%
w/v in water, but K4M, which has a lower degree of methoxyl substitution, is
reported to hydrate more rapidly in water (Alderman 1984).

This may be

important since a polymer must hydrate quickly to form a gel layer to avoid
release of active prematurely from the glassy ungelled polymer (Alderman
1984).

E10M has an equivalent degree of methoxyl and hydroxypropyl

substitution as compared to E4M, but a higher viscosity at 2% w/v in water.
The impact of hydration rate and polymer viscosity on the release of an active is
reported in this Chapter.

While HPMC gels themselves may be used to provide sustained release of
actives to wounds, another possible formulation is an HPMC film.

A thin

flexible film could be placed on the wound which would hydrate on contact
with wound exudate to form a gel to release the active. An extension of this is a
film placed directly on a commercially available dressing, for example
Melolin™. This dressing is non-adherent, so that when removed it does not
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disrupt the newly forming granulation tissue below. To determine the release
characteristics of these formulations in vitro, release studies were conducted.
Model drugs, one a small molecule and the other a protein, were used to
investigate the processing and in vitro release from HPMC. From these studies,
a formulation with defined release characteristics was selected and FGF-2
included as an example of an active growth factor.

Bromophenol blue (3,3' ,5,5' -tetrabromophenolsulfonephthalein, C19H10Br40sS)
(BPB) was selected as the small molecule for study (Figure 2.2). It is a blue
coloured dye at pH > 4.6 with a molecular weight of 670 Da. BPB was chosen
for preliminary formulation and release studies as it could easily be visualised
due to its colour and could be quantified using a rapid visible absorbance assay.
Br

Br

0
Br

Figure 2.2. Structure of bromophenol blue

Horseradish peroxidise (HRP) was selected as the model protein. It is obtained
from the horseradish herb, Armoracia rusticana (Veitch 2004).

The most

abundant isoenzyme is the C isoenzyme but the term horseradish peroxidise is
used to encompass all the different isoenzymes (Veitch 2004).

The protein

contains 308 amino acid residues and has a molecular weight of around 44 kDa
(Welinder 1979). This protein was selected because it is relatively inexpensive,
has a molecular weight consistent with some growth factors and effects of
formulation on conformation and activity could be readily investigated.
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2.2 Chapter Aims
The aims of the work reported in this Chapter were:
2.2.1

To compare in vitro release of incorporated model compounds
(BPB and HRP) in HPMC formulations with the following
variables:

2.2.2

i)

HPMC grades, E4M CR, E10M CR and K4M CR

ii)

Gel, dried gel and gel on a Melolin™ backing.

To investigate FGF-2 release from a selected formulation.

2.3 Materials and Equipment
Hypromellose, Methocel™, E4M CR, K4M CR and E10M CR Premium EP were
from Colorcon (Kent, England). Degrees of substitution of these hypromellose
polymers were: 1.9 methoxyl and 0.23 hydroxypropyl for E4M and E10M and
1.4 methoxyl and 0.21 hydroxypropyl for K4M.

The viscosities of 2% w/v

hypromellose in water at 20°C are given as 4 000 mPa.s, 10 000 mPa.s and 4 000
mPa.s for E4M, E10M and K4M respectively (Dow Technical Handbook).

Bromophenol blue (3,3',5,5' -tetrabromophenolsulfonephthalein, C19H10Br40sS),
horseradish peroxidase (Type I, EC 1.11.1.7), bovine serum albumin (BSA) and
pyrogallol were obtained from Sigma-Aldrich Pty Ltd (Sydney, Australia).
Recombinant human basic fibroblast growth factor (rhFGF-2 derived from E.

coli) and human FGF basic immunoassay were obtained from RnD Systems
Minneapolis, USA. BCA Protein Assay Kit was obtained from Pierce, Illinois,
USA. Melolin™ was a gift from Smith and Nephew Ltd, Auckland. All other
chemicals were analytical grade and purchased from BDH Chemicals New
Zealand Ltd. (Palmerston North, New Zealand).
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Phosphate buffered saline (PBS) (20 mM, pH 6.5, ionic strength 150 mM) was
used for the release experiments. PBS (10 mM, pH 7.0) was used for enzyme
assay experiments. HPLC water (Milli-Q® Reagent Water System, Millipore,
USA) was used for all analytical procedures and the preparation of HPMC
formulations. The platereader used was a Spectra Max 340, Molecular Devices,
with Cary WinUV software. The UV absorbance spectrophotometer was a Cary
Varian, with Cary WinUV software version 2.0. The incubator used was a
Contherm Biocell 1000. The waterbath was obtained from Grant Instruments,
Cambridge, UK. For non-linear regression, GraphPad Prism version 4.01 for
Windows,

(GraphPad

Software,

www.graphpad.com) was used.

San

Diego

California

USA,

Statistical analysis was conducted with

Minitab version 14.1 (www.minitab.com).

2.4

Methods

2.4.1

Bromophenol blue, a small molecular weight model active

2.4.1.1

Absorbance assay for BPB

Three stock solutions of BPB were prepared by weighing 0.0100 g of BPB and
making up to 10 mL with PBS buffer. Stock solutions were further diluted with
PBS to generate BPB standards of 2, 4, 6, 8, 10, 15, 20, 25, 30 and 35 1-1-g/mL.
These standards were analysed by absorbance spectroscopy at 590 nm.
Linearity was assessed by least squares linear regression (Minitab version 14.1).

To determine the potential interference of HPMC polymers in the bromophenol
blue absorbance assay, three stock solutions were prepared and diluted to form
a series of standards before the addition of one of the three polymers. Each of
the three HPMC grades (E4M, K4M and E10M CR HPMC) were used to
prepare 1% w/v solutions. Before these solutions gelled, three stock solutions
(A, B, C) of 0.1% w/v BPB in PBS were prepared. Each of these was further
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diluted in PBS to generate standards containing, 0, 2, 6, 12, 18, 24, 30 and 36
1-1g/rnL in quadruplicate.

Polymer solution (0.4 rnL) was added to each

standard (i.e. stock solution A was diluted to form four sets of standards, one
containing no polymer, one with E4M, one with K4M and one with E10M, this
was replicated for stock solution B and C). Absorbance of all solutions was
determined at 590 nrn.

2.4.1.2

Preparation of HPMC formulations and in vitro release of BPB

HPMC films

PBS (5 rnL) was heated to slightly above 80°C after which 0.1 g HPMC (E4M
CR, E10M CR or K4M CR) was slowly added with stirring and allowed to
dissolve. The temperature was reduced to around 60°C and a further five rnL
of 0.2% BPB in PBS was added with stirring. The resulting gel was allowed to
cool to room temperature with continuous stirring with a magnetic stirrer.
From each gel, 150 1-1L was pipetted using a positive displacement pipette
(BRAND Transferpettor™) onto either a Melolin™ backing circle (diameter 1.4
ern, with the cotton removed) or a Parafilrn™ template (1.4 ern diameter circle).
The weight of the 150 1-1L aliquot was recorded to determine the theoretical BPB
content of films. The films were then placed in a 3TC incubator and allowed to
dry overnight. This resulted in films with a theoretical BPB loading of 10% w/w
BPBinHPMC.

47

In vitro
Chapter Two

HPMC gels

PBS (5 mL) was heated to SOOC after which 0.7 g HPMC (one of three grades,
E4M CK E10M CR or K4M CR) was slowly added with stirring and allowed to
dissolve. The temperature was reduced to 60°C and a further five mL of PBS
containing 0.07 g BPB was added with stirring. The resulting mixture was
. allowed to cool to room temperature with continuous stirring with a magnetic
stirrer. This produced 7% w/v HPMC gels with a BPB loading of 0.7% w/v i.e. a
ratio of BPB:HPMC of 1:10 w/w.

Modified Franz-cell

To determine the in vitro release from HPMC films and gels, an appropriate
testing apparatus was developed. Key features of the modified Franz diffusion
cell (Franz 1978) were that the cell had an internal diameter of 1.4 cm, the
receiver held four mL and a water jacket allowed the maintenance of release
media at 37°C.

The Franz cells were prepared by the Glassblowing Unit,

University of Otago, New Zealand and are shown in Figures 2.3 and 2.4

PBS (20 mM, 150 mOsm, pH 6.5) was used for all experiments. A pH of 6.5 was
chosen as the wound pH moves from acidic to neutral and then to slightly
alkaline as healing progresses (Liu et al. 2002b ).

Additionally, the pH of

pressure ulcers is in the range 6 - 7 depending on degree of damage (Tsukada et
al. 1992). To determine in vitro release, films were placed on top of the receiver

compartment and gels were loaded (approximately one mL) into the upper
donor compartment.
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Upper Donor ____.
Compartment
Film
__.,.

Replacement
PBS Port

Water Jacket
37°C

Sample Port

Receiver
Compartment

Stirrer

4mL

Figure 2.4. Franz-type diffusion cell manufactured by Glassblowing Unit, University of
Otago, New Zealand
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The experiment started when four mL of PBS was syringed into the Franz cell
taking care to ensure no bubbles formed on the film or gel surface. Aliquots (2
mL) were withdrawn after 1, 2, 3, 4, 5, 10, 30 and 60 minutes. Each time a
sample was removed, it was replaced with an equal volume of fresh buffer.
Attachment of syringes to both the replacement and sampling ports resulted in
the formation of an airtight circuit and allowed for sampling without disturbing
the release (Figure 2.3). BPB release was measured by absorbance spectroscopy
(i\=590 nm).

Cumulative percentage BPB released was determined and non linear regression
analysis was used to fit a one phase exponential model to the release data using
Prism version 4.01. Cumulative BPB released is given by:

Y = Ymax (1- e-kt)

(Equation 2.1)

where y = cumulative BPB released (%) at time t, ymax = maximum BPB released
(%)and k =release rate constant (min-1).
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2.4.2

Horseradish peroxidase, a model protein

2.4.2.1

Size exclusion high performance liquid chromatography
(SEC-HPLC) assay for HRP

Reproducibility

Three stock solutions (A, B, C) were prepared by measuring 0.0100 g of HRP
and making to ten mL with PBS, giving a concentration of one mg/mL. These
were then further diluted to give six standard solutions with the following
concentrations; 10, 20, 40, 60, 100 and 150 f.lg/mL. Stock solution A was then
used to make three quality control (QC) solutions at concentrations of 15, 50
and 130 fJ-g/mL. The injection volume was 100 f.!L and run time was 30 minutes.
Both peak height and peak area were used for quantification of the HRP
concentrations. QC solutions were run a total of nine times, three times each on
each of three runs to measure within and between day variability. Sample A1
(10 f.lg/mL) was injected six times to determine injection reproducibility on the
first analytical nm. The HPLC system was as follows (Table 2.1):

Table 2.1. SEC-HPLC conditions.

Column:
Guard Column:
Mobile Phase:

Flow Rate:
Autosampler Flush:
HPLC:

Wavelength:

Biosep-SEC-S 2000, 300 x7.8 mm I.D.
Security Guard 4.0 mm x3.0 mm I.D.
20 mMNa2HP04,
150mMNaCl,
pH 6.8 (adjusted by orthophosphoric acid)
0.8 mL/min
10% Methanol
1OAT vp Liquid Chromatograph
SIL-l OAD vp Autoinjector
SPD-1 OA vp UV-Vis Detector
SCL-1 OA vp System Controller
Phenomenex Degasse DG-4000
Shimadzu Class-VP Workstation
220nm

Phenomenex
Phenomenex

Shimadzu
Shimadzu
Shimadzu
Shimadzu
Version 5.032
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2.4.2.2

Enzyme activity assay

The enzymatic activity of HRP was determined using the method described by
Chance 1943, which uses hydrogen peroxide as a substrate for HRP and the
formation of coloured purpurogallin as the measurable endpoint (Scheme 2.1)
HRP

Pyrogallol
(substrate)

(reductant donor)

2H20 +

Purpurogallin

(oxidised donor)
(Scheme 2.1)

Five stock solutions were prepared by taking 0.0100 g of HRP and making to
ten mL with PBS, giving a concentration of one mg/mL.

These were then

further diluted to give eight standard solutions from each stock solution at
concentrations of 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2 and 1.4 mg/mL. An aliquot (10 f.lL) of
each was diluted with 990 f.lL of cold PBS (10 mM, pH 7.0) after which 50 f.lL of
this diluted sample was plated in a microwell plate. These were then incubated
at 25°C for ten minutes.

The substrate solution was prepared by mixing two mL of 0.3% (w/v) H202
with 18 mL of pyrogallol solution (0.14 g pyrogallol to 20 mL phosphate buffer).
An aliquot (200 f.lL) of substrate solution was added to each well following
incubation. The microwell plate was then placed into the plate reader (set at
25°C), mixed gently and the increase in absorbance at 420 nm recorded over
two minutes. Calibration curves were constructed of the change in absorption
versus HRP concentration and linearity determined by least squares regression
analysis using Minitab version 14.1.
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2.4.2.3

Effect of temperature on HRP activity

A standard solution of HRP in PBS was prepared at a concentration of 100
f-lg/mL. Aliquots (one mL) were placed into 30 Eppendorf tubes and incubated
in a waterbath at five temperatures (4, 25, 50, 70 and 85 °C) for either two or ten
minutes as below (Table 2.2):
Table 2.2. Experimental design for the effect of temperature on HRP activity.

4
4

25
25
50
50
70
70
85
85

Time
(mins)
2

10
2

10
2

10
2

10
2

10

1

X
X
X
X
X
X
X
X
X
X

Replicate
2
3

X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X

Solutions were analysed for both enzyme activity and by HPLC using methods
described previously (Sections 2.4.2.1 and 2.4.2.2). Enzyme activity is reported
as activity/rug of HRP.

2.4.2.4

Preparation of HPMC formulations and in vitro release of HRP

HRP formulations were prepared as for BPB (section 2.4.1.2) except that the
temperature was reduced to below 40°C before the addition of HRP.
Determination of release from the films, Melolin™-backed films and gels was as
previously described (section 2.4.1.5.) except that the sampling times were 1, 2,
3, 4, 5, 10, 30, 60, 120, 180, 240 and 300 minutes. Each of the samples collected
during the release study was analysed for HRP concentration using HPLC as
described above (section 2.4.2.1.). Samples collected during the release from
Melolin™-backed films were additionally analysed for enzymatic activity as
described in section 2.4.2.2.
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Cumulative release profiles for HRP released from hypromellose films and
Melolin™-backed hypromellose films did not fit either zero, first-order or one
phase exponential models but could be described by an initial linear phase (1-5
minutes) and an extended linear phase (60-300 minutes). Least squares linear
regression was used to determine release rates over these time intervals
(Minitab 14.1).

2.4.3

Fibroblast growth factor - 2

2.4.3.1

ELISA for FGF-2

Reconstituting the FGF-2 standard with the provided calibrator diluent
generated two mL of a 640 pg/mL solution. Serial dilutions of 0.5 mL stock
solution in 0.5 mL calibrator diluent generated standards with concentrations of
320, 160 80 and 40 pg/mL FGF-2. Standards were prepared in triplicate.

The ELISA procedure was followed as directed by R&D Systems, Quantikine®
human FGF basic kit. The protocol is summarised in Scheme 2.2.
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sample each
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Add 2oo ~(conjugate to
each well •.•

1---'---t

Add 200 ~-tL substrate
solution to each well
Incubate 30 rilin

Wash buffer
Assay dilutent
Conjugate solution
Substrate solution
Stop solution

=surfactant solution (provided)
=buffered protein solution + blue dye (provided)
= monoclonal antibody conjugated to HRP (provided)
= hydrogen peroxide + tetramethylbenzidine (provided)
= sulfuric acid solution (2 N) (provided)

Scheme 2.2 ELISA assay protocol for Quantikine® human FGF basic kit.

2.4.3.2

Effect of BSA on recovery of FGF-2

A stock solution of BSA was prepared by adding 0.05 g to five rnL sterile PBS.
FGF-2 (50 f.lg) was reconstituted with 2.5 rnL sterile PBS to generate a stock
solution of 20 f.lg/rnL FGF-2. Further dilutions of this were made to generate
two standard solutions containing 100 ng/rnL FGF-2 in PBS and 100 ng/rnL
FGF-2 with 1% w/v BSA. Three one rnL standards of FGF-2 in PBS or PBS+BSA
were incubated at 37°C in a waterbath for five hours. Three one rnL standards
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of each FGF-2 solution were also kept on ice for 5 hours as controls. Following
the incubation, all samples were diluted 1:1000 with PBS and analysed using
the ELISA assay described above (section 2.4.3.1).

2.4.3.3

Preparation of HPMC formulations and in vitro release of
FGF-2

The FGF-2 formulations were prepared as for BPB, as described in section
2.4.1.2, with some exceptions. The temperature was reduced to below 40°C
before the addition of the FGF-2, the FGF-2 release buffer was PBS with the
addition of 1 mM 1,4-dithiothreitol (DTT) to prevent dimerisation of FGF-2, and
the FGF-2 was added as a 20 flg/mL solution.

The resulting films had a

theoretical FGF-2 loading of 0.02% w/w FGF-2 in HPMC. The gels produced
were 7% w/v HPMC with a FGF-2 loading of 0.14% w/v (1:50 w/w FGF2:HPMC). The release from Melolin™-backed films and gels was determined as
previously described (section 2.4.1.5.) except that the sampling times were 10,
30, 60, 120, 180, 240 and 300 minutes. Each sample was analysed for FGF-2
concentration using ELISA as described in section 2.4.3.1.

Cumulative release profiles for FGF-2 released from hypromellose films and
Melolin™-backed hypromellose films again did not fit zero-, first-order or one
phase exponential models but could be described by an initial linear phase (1-5
minutes) and an extended linear phase (60-300 minutes). Least squares linear
regression was used to determine release rates over these time intervals
(Minitab 14.1).
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2.5

Results

2.5.1

Bromophenol blue, a small molecular weight model active

2.5.1.1

Assay validation

The absorbance assay at 590 nm was linear over the bromophenol blue
concentration range, 2 to 10

~--tg/mL

(R2>0.999). The standard curve is shown in

Figure 2.5.

1.0

0.0-+----r----r----r----r------,
4
0
2
10
6
8

BPB cone (J.tg/mL)
Figure 2.5. BPB standard curve. Data are mean ± standard deviation (n=3).

The addition of the HPMC polymers (0.4 mg) on BPB absorbance (Figure 2.6)
caused an insignificant change in absorption (p>0.05) as shown in Table 2.3.
Standard curves for release studies were therefore prepared with BPB in PBS
alone.
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Figure 2.6. Interference of polymer in BPB absorbance assay. BPB concentration with
(• ) No polymer (• ) E4M, (• ) E10M , (• ) K4M . Data are mean ± standard deviation
(n=3).

Table 2.3. Two way analysis of variance of interference of polymer in BPB absorbance
assay.

Source
BPB Concentration
Polymer
Conc*Poly
Error
Total

DF
4
3
12
40
59

ss
20.13
0.03
0.12
0.37
20.66

MS
5.03
0.10
0.10
0.01

F
541 .22
1.09
1.12

p
0.000
0.366
0.374
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2.5.1.2 BPB release from gels and films

Figure 2.7 shows the cumulative release of BPB from the preformed (7% w/v)
gels over 60 minutes. Whilst there is a large variability in release, one way
ANOVA confirmed that there was a statistically significant difference (p<0.05)
in the total amount of BPB released from the gels at 60 minutes and in the rate
of release of BPB from E4M CR HPMC (1253 ± 168
(796 ± 194

~g).

~tg)

and E10M CR HPMC

The release rates over 5- 60 minutes and total released at 60

minutes are listed in Table 2.4.
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Figure 2.7. Cumulative release of BPB from gels. Data are mean± standard deviation
(n=3). E4M (a), K4M (A) and E10M (T) CR HPMC.

Table 2.4. Zero-order release rates and cumulative release at 60 minutes for BPB
release from HPMC gels. Data are mean ±standard deviation (n=3).

HPMC Release Rate (~g/min)
over 5 - 60 min
E4M
18 ± 1.4
K4M
16 ± 1.7
E10M 12 ± 3.5

Total Released
at 60 min
1253± 168
1003 ± 85
796 ± 194

(~g)
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Table 2.5 shows the actual loading of the films (with or without Melolin™
backing). In the release experiments, percentage release was calculated based
on the actual weight of the individual film.

Table 2.5. Actual BPB loading of HPMC films

HPMC
E4M
K4M
E10M

MelolinTM backed Film (g)
Film (g)
0.148 ± 0.011
0.136 ± 0.003
0.167 ± 0.007
0.138 ± 0.008
0.162 ± 0.008
0.127 ± 0.013

The cumulative release of BPB from films either without backing or dried onto a
Melolin™ backing are shown in Figures 2.8 and 2.9.

Films were prepared

starting with 150 1-1-g of BPB (Table 2.5). High variability was seen in release
from films without backing in the initial stages of release most likely due to film
fragmentation during dissolution. The slowest release was seen with the K4M
CR HPMC when formulated without Melolin™ backing.

The 'K' grade of

HPMC polymers is reportedly the most rapidly hydrating of the polymers
studied and hence a diffusional barrier may form faster than with either of the
'E' grade HPMC polymers (Alderman 1984). E4M and E10M CR HPMC grades
differ in their molecular weights; E10M has a higher molecular weight and
hence is more viscous in solution. The gel formulations clearly affect the release
rate with E10M slowing the release of BPB compared with the E4M grade
(p<0.05).
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Figure 2.8. Cumulative release of BPB from HPMC films. Data are mean ± standard
deviation (n=3). E4M (11), K4M (&.)and E10M (T) CR HPMC.
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Figure 2.9. Cumulative release of BPB from Melolin™ backed HPMC films. Data are
mean± standard deviation (n=3). E4M (11), K4M (.._)and E10M (T) CR HPMC.
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To allow comparisons to be made over the entire release profile rather than at
defined time points, a one phase exponential model was fitted to each
individual release profile (Equation 2.1). Typical fits are shown in Figure 2.10.
The resultant fitted parameters are shown in Table 2.6.
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Figure 2.1 0. Typical fits of a one phase exponential model to release data for E4M (•),
K4M (A) and E10M (+) HPMC (A) Films and (B) Melolin™ backed films.
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Table 2.6.
Summary of maximum BPB released (Ymax) and release rate constants
(k) from fitting a one phase exponential model to release data. Data are mean ±
standard error of fits.
HPMC
E4M

K4M

E10M

Film
Ymax (%)
100 ± 1.3
95 ± 2.7
97 ± 2.3

k (min- 1)
2.15 ± 0.31
0.37 ± 0.03
0.55 ± 0.05

R2
0.595
0.964
0.954

Melolin
Ymax{%)
77 ± 3.1
63 ± 3.5
72 ± 2.5

k (min- 1)
0.22 ± 0.02
0.18 ± 0.03
0.36 ± 0.04

R2
0.963
0.953
0.953

73 ± 2.3
71 ± 2.5
71 ± 2.1

0.29 ± 0.03
0.22 ± 0.02
1.34 ± 0.26

0.969
0.973
0.592

49 ± 2.9
73 ± 2.3
66 ± 1.8

0.16 ± 0.02
0.14 ± 0.01
0.18 ± 0.01

0.950
0.986
0.987

84 ± 3.8
± 2.5
90 ± 2.6

0.29 ± 0.04
0.20 ± 0.02
0.17 ± 0.01

0.927
0.980
0.987

78

± 1.2
61 ± 3.6
71 ± 3.2

0.24 ± 0.01
0.23 ± 0.04
0.17 ± 0.02

0.994
0.915
0.970

78

The calculated release parameters in Table 2.6 include the maximum BPB
released (ymax) and the release rate constant (k). ANOVA of fitted parameters
(Table 2.7) show that the effects of HPMC grade (HPMC) and Melolin™
backing (film type) on the maximum BPB released were significant (p<O.OS). In
comparison, effects on the release rate constant (k) did not reach statistical
significance (p>O.OS). However, the release rate did tend to decrease in the
order E4M>K4M>ElOM for HPMC films without the Melolin™ backing.
Goodness of fit tests gave R2>0.9 in all but two of the individual release
experiments and Runs tests were not significant (p>O.OS) suggesting the one
phase exponential model, although not ideal, gave a reasonable description of
BPB release from HPMC films.
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Table 2.7. Analysis of variance of (A) Ymax and (B) k for release of BPB from HPMC
films and Melolin TM backed HPMC films
(A)
p
Source
DF
ss
MS
F
HPMC
2
861
431
8.48
0.005
Film type (FT)
1
1235
1235
24.33
0.000
HPMC*FT
2
244
122
2.41
0.132
Error
12
609
51
Total
17
2950
(B)

Source
HPMC
Film type (FT)
HPMC*FT
Error
Total

DF
2
1
2
12
17

ss
0.524
0.728
0.426
2.56
4.24

MS
0.262
0.728
0.213
0.213

F
1.23
3.41
1.00

p
0.327
0.089
0.397

Another way to compare the release profiles is to examine certain time points or
time to release a certain amount. Whilst this analysis does not explain the entire
profile, it allows some comparisons to be made. Of particular interest was the
time to reach 50 % release and the amount of BPB released after 10 minutes.
ANOV A results for these end points are shown in Table 2.8.

The main interaction plot for the % BPB released in 10 minutes (Figure 2.11)
shows that the presence of Melolin™ significantly reduced the time for 50%
BPB release from the E4M HPMC. Melolin™ significantly reduced the amount
of BPB released after 10 minutes (from 76% to 54%, p<0.01, Table 2.8). The rank
order of % release from Melolin was E4M > E10M > K4M (58%, 56% and 48%
respectively, p<0.01).
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2.5.2

Horseradish peroxidase, a model protein

2.5.2.1

Size exclusion high performance liquid chromatography
(SEC-HPLC) assay

A typical chromatogram of HRP is shown in Figure 2.12. The different peaks
represent different HRP isoenzymes, indicating that the HRP used in this study
was a mixture of isoenzymes.

The peak at 9.6 minutes represents the C

isoenzyme which is the most abundant (Sigma data sheet #P8125). This peak
was used for quantitative analysis of HRP standards and samples. The area
under the curve was also calculated and was used to determine response
linearity for the HRP standard curve during assay validation.
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Figure 2.12.
IJg/mL).

Typical SE C-H PLC chromatogram of horseradish peroxidase (1 00

Both peak height and area can be used for the quantification of HRP, Figure
2.13 (A and B) showing they were both reproducible and generated linear
standard curves.

Peak height at 9.6 minutes was chosen for quantitative

analysis of in vitro experiments but chromatograms were inspected to
determine if any changes in peak shape were evident during these studies.
Changes in peak shape can indicate protein degradation due to aggregation
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(Kim and Park 1999) and provide a useful qualitative check of HRP stability in
these studies.
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Figure 2.13. Standard curves of HRP concentration using SEC-HPLC (A) peak height
at 9.6 minutes and (B) total peak area. Data are mean ± standard deviation (n=3).
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Reproducibility at 10 1-1g/mL was determined and the standard deviations were
expressed as a percentage of the mean (coefficients of variation) were 1.26%
(8 524 ± 108) and 1.59% (275 953 ± 4 395) for height and area respectively.

Assay reproducibility was examined during three different analytical runs
using fresh analytical standards prepared daily and repeated analyses of
quality control standards.

The assay reproducibility is shown in Table 2.9.

Accuracy was quantified as the calculated concentration divided by the
nominal concentration multiplied by 100.

Table 2.9. Reproducibility of the SEC-HPLC assay for HRP over three days. (A) Peak
height and (B) Peak area.
A)

Nominal HRP
Concentration

Source of Variation
(n=3)

Calculated
Concentration

CV

Accuracy

(%)

(%)

(~g/mL)

(~g/mL)*

15
within run
15
between run
50
within run
50
between run
130
within run
130
between run
*from standard curve 2.13 (A)

13.9 ± 0.21
13.7 ± 0.27
48.9 ± 0.93
47.1 ± 2.84
131.8 ± 2.84
130.5 ± 6.12

1.53
2.00
1.90
6.03
2.15
4.69

92.4 ± 1.41
91.5 ± 1.83
97.8 ± 1.86
94.1 ± 5.67
100.6 ± 3.15
100.4 ± 4.71

Calculated
Concentration

CV

Accuracy

(%)

(%)

1.57
2.78
2.23
7.58
3.13
6.22

88.1 ± 1.39
87.2 ± 2.42
94.6 ± 2.11
88.0 ± 6.67
100.6 ± 3.15
97.9 ± 6.08

B

Nominal HRP
Concentration

Source of Variation
(n=3)

(~g/mL)

(~g/mL)*

15
within run
15
between run
50
within run
50
between run
130
within run
130
between run
*from standard curve 2.13 (B)

13.2±0.21
13.1 ± 0.36
47.3 ± 1.06
44.0 ± 3.33
130.8 ± 4.10
127.2 ± 7.91

As reproducibility was slightly better using peak height for quantification, this
alone was used in further experiments.
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2.5.2.2

Enzyme activity assay

Enzyme activity was shown to be linear at concentrations in the range 20 - 100
f-1-g/mL (R2>0.99) (Figure 2.14).
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Figure 2.14 Standard curve for HRP activity. Data are mean± standard deviation
(n=5).

2.5.2.3

Effect of temperature on HRP activity

To determine the impact of formulation temperature on the activity of HRP,
HRP solutions (100 f-1-g/mL) were maintained at 4, 25, 50, 70 or 85
two or ten minutes.

oc for either

At temperatures above 50°C, there was a significant

decrease in HRP activity (p<0.05). The decrease was greatest at 85°C when the
sample was incubated for ten minutes (Figure 2.15).

Temperature during

formulation is an important consideration in the preparation of HPMC gels and
films. Solution activity of HRP was maintained at temperatures below 50°C
during incubation for up to ten minutes.
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Figure 2.15. The effect of temperature on HRP activity after incubation at 4-85°C for
either two (•) or ten (..t..) minutes. Data are mean± standard deviation (n=3).

Figure 2.16 illustrates the change in HRP peak shape with heat exposure. Data
for one sample maintained at 4°C for two minutes and one maintained at 85°C
for 10 minutes are given. A peak at about six minutes appears with incubation
at the elevated temperatures which may be due to protein aggregation.
Therefore, analysis of HRP peak shape during release studies was performed to
give information on protein stability.
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The peak height at six minutes increased on incubation of HRP solutions at
85°C for two and ten minutes (Figure 2.17).

Hence, this could also be

monitored during release studies to assess HRP stability.
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2.5.2.4

In vitro release of HRP

Each film was loaded with 150 1--1-g of HRP. The actual loading is given in Table
2.10.
Table 2.1 0. Actual HRP loading of HPMC films

HPMC
E4M
K4M
E10M

MelolinTM backed Film (g)
Film (g)
0.156 ± 0.012
0.149 ± 0.006
0.150 ± 0.013
0.166 ± 0.006
0.131 ± 0.006
0.168 ± 0.009

Figure 2.18 shows the release of HRP from the preformed (7% w/v) gels over
300 minutes. The release rate tended to decrease after the first hour with the
slowest release being from the higher molecular weight E10M CR HPMC
(p<0.05).
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Figure 2.18. Cumulative release of HRP from HPMC gels. Data are mean ± standard
deviation (n=3) for E4M (a), K4M (A) and E10M (T) CR HPMC.
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The cumulative release of HRP from gels dried as films either without backing
or dried onto a Melolin™ backing are shown in Figures 2.19 and 2.20. High
variability was seen in release from films without backing in the initial stages of
release and again this is most likely due to film fragmentation during
dissolution.

As with BPB, the slowest release was seen with the K4M CR

HPMC when formulated without the Melolin™ backing.

The viscosity

difference in E4M and ElOM CR HPMC did not affect the release of HRP in
contrast to the release of BPB.
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Figure 2.19. Cumulative release of HRP from HPMC films (•)E4M, (A.)K4M (V)E10M.
Data are mean ± standard deviation (n=3).
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Figure 2.20. Cumulative release of HRP from Melolin™ backed HPMC films (111)E4M,
(.A)K4M (T)E10M. Data are mean± standard deviation (n=3).

Cumulative release profiles for HRP released from hypromellose films and
Melolin™-backed hypromellose films did not fit either a zero-, first-order or one
phase exponential models but could be described by an initial phase (1-5
minutes) and a later-time phase (60-300 minutes). Fits for E4M CR HPMC are
shown in Figure 2.21 (R2>0.97 for all slopes) and the parameters for all HPMC
grades are shown in Table 2.11. The percentage of HRP released at five and 300
minutes are also shown in Table 2.11. ANOVA of percentage release showed
that Melolin™ film backing significantly reduced (55%± 9% to 33% ± 5%) the
percentage HRP released during the initial phase but not at the later-time
periods (p<0.05) (Table 2.12).

Hypromellose grade, however, did not

significantly affect the release rate from either Melolin™-backed films or nonbacked films. The amount released at 300 minutes was significantly lower for
K4M hypromellose from the non-backed films only.

Monitoring of

chromatograms revealed no peak with a retention time of six minutes
indicating that released HRP did not undergo aggregation.
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Table 2.11. Summary of least squares linear regression for HRP release (mean ±
standard deviation) (A) without Melolin TM and (B) with Melolin TM backing.
(A)

E4M
K4M
E10M

Initial Release (0-5 mins)
%released
Slope
R2
(%/min)
at 5 min
8.9 ± 2.5
52.7 ± 18.7 >0.95
8.2 ± 2.8
48.0 ± 5.3
>0.93
10.2 ± 2.5
65.7 ± 7.5
>0.96

Extended Release (60-300
%released
Slope
(%/min)
at 300 min
0.08 ± 0.01
104.7 ± 6.7
0.05 ± 0.02
87.3 ± 1.5
0.06 ± 0.01
106.3 ± 2.9

mins)

Initial Release {0-5 mins)
%released
Slope
R2
(%/min)
at 5 min
5.0± 0.7
29.0 ± 2.0 >0.90
6.9 ± 4.2
31.3 ± 17.6 >0.96
7.4 ± 0.6
39.3 ± 3.8 >0.99

Extended Release (60-300 mins)
Slope
%released
R2
{%/min)
at 300 min
0.12 ± 0.03
100.3 ± 9.0
>0.91
0.08 ± 0.01
104.0 ± 5.6
>0.91
0.09 ± 0.04
108.3 ± 12.6 >0.94

R2
>0.98
>0.99
>0.93

(B)

E4M
K4M
E10M

Table 2.12. Analysis of variance of (A) % HRP released at 5 minutes and (B) % HRP
released at 300 minutes from HPMC films and Melolin-backed HPMC films.
(A)
Source
HPMC
Film type (FT)
HPMC*FT
Error
Total

DF
2
1
2
12
17

Source
HPMC
Film type (FT)
HPMC*FT
Error
Total

DF
2
1
2
12
17

ss
604
2222
75
1527
4428

MS
302
2222
37
127

F
2.38
17.47
0.29

p
0.001
0.135
0.751

MS
206
103
174
55

F
1.90
3.81
3.22

p

(B)

ss
412
103
348
649
1513

0.193
0.052
0.076
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2.5.2.5

Activity of released HRP

The activity of HRP during the release study was determined. Figure 2.22
shows that even when steps were taken to minimise temperature during
formulation and release, there was still some loss of activity of HRP in the
release media.
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Figure 2.22. Retention of HRP activity during release from Melolin™ backed HPMC
films for up to 300 minutes in PBS at 37 oc (•)E4M, (A)K4M (Y)E10M. Data are
mean ± standard deviation (n=3).
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2.5.3

Fibroblast growth factor-2, a model growth factor

2.5.3.1

Assay validation

The standard curve for FGF-2 using the ELISA assay is given in Figure 2.23,
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Figure 2.23. Standard curve for FGF-2 using an ELISA assay.
standard deviation (n=3).

2.5.3.2

Data are mean ±

Effect of BSA on FGF-2 recovery

In order to prevent loss of FGF-2 in the assay due to adsorption to plastic,
excess bovine serum albumin (BSA) was added to the release buffer.

The

efficacy of this approach was determined by comparing standards (100 ng/mL)
prepared with or without BSA (1% w/v) (Table 2.13). Assay recovery value was
less than 100 ng across all experimental samples (percentage recovery ranged
from 26- 56%). The most likely explanation is that adsorption to the vial occurs
immediately as BSA was not added to the samples until after the protein had
been reconstituted with PBS alone.

BSA does not appear to decrease the

adsorption of FGF-2 in samples stored on ice. This was expected as adsorption
will increase with increasing temperature, and indeed there was a significant
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(p<0.05) increase in recovery (from 26% to 40%) at the elevated temperature
when BSA was included.

Table 2.13. Recovery of FGF-2 with and without BSA determined on ice and at 3rc.

Mean
Standard deviation

2.5.3.3

On lee
PBS
PBS+ BSA
(ng/mL)
(ng/mL)
77
51
52
55
41
39
56
49
19
7

37 cc
PBS PBS+ BSA
(ng/mL)
(ng/mL)
29
44
29
51
20
25
40
26
14
5

In vitro release of FGF-2

E4M CR HPMC was chosen for the following experiments. Two formulations
were studied; FGF-2 in an E4M CR HPMC gel and the FGF-2 gel dried onto a
MelolinTM backing. Release was followed as for the HRP experiment over 300
minutes. Figure 2.24 shows release of FGF-2 was close to linear from the gel
with a release rate of 1.16 ± 0.08 ng/min over the 10- 300 minute period. Figure
2.25 shows the cumulative release profile from the MelolinTM backed HPMC
films.
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Figure 2.24. Cumulative amount of FGF-2 released from E4M CR HPMC gels. Data
are mean ± standard error (n=3).
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Cumulative release profiles for FGF-2 released from Melolin™ backed
hypromellose films did not fit either a zero-, first-order or one phase
exponential models but was again described by an initial linear phase (10- 60
minutes) and a later linear phase (120 - 300 minutes). These parameters are
shown in Table 2.14 and the fits are shown in Figure 2.26.
Table 2.14. FGF-2 release rates and the percentages released at 10 and 300 minutes
from E4M CR HPMC Melolin™ backed films.

E4M

Initial Release (1 0 - 60 mins) Extended Release (120-300 mins)
Slope
Slope
% released
%released
R2
R2
(%/min) at 10 min
(%/min)
at 300 min
7.5 ± 1.6 37.3. ± 8.1 >0.99 0.12 ± 0.10 92.7 ± 7.0 >0.77
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Figure 2.26. Initial and extended release of FGF-2 from Melolin™ backed E4M CR
HPMC films. Data are mean ±standard deviation (n=3).
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There was no statistically significant difference between FGF-2 release from
MelolinTM backed E4M CR HPMC films and HRP MelolinTM backed E4M CR
HPMC films (Figure 2.27). This indicates that HRP is a suitable model for the in
vitro release. It may also indicate that the release of the active is due to gel

dissolution and not diffusion of the active, as the different loadings (10 %w/w
for HRP and 0.02 %w/w for FGF-2) were released at the same rate when
compared on a percentage release basis.
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Figure 2.27. Comparison between release of HRP (•) and FGF-2 (A.) from Melolin™
backed E4M films. Data are mean ± standard deviation (n=3).
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2.6 Discussion
Topical delivery of growth factors to wounds has been hindered by their
susceptibility to degradation, resulting in short half-lives and difficulties in
maintaining adequate levels of the active factor in the wound area
(Andreopoulos and Persaud 2006). Even with topical administration directly to
the site in solution, factors rapidly diffuse and are eliminated (Maeda et al.
2001). Whilst many different release systems have been studied (as discussed in
Chapter One), gels and hydrogels are attractive as they maintain a moist wound
environment, allow oxygen transport and often provide analgesia through their
ability to hydrate the wound and prevent desiccation. Additionally, they do
not adhere strongly to the wound and do not disrupt newly forming
granulation tissue (Andreopoulos and Persaud 2006). Some disadvantages of
these vehicles include the difficulty of applying an exact amount of active in gel
form, and the problem of even application across the wound resulting in
variation of local concentrations (Matthews et al. 2005).

The general aim of a controlled release system is to achieve a therapeutic
concentration of an active at the site required, while avoiding a toxic
concentration and then to maintain this over time. Achievement of such an
optimal release profile from a polymer matrix system is determined by many
factors including polymer swelling, polymer erosion, drug dissolution or
diffusion characteristics, drug/polymer ratio and drug removal kinetics (Grassi
and Grassi 2005).

Drug loaded polymer matrix systems are stored in a dry

glassy state. Once the local solvent concentration exceeds a threshold, the
transition from a glassy to rubbery state occurs, and the polymer swells and
forms a gel layer (Kanjickal and Lopina 2004). Once this gel layer is established,
the active is released via drug diffusion and dissolution of the polymer matrix
(Grassi and Grassi 2005). Release of compounds from dried HPMC films is
expected to be dependent on the rate of HPMC hydration as well as on the
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formation and stability of a gel layer that subsequently forms (Kiortsis et al.
2005). Diffusion of the compound through the surface gel and dissolution or
erosion of the gel both contribute to compound release (Mitchell et al. 1993, Kim
and Fassihi 1997). Several models have been described in the literature of the
release of drugs from HPMC matrices including zero-order, square-root time,
and power law (Kiortsis et al. 2005). Mathematical modelling of drug release
from polymers, and in particular HPMC, have been developed for two main
reasons; 1) to determine the mass transport mechanisms of the drug release,
and 2) to predict drug release kinetics which are useful to allow modification of
the material (Siepmann and Peppas 2001). Generally, mathematical models for
HPMC systems are only fitted for up to around 60% of drug released (Peppas
1985, Rinaki et al. 2003), although Rinaki et al. (2003) have shown that the power
law equation can be applied to the entire release profile from HPMC-based
matrix tablets.

Cumulative release profiles for actives released from hypromellose films and
Melolin™ backed hypromellose films did not fit either a zero, first-order or one
phase exponential models but could be described by an initial linear phase and
an extended linear phase. This is because the film formulations have the active
in intimate contact with water and so an immediate burst release is seen before
the HPMC hydrates and forms a gel to slow the active release.

In the research reported in this thesis, the release characteristics of model

compounds from three different HPMC polymers were examined.

The

different HPMC polymers have different hydration rates and gel viscosities
(Alderman 1984). E4M and K4M have equal viscosities at 2% w/v in water, but
the K4M, with a lower degree of methoxyl substitution, is reported to hydrate
more rapidly (Alderman 1984). This is important as a polymer must hydrate
quickly enough to form a gel layer before the active can dissolve prematurely
84

In vitro
Chapter Two

(Alderman 1984). The release of BPB from the E4M compared to K4M gels
appears consistent with this. E10M has equivalent degrees of substitution of
methoxyl and hydroxypropyl groups but has a higher molecular weight and
therefore a higher viscosity at 2% w/v in water than the E4M polymer.
Comparison of BPB release from these two polymers showed the rate and
extent of release of BPB was slower and lower for E10M compared with E4M.
Similarly, Sung et al. (1996) reported a lower release of their model drug,
adinazolam mesylate, from the higher viscosity K15M polymer when compared
with the K4M HPMC polymer.

The preliminary studies with BPB provided more information than simply the
effect of HPMC polymer. The use of an inexpensive coloured model active
allowed the assessment of the manufactured Franz-cell and the design set-up
for in vitro studies. Small amounts of growth factors are required for topical
application to wounds and so a suitable sized in vitro system was designed.
The coloured active allowed visualisation of leaks (if any) and provided a
means of monitoring the uniformity of mixing within the receiver compartment
with minimal disruption to the formulation. It also allowed visual evaluation
of the uniformity and reproducibility of the cast films. The distribution of BPB
was shown to be uniform providing confidence that HRP and FGF-2 would also
distribute uniformly.

The small molecular weight active also showed the

impact of hydration and viscosity of these polymers on a potential formulation.
The release of BPB from the films was not the same as the release from the gels.
With the HPMC gels, the more viscous gel (E10M) provided a greater
diffusional barrier and slowed the release of BPB significantly (12 ± 3.5 f-lg/min
compared with 16 ± 1.7 and 18 ± 1.4 f-lg/min for K4M and E4M respectively).
However, when the HPMC was formulated as a dried film, release of BPB was
slowest from the more rapidly hydrating K4M. Presumably this is due to the
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faster formation of a diffusional barrier which subsequently acts to slow drug
release.

The slower release from the higher viscosity gel was also seen with the larger
protein active, HRP. There was also evidence that the rapidly hydrating K4M
slowed release from non-backed films but this was not seen with the Melolin™
backed films possibly due to the backing maintaining film integrity. The larger
molecular weight molecule (HRP) more accurately represents the anticipated
release of a growth factor. Compared to the low molecular weight active (BPB),
there was probably slower diffusion of HRP through the gel barrier which
increased the time to 100% release from approximately 60 minutes for BPB to
approximately 300 minutes for HRP.

The use of an enzyme as a model protein allows monitoring of enzymatic
activity. A loss of enzymatic activity occurred at temperatures over 70 °C. To
minimise the risks of protein denaturation during the formulation process, the
temperature for protein addition was maintained at below 40°C. Tm is defined
as the temperature at which 50% of the protein molecules are unfolded (Wang
1999). The higher the Tm the greater the thermal resistance of the protein. The
Tm of many proteins has been determined and they appear to be mostly in the
range 40 - 80°C (Wang 1999). The Tm of FGF-2 is influenced by the local pH
with proteins being most stable in the range pH 7- 9 (Vemuri et al. 1994). The
reported Tm of FGF-2 at pH 9 is 64°C (Vemuri et al. 1994, Wang 1999) and thus
maintaining the temperature below 40°C is consistent with reducing the risk of
its denaturation during gel or film preparation.

Even at this low temperature, Figure 2.22 shows that only between 50% and
80% of the activity was retained. This may be due to several reasons including
that some protein denaturation occurred or that binding to HPMC resulted in a
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loss of activity.

The drying of the films at 37

oc

overnight may also be a

problem. It may be better to dry at a lower temperature or for a shorter time
period to reduce this activity loss.

As discussed above, the higher molecular weight polymer (ElOM) acted to slow
the release of the actives. While this may be important for extending the release
time, the growth factor needs to be released into the wound in an appropriate
time.

E4M and K4M showed similar release profiles when they were

preformed gels, the significant difference between them being related to their
hydration rate. K4M is reported to hydrate more rapidly and hence could have
provided a diffusional barrier faster.

A limitation of using K4M for the

formulations is its gelation temperature. The active needs to be added at or just
before the gel forms to be evenly distributed.

The approximate gelation

temperature for the 'K' grade of HPMC (at 2%) is 70 °C, at which partial
denaturation may occur. The approximate gelation temperature for the 'E'

oc (Dow Technical Handbook), and in the experiments with
1% HPMC, it appeared closer to 40 oc. For these reasons, E4M CR HPMC dried
grade (at 2%) is 56

onto MelolinTM backing was chosen as the most suitable topical formulation for
in vivo studies.

The formulation of the HPMC as a gel or as a film (with or without a backing)
for topical delivery of growth factors to wound was also examined.

The

advantage of delivering the growth factor as a dried gel film as opposed to a
preformed gel is that a known dose can be applied and evenly distributed
across the wound surface. Also by applying a film that has been modified to
allow extended release, the growth factor will be applied in a more controlled
manner. Data from these experiments show that when this film was dried onto
a supportive backing, the initial burst release was minimised due to the film
retaining its integrity on contact with an aqueous media. MelolinTM is used
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routinely in the management of wounds and has the advantage that when
removed it does not disrupt the newly forming granulation tissue.
Additionally, a further wound pad could be applied on top of the delivery
system to protect the wound from external trauma. Based on the data from the
experiments using the low and high molecular weight model actives, it was
decided that the gel and Melolin™ backed films would be used for future
studies.

Once the formulation was chosen, the in vitro release of the growth factor FGF-2
was determined both from a gel formulation and from a dried film on the
Melolin™ backing. Interestingly, when the release of FGF-2 from the gel and
film was compared to the release of the high molecular weight active HRP,
there was no significant difference in release between FGF-2 and HRP at any
time point despite the different loading amounts. This may indicate that the
release mechanism is due to gel dissolution and not diffusion of the active
through the gel.

In this study, HPMC was chosen as it is a water-soluble

nonionic cellulose derivative (Zhang 2001) which is less likely to interact with
charged actives and slow the release through ionic interactions.

The loading dose of FGF-2 was chosen based upon the literature discussed in
Section 1.5 of Chapter One. While some studies showed a positive effect of
FGF-2 at doses greater than 0.3

~tg,

Okamura et al. (1996) showed that maximal

wound healing was obtained with daily doses as low as 0.2

~g

when used in rat

wotmds of approximately the same size as those used in our in vivo experiments
(Chapter Three). Due to the cost of growth factors, and some evidence that
excessive dosing of FGF-2 can be detrimental to wound healing (Davidson and
Broadly 1991), a dose of 0.3

~g

was chosen. In the preliminary experiments

comparing a small and large molecular weight protein to determine the impact
of formulation, a larger loading was used to allow quantification by using
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absorbance spectroscopy and HPLC techniques. This is a potential limitation of
this study although, as mentioned above, there was no significant difference in
release profiles of HRP and FGF-2.

Due to the lower loading of FGF-2, a commercially available ELISA assay was
used. The effect of BSA on the recovery of FGF-2 using the ELISA assay was
lower than expected (between 26 and 56 %, section 2.5.3.2) although the
addition of BSA increased the recovery at 37

oc.

One possible reason for the

low recovery is that, in solution, FGF-2 can dimerise due to the cysteine
residues within its structure (Abraham and Klagsbrun 1998). For this reason,
DTT was added to the release media to inhibit this dimerisation.

A potential limitation of this study is the formulation process.

Whilst the

addition of the active was carried out at a temperah1re below that expected to
cause significant aggregation of the proteins, it was close to the gelation
temperature of the polymers and so uniformity of mixing may have been
impaired.

Although this did not appear to be a problem, there were also

limitations in casting the films from the gels and allowing them to dry when
there may not have been a consistent thickness of film layer leading to film
fragility (although there was no evidence of this). Another formulation aspect
to consider in the fuh1re is the possibility of adding heparin to the gel to
maintain the activity of the FGF-2, which is a heparin binding protein (Liu et al.
2002a). However, heparin may hinder the release of the FGF-2 from the
formulation matrix.

A limitation in terms of the in vitro diffusion cell system is that sink conditions
exist. This means the active is removed from the diffusion media which may
impact on the concentration gradient and subsequent driving force for release
from the HPMC. There may be an obvious issue regarding the availability of
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water for polymer hydration as the volume of fluid found in wounds may be
more limited.

2. 7 Conclusion
To develop a suitable topical formulation of a growth factor for wound healing
two model actives were studied, bromophenol blue and horseradish
peroxidase. Three HPMC polymers were investigated (E4M, K4M and ElOM
CR) and the impact of hydration rate and viscosity on dn1g release was
determined. It was shown that a higher viscosity polymer impedes the release
of an active and that a rapidly hydrating polymer may reduce burst release.
However the effects were reduced when the HPMC film was cast onto a
backing. Three formulations were studied (gels, films and films cast onto a
MelolinTM backing) and, of these, a formulation consisting of E4M CR HPMC
dried as a film onto a MelolinTM backing and as a preformed gel was chosen to
investigate in vivo release.
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In vivo

FGF-2 formulations in animal wounds
3.1

Introduction

The topical application of growth factors to chronic wounds has the potential to
improve wound healing. As discussed previously, this type of therapy has met
with mixed success, reasons for which include a lack of understanding and
knowledge of the fate of the exogenously applied factors and of the impact that
the type of formulation has on growth factor concentration within the wound
environment.

Cross and Roberts (1999) have conducted work on the

penetration of FGF-2, EGF and smaller solutes into experimental wounds when
delivered as solutions. As expected, the smaller solutes penetrated deepest into
wounds, reaching deep muscle tissue within four hours. The authors were of
the opinion that formulations need to deliver growth factors to the level of

In vivo
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granulation tissue (Figure 3.1).

They also considered changes in the

permeability of the wound surface with healing and showed that high
molecular weight solutes have poor penetration through the surface layers of
healing wounds.

Tissue

Approx Thickness

Surface Layers

1 mm

Granulation Matrix

2mm

Subcutaneous Fat

1.5 mm

Superficial Muscle

1 mm

Deep Muscle

2mm

Figure 3.1. Tissue depths through a wound. Adapted from Cross and Roberts 1999.

The impact of wound environment on factor release from a formulation is an
important area for study to allow prediction of the way formulation influences
growth factor concentration in the wound.

In the in vitro release studies

reported in Chapter Two, release was determined under sink conditions where
an abundance of fluid assisted hydration and release from the HPMC
formulations.

The role that formulation plays in growth factor therapy is important for many
reasons. In particular, an exogenous growth factor must be protected from
degradation and premature clearance (Robertson et al. 1999) due to the
potentially high protease levels within chronic wounds (Yager et al. 1996,
Trengove et al. 2000). Appropriate delivery is needed to target the responsive
cells and maintain adequate pharmacological levels of growth factor within the
wound (Nirnni 1997). To achieve this, care must be taken to select the growth
factor and to elucidate its pharmacokinetics in the local wound environment.
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FGF-2 was chosen for investigation in this research because it is the best studied
member of the FGF family (Pierce and Mustoe 1995) and is claimed to be the
most potent angiogenic cytokine (Buerk et al. 2000).

Melolin™ (Smith &

Nephew, Hull, England) was selected as a platform for the administration of a
prolonged release system for growth factors to wounds. MelolinTM is a low
adherent absorbent wound dressing composed of three layers; a thin perforated
polyester film, a highly absorbent cotton/polyester pad, and a hydrophobic
outer backing layer.

In using Melolin™, the polyester film was carefully

removed from the cotton layer and hypromellose containing FGF-2 was added
onto the polyester film surface and allowed to dry. By incorporating a growth
factor into hypromellose on a wound dressing, it was hypothesised that slow
hydration of the polymer would occur on contact with the wound fluid and
produce a gel from which the growth factor would be released over an
extended period.

In this study, FGF-2 was incorporated into three formulations (solution, gel and

dried gel film on Melolin™ backing) and these formulations, together with a
saline control, were administered to punch biopsy wounds in rats. The in vivo
experiment was stopped after two, five and eight hours and the amount of FGF2 at various wound depths was quantified by HPLC and visualized via confocal
microscopy. Additionally, two biological markers were quantified to determine
if the FGF-2 stimulated the production of other cytokines.
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3.2 Chapter Aims
The aims of this chapter were:
3.2.1

To determine the time course of FGF-2 concentrations in an animal
wound model following administration as a solution, gel and film.

3.2.2 To determine if formulation affects biological response of monocyte
chemoattractant protein -1 (MCP-1) and interleukin 1-~

(IL-l~).

3.3 Materials
Recombinant human basic fibroblast growth factor (rhFGF-2 derived from E.
coli), Quantikine human FGF basic, mouse CCL2/JE/MCP-l and rat IL-l beta/IL-

1F2 immunoassays were obtained from RnD Systems (Minneapolis, USA).
Alexa Fluor® 555 Microscale protein labelling kits were purchased from
Molecular Probes, Invitrogen (Oregon, USA).

TissueTek Cryomolds were

obtained from Sakura (Japan). Triton X-100 was purchased from Sigma-Aldrich
Pty Ltd (Sydney, Australia).

Hypromellose, Methocel™, E4M CR Premium EP were from Colorcon (Kent,
England). Melolin™ was a gift from Smith and Nephew Ltd, Auckland. All
other chemicals, including Optimal Cutting Temperature (OCT) compound
were purchased from BDH Chemicals New Zealand Ltd (Palmerston North,
New Zealand).
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3.4

Methods

3.4.1

RP-HPLC for FGF-2

Detection by UV spectroscopy

To investigate HPLC methods for the quantification of FGF-2 in wmmds,
protocols used by Thompson (1992) and Finetti and Farina (1992) were
followed. These groups used a RP-HPLC technique to study concentrations of
FGF-2 in bovine pituitary following contact with wound dressings. They used a
C18 column and gradient elution with
A:

0.1% v/v trifluoroacetic acid (TFA) in water

B:

0.1% v/v TFA in acetonitrile (ACN).

The main difference between the two methods was the mobile phase gradient
profile.

Three solutions of FGF-2 in PBS were prepared with concentrations of 100
1--1-g/mL, 50 1--1-g/mL and 10 1--1-g/mL.

The injection volume was 50 1--1-L.

Concentrations of solutions were chosen to reflect those expected in the release
work but were much lower than those used in the papers mentioned above.
The HPLC system is described in Table 3.1. The mobile phase gradient profiles
used by Thompson 1992 and Finetti & Farina 1992 are given in Table 3.2.
Table 3.1. RP-HPLC conditions.

Column:
Guard Column:
Mobile Phase:
Flow Rate:
Autosampler Flush:
HPLC:

Wavelength:
Pressure:

Jupiter 5!l C18 300A 250 x 4.6 mm I.D.
Security Guard 4.0 mm x 3.0 mm I.D.
A: 0.1% TFA in water
B: 0.1% TFA in ACN
1.0 mL/min
10% Methanol
1OAT vp Liquid Chromatograph
SIL-l OAD vp Autoinjector
SPD-1 OA vp UV-Vis Detector
SCL-1 OA vp System Controller
Phenomenex Degasse DG-4000
Shimadzu Class-VP Workstation
220nm
less than 1000 psi

Phenomenex
Phenomenex

Shimadzu
Shimadzu
Shimadzu
Shimadzu
Version 6.14 SP2
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Table 3.2. Mobile phase gradients for RP-HPLC of FGF-2.

Time (min)
0

10
20

30
40
50
60
70

Thompson 1992
A(%)
B(%)
100
0
80
20

Finetti & Farina 1992
A(%)
B(%)
75
25
60
75

60

40

100

0

40
25

Fluorescence detection

To detect FGF-2 at the low concentrations expected in tissue after topical
application, HPLC with a fluorescence detection was investigated.

A

commercially available fluorescent tag (Alexa Fluor® 555 Microscale protein
labelling kit, Molecular Probes™) was used to label FGF-2.

Fluorescence labelling of FGF-2 for HPLC

FGF-2 (25 f-lg) was dissolved in 25 f-1-L PBS buffer after which 2.5 f-1-L 1M
NaHC03 was added to the reaction tube with 1.9 f-1-L dye (Alexa Fluor® 555
carboxylic acid/succinimidyl ester at 8.11 nmol/f-1-L). The resulting solution was
incubated at room temperature for 15 minutes. The contents of the reaction
tube were then pipetted onto a resin bed in the microdialysis vials provided
before being centrifuged at 16 000 x g for one minute. Figure 3.2 shows the
labelling process, indicating that the fluorescent tag was attached to the Nterminal of FGF-2.

96

In vivo

Chapter Three

NH~

rs;s-.
. L ~f

1

l::~.F~, f \

0

. . \L(,...
.
11
/1'-,-C-NH ~

SE=

succinimidyl ester
reactive ester moiety

l'

~~

Figure 3.2.

Schematic of the fluorescence labelling process for FGF-2.

To calculate the degree of labelling, one pL unlabelled protein and one pL
labelled protein were added separately to 99 pL of PBS and the absorbance was
measured at both 280 and 555 nm. Protein at an initial concentration of 25 pg in
25 pL (1 mg/mL) generated approximately 50 pL of a 0.4 mg/mL labelled FGF-2
solution. The final protein concentration is given by the equation:

Protein concentration (mg/mL)

= [Azso - 0.08(Asss)] x dilution factor
A28o of unlabelled protein at 1 mg/mL

where A28o is the absorbance of the protein at 280 nm, Asss is the absorbance of
the protein at 555 nm, 0.08 represents the correction factor for the fluorophore' s
contribution to A2so and the dilution factor is the dilution of protein solution
prior to absorbance reading (in this case a 1:50 dilution).

RP-HPLC of labelled FGF-2

Solutions of labelled protein in PBS were prepared by adding 10 pL labelled
protein to 90 pL PBS. An aliquot (one pL) of the labelled protein was added to
99 pL PBS and one pL of this solution added to 999 pL PBS. Using the RPHPLC methods for FGF-2 of Thompson (1992) and Finetti and Farina (1992)
(section 3.4.1), 50 pL samples were injected and the chromatogram was
monitored by absorption (i\.=555 nm) and fluorescence detection (i\.ex=555 nm ;
i\.em=565 nm).
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3.4.2

FGF-2 extraction from tissue

3.4.2.1

Extraction process

The extraction buffer was prepared as described in Table 3.3 (Gardner-Thorpe
et al. 2003).
Table 3.3. Extraction buffer components.

KHzP04
NazHP04
NaCl
Triton X-100
4,2-aminoethylbenzenesulfonylfluoride
HzO

3.4.2.2

1.851 g
0.894 g
7.101 g
O.SmL
0.24 g
to 1000 mL

Tissue homogenate

To validate the extraction and quantification of FGF-2, sections of rat abdominal
tissue (approximately 15 mm diameter and 5 mm deep) were obtained from
rats culled at the Hercus Taieri Research Unit, Dtmedin. The sections were
clipped and shaved to remove all fur and then trimmed to size.

Three tissue sections (approximately 7 mm diameter and 5 mm deep) were
finely macerated and weighed into 1.5 mL Eppendorf tubes. An aliquot (25 1-1L)
of a 6 1-1g/mL FGF-2 solution (total of 0.15 1-1g) was added to each tube and
incubated at room temperature for five hours. At the end of this time, 0.5 mL
extraction buffer was added and the tissue homogenised using a glass
homogeniser.

Homogenised tissue was then centrifuged at 1500 g for 10

minutes at 4oc. The supematant was removed without disrupting the pellet
and, following dilution (1:10) in extraction buffer, FGF-2 was quantified by
ELISA as described in section 2.4.3.1.
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3.4.2.3

Assay for IL-1 (3 and MCP-1

The ELISA procedure was carried out according to Scheme 3.1 (Quantikine,
RnD Systems, Minneapolis, USA). Reconstituting the

IL-1~

standard generated

two mL of a 2000 pg/mL solution. Serial dilutions (A, B, C) of 0.5 mL aliquots of
stock solution were diluted in triplicate to generate standards of 1000, 500, 250,
125 and 62.5 pg/mL. To determine reproducibility, the highest concentration
standard (2000 pg/mL) was analysed six times and the kit control solution
provided (range= 201-335 pg/mL) was analysed three times.

Reconstituting the MCP-1 standard generated two mL of a 1000 pg/mL
solution. Serial dilutions (A, B, C) of 0.5 mL aliquots of stock solution were
diluted in triplicate to generate standards of 500, 250, 125, 62.5 and 31.25 pg/mL.
Again the highest concentration standard (1000 pg/mL) was analysed six times
and the control solution provided (range= 100-167 pg/mL) was analysed three
times.

All standards, samples and kit control solutions provided were assayed
according to the manufacturer's instructions as described in Scheme 3.1.
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> ro.orn te~nperatl1re
Aspirat~ ·and wash 5. times

Add 100 ~tL conjugate
solution to each well

Incubate for two hours at
roo1n telTiperatl!re
Aspirate, and wash 5 times

I!lcubate 30min

Wash buffer
Assay diluent
Conjugate solution
Substrate solution
Stop solution

= surfactant solution (provided)
buffered protein solution (provided)
polyclonal antibody conjugated to HRP (provided)
hydrogen peroxide + tetramethylbenzidine (provided)
hydrochloric acid solution (provided)

=
=
=
=

Scheme 3.1. ELISA assay protocol for Quantikine®MCP-1 and IL-l~ kit.
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3.4.3

Animal in vivo experiments

3.4.3.1

Wounding of animals

Ethical approval was obtained from the Wellington School of Medicine Animal
Ethics Committee.

Assignment of animals

Animals were randomly assigned to one of four groups (n=3 per group). All
rats were

~20

weeks of age and housed singly post-operatively. Rats received

normal food and water ad libitum throughout the duration of the experiment.

Wound preparation (for all groups)

At

~30

minutes before wounding, each animal was given a subcuta.rleous

injection of Temgesic at the base of the neck at a dose of 0.075 mg/kg. Each
animal was then anaesthetised using 3% halothane in oxygen.

Once pedal

reflexes were no longer present, the dorsal area from the base of the skull to the
hind limb hip area was close shaved with electric clippers and prepared
aseptically as follows:

(1) A clean swab, soaked in Riodine Povidone-Iodine (Povidone-Iodine 10%
w/v) was applied to the shaved area, swabbing from the tail to the head,
making sure the skin was evenly "wetted".
(2) A second swab soaked with the iodine solution as above was applied to the
shaved area working in a clockwise or anticlockwise motion from the centre of
the shaved area outwards.
(3) A swab soaked in 70% v/v ethanol was applied as per step (2).
(4) A sterile dry swab was used to dry the treated area of skin again.
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A full thickness wound was made using a sterile 12 mm biopsy punch (Figure
3.3). A new punch was used for each wound. Any blood was removed with
sterile cotton swabs. Care was taken to ensure that the punches were dry and
that no debris from the skin (hair etc), entered the wound. As far as possible,
wounds were made at right angles to the surface of the skin.

Designated volumes of control and test solutions were then applied to the
wounds using a Gilson Microman CP 100 positive displacement pipette.
Animals were allowed to regain consciousness with close monitoring to ensure
that a regular breathing pattern was achieved.

Figure 3.3. Photograph of a wound immediately following the wounding procedure.

102

In vivo
Chapter Three
3.4.3.2

Formulations

Animals received a single application of one of the treatments described as
follows.

Control

Fresh PBS (20 mM, pH 6.5, ionic strength 150 mM) was prepared as a control
and was also used to prepare the following formulations:

Solution

FGF-2 (25 f.lg) was dissolved in 25 f.lL PBS to give a concentration of one
mg/mL.

This was then tagged with Alexa Fluor Dye 555 to yield a final

concentration of 0.4 mg/mL of labelled FGF-2.

An aliquot (15 f.1L) of this

solution (6 f.lg) was then added to 985 f.lL PBS to give a 6 f.lg/mL FGF-2 solution.

Gel

PBS (982.5 f.1L) was heated to >80°C and 0.07 g E4M CR HPMC was added. The
resulting solution was removed from the heat and continually stirred until the
temperature dropped to <40°C at which time 17.5 f.lL of the labelled FGF-2
solution (7 f.lg) was added and the solution stirred until cool. This gave a 7
f.lg/mL FGF-2 gel.

Film

PBS (1492.5 f.1L) was heated to >80°C and 0.015 g of E4M CR HPMC was added.
The resulting solution was removed from the heat and continually stirred until
the temperature dropped to below <40°C at which time 7.5 f.lL of the labelled
FGF-2 solution (3 f.lg) was added and stirred until cool. This gave a 2 f.lg/mL
gel. An aliquot of the gel (150 f.lL) was pipetted onto Melolin™ circles of 1.5 cm
diameter and then dried at 37°C overnight. This gave a dried film containing
0.3 f.lg FGF-2 I 1.5 mg E4M CR HPMC.
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3.4.3.3

Experimental design

Each experiment involved 12 rats separated into four groups of three rats
treated as follows:

Group A (rats Al, A2, A3). Each wound had 50 ).lL PBS applied.
Rat Al was euthanised after two hours and the wound excised.
Rat A2 was euthanised after five hours and the wotmd excised.
Rat A3 was euthanised after eight hours and the wound excised.

Group B (rats Bl, B2, B3). Each wound had 50 ~lL FGF-2 in PBS (0.3 ~lg) applied.
Rat Bl was euthanised after two hours and the wound excised.
Rat B2 was euthanised after five hours and the wound excised.
Rat B3 was euthanised after eight hours and the wound excised.

Group C (rats Cl, C2, C3). Each wound had 43 ).lL FGF-2 in HPMC gel (0.3 ).lg
FGF-2) applied.
Rat Cl was euthanised after two hours and the wound excised.
Rat C2 was euthanised after five hours and the wotmd excised.
Rat C3 was euthanised after eight hours and the wound excised.

Group D (rats Dl, D2, D3). Each wound had 1.5 mg FGF-2 in HPMC Melolin™
backed film (0.3 ~lg FGF-2) applied.
Rat Dl was euthanised after two hours and the wound excised.
Rat D2 was euthanised after five hours and the wound excised.
Rat D3 was euthanised after eight hours and the wound excised.

This experiment was repeated six times to give a total of six replicates for each
of the four treatments and three time periods (n=72 animals in total).
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3.4.3.4

Tissue collection

At the end of the study period (two, five or eight hours), animals were
euthanised using C02 and cervical dislocation. Wounds were then excised from
each animal including extra skin around the wound site. The tissue was placed
on a plastic dissecting board before cutting the wound in half along a vertical
diameter. One half was placed in a TissueTek Cryomold (intermediate 15 mm x
15 mm x 5 mm) preceded by a small amount of OCT compound and then
covered with OCT compound.
nitrogen and stored at

-80

Both halves were then snap frozen in liquid

oc until analysed by histology and for cytokines.

Six halves per experimental group were analysed for FGF-2 concentration as
described below. Three halvesper group were analysed for

IL-1~

and MCP-1

and the remaining three halves were processed for confocal microscopy (as
described in section 3.4.4).

Film recovery

To extract any remaining FGF-2 from the backing at the end of the experiment,
films were removed from the animals and three films from each time point
(two, five or eight hours) were placed into 0.5 mL extraction buffer for five
hours. The resulting solutions were analysed by ELISA for FGF-2 as described
previously and results are shown in Table 3.3.
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3.4.3.5

Wound

Tissue analysis

tissue

was

dissected

horizontally

into

surface

granulation,

subcutaneous fat, superficial muscle and deep muscle layers. These sections
were weighed and their thickness measured with digital vernier calipers.
Following a process described by Gardner-Thorpe et al. (2003), the tissue
sections were homogenised as described previously in 0.5 mL extraction buffer
consisting of PBS, 0.05% v/v Triton X-100, and protease inhibitor, 1 mM 4,2aminoethylbenzenesulfonylfluoride.

Following homogenization, sections were centrifuged at 1500 g for 10 min at
4°C.

Human FGF-2 immunoassay kits were used according to the

manufacturer's instructions with standards of known concentration. The FGF-2
extracted from each tissue sample was analysed by ELISA assay as described in
section 2.4.3.1. Values were corrected for tissue weight and results expressed as
pg FGF-2/g tissue.

The analyses of

IL-1~

and MCP-1 were slightly different as the entire half

wound was homogenised and only three of the six replicates were analysed.
The half wound section was homogenised as described above in one mL
extraction buffer and, following dilution (50 f-1-L to 1000 f-1-L PBS), was quantified
by ELISA as described in section 3.4.2.
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3.4.4 Confocal microscopy

The preparation of the excised wound samples for confocal microscopy is
shown in Figure 3.4.

As discussed previously (section 3.4.3.4), following

euthanisation of the animal, the wound was excised and then cut in half along a
diameter as shown at (A). Following this, one half was dissected horizontally
into the respective tissue sections (surface granulation, subcutaneous fat,
superficial muscle and deep muscle) before analysis for FGF-2 as described in
section 3.4.3.5. The remaining half was placed in a TissueTek Cryomold with
OCT compound as described in section 3.4.3.4 before being snap frozen in
liquid nitrogen. During processing for histology, the wound sample was sliced
vertically from the centre outwards in a cryostat (B), generating several
sections, each 7 1-1m thick. These sections were then motmted onto microscope
slides (C) and stained as described below.

J ea. 5 mm

!

(A)

(B)

•

£((;(. /•.·. ·y

(C)

Figure 3.4. Preparation of an excised wound sample for confocal microscopy.
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Under normal light microscopy, the section from the control group appeared as
shown in Figure 3.5. The layers of tissue can be seen at 10x magnification.

Figure 3.5. Photograph of a section of rat wound from the control group following an
experiment. Images (A) and (B) show superficial and deep muscle, image (C) surface
layers and granulation matrix and image (D) subcutaneous fat. Photographs were
taken by light microscopy of wound layers at 1Ox magnification.

3.4.4.1

Van Gieson tissue staining

The first staining process was a Van Gieson (with acid fuchsin) as discussed by
Rubio (2000). This stain uses a 1% aqueous acid fuchsin with a saturated picric
acid solution. Using this stain, collagen is stained red and the muscle a yellowgreen when visualised by confocal microscopy as shown in Figure 3.6.
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Figure 3.6. Acid fuchsin with picric acid (Van Gieson staining). Green fluorescence
corresponds to muscle and red fluorescence corresponds to collagen . Tissue section
is obtained from a control animal.

The Alexa Fluor dye used to tag FGF-2 has excitation/emission spectra as
shown in Figure 3.7. These spectra overlap with those of acid fuchsin which
has an absorption wavelength maxima at 540 nm and emission wavelength
maxima at 630 nm. The Van Gieson staining protocol was then modified so that
the sections were stained with the picric acid alone (ex/em of 488/530-600 nm) to
avoid overlap.
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Figure 3.7. Fluorescence excitation (-) and emission (-- -) spectra of Alexa Fluor®
555 goat anti-mouse lgG antibody in pH 7.2 buffer.
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By staining samples with picric acid alone, the muscle tissue could be visualised
and examined in relation to the depth of FGF-2 penetration.

The confocal

microscope was run as two channels: Channel one used excitation at 488 nm
and caph1red at 530-600 nm shown as green; channel two used excitation at 633
nm and captured at >650 nm shown as red.

3.4.4.2

Vardaxis tissue staining

Vardaxis et al. (1997) described a method of visualising porcine skin using
confocal microscopy. The staining process for examination of the dermis and
collagen consisted of a Pontamine Sky Blue/eosin stain followed by
investigation by confocallaser scanning microscopy at two output wavelengths
of 488 nm and 514 nm. This shows elastin as red and collagen as green. Eosin
has excitation/emission maxima at 525/545 nm similar to Alexa Fluor 555
(555/565 nm), so eosin was replaced by Alexa Fluor 555.

The confocal

microscope was run as two channels: Channel one used excitation at 488 nm
and captured at 505-630 nm shown as green; channel two used excitation at 543
nm and captured at >650 nm shown as red.
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3.5 Results
3.5.1

RP-HPLC for FGF-2

Detection by UV spectroscopy

Standard solutions of FGF-2 (100

~g/mL,

50

~g/mL

and 10

~g/mL)

were

analysed by RP-HPLC following the method developed by Thompson (1992).
Even at the highest concentration (100
background noise.

~g/mL),

no peaks were detected above

A second RP-HPLC method developed by Finetti and

Farina (1992) was then used. Their mobile phase gradient varied from that of
Thompson (1992) and detection was at 210 nm. Whilst a small peak was seen, it
was only detected at with the highest concentration (100

~g/mL).

Since the

concentration was significantly higher than those expected in the in vivo
experiments, a more sensitive detection method was needed.

Fluorescence detection

FGF-2 was tagged with a commercially available Alexa Fluor® 555 fluorescent
dye. The protein-dye conjugate was analysed by RP-HPLC using the method
described by Finetti and Farina (1992). The resulting chromatograms are shown
in Figure 3.8. The highest concentration of labelled protein was 40

~g/mL.

Two

peaks were seen; the peak eluting at three minutes was unconjugated dye and
the peak eluting at 22 minutes was the labelled protein. This was confirmed by
analysing the fluorescent dye alone which gave a peak at around three minutes.
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Figure 3.8. Chromatogram of labelled FGF-2 solution at 40 IJg/mL. (A) Fluorescence
detection (Aex=555 nm ; Aem=565 nm), (B) UV detection at 555 nm.

The lowest concentration (0.4 1-1g/mL) of protein-dye conjugate was then
analysed as above. This concentration is still higher than expected in the in vivo
experiments where only 0.3 1-1g was applied to the entire wound. Since this
concentration gave no significant peak above background noise, it was decided
to use a commercial ELISA assay as described in section 2.4.3.1, for the
quantification of FGF-2 in wound sections.
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3.5.2 Extraction of FGF-2 from rat tissue homogenates

Table 3.4 shows the recovery of FGF-2 from tissue homogenates was in the
range 64 - 80%.
Table 3.4. Weight and recovery of tissue extraction; 150 ng FGF-2 was added to each
tissue sample. Data are mean ± standard deviation (n=3).

Tissue
A
B

c

Weight
(g)
0.409
0.407
0.382

Recovery
(ng)
97± 5
119 ± 3
107 ± 10

Percentage
Recovery
64± 3
80±2
71 ± 7

3.5.3 FGF-2 levels in animal wounds

A control, three formulation of FGF-2 (solution, gel and film) and three time

periods (two, five and eight hours) were studied. Each combination had six
animals per group to give a total of 72 animals. One rat in the film group at the
five hour time point developed a blood clot in the wound unrelated to the
formulation and was euthanised early.

The sample was not suitable for

analysis and so for all subsequent results the MelolinTM backed film group at
the five hour time point is based on n=S rather than n=6. The remaining 71
animals had their wounds excised and then dissected horizontally into the
following sections: surface, subcutaneous fat, superficial muscle and deep
muscle. The mean tissue thickness and weights of these sections are listed in
Table 3.5. FGF-2 concentrations in the surface granulation, subcutaneous fat,
superficial muscle and deep muscle are given in Figure 3.9.
Table 3.5. Tissue samples from animal wound experiment.

Tissue Section
Surface
Subcutaneous Fat
Superficial Muscle
Deep Muscle

Mean Thickness, mm (n=71)
1.28 ± 0.40
1.20 ± 0.54
1.07 ± 0.37
1.37 ± 0.43

Mean Weight, g (n=71)
0.254 ± 0.074
0.282 ± 0.140
0.204 ± 0.076
0.201 ± 0.080
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Figure 3.9. FGF-2 concentration within the various tissue sections at (A) two hours, (B)
five hours and (C) eight hours for (•) control, (n) solution, (•) gel and (o) film. Data are
mean ± standard deviation (n=6*).
*n=5 for film at five hours
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Repeated measures ANOVA was used to compare tissue concentrations of FGF2 and the results are shown in Table 3.6. Repeated measures ANOVA was
appropriate as multiple measures (i.e. section) were performed in the same
animal. The analysis showed that only main effects of formulation and time
were significant (p<0.05). Tissue section within time only marginally failed to
reach significance (p=0.054). Interactions were not significant (Table 3.6).

Results are summarised in terms of the main effect plots (Figures 3.10 - 3.12).
The main effect plot for formulation (Figure 3.10) showed that, regardless of
time or tissue section, formulation two (solution) gave the highest FGF-2 tissue
level. Tissue FGF-2 concentration was not significantly greater than control for
either the gel or film formulations. The main effect plot for time (Figure 3.11)
shows that the highest FGF-2 levels occurred at the earliest time point of two
hours.

The main effect plot for tissue section (Figure 3.12) shows that,

regardless of time or formulation, there was a difference between the amount of
FGF-2 in the top two tissue sections (surface and subcutaneous fat layers) and
the amount in the lower two sections, although the difference was not
statistically significant (p=0.054)
Table 3.6. Analysis of variance of FGF-2 concentrations with respect to formulation,
time and tissue section.

Source
Formulation
Time
Section (Time)
Formulation *Time
Formulation* Section(Time)
Error
Total

Adj SS
DF Seg SS
27732998 27247483
3
10485491 10410203
2
22773229 22928375
9
12829954 12361571
6

AdjMS

9082494
5205101
2547597
2060262
27 52326193 52326193 1938007
234 315291996 315291996 1347402
281 441439861

F

p

6.74
3.86
1.89
1.53
1.44

0.000
0.022
0.054
0.169
0.081
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Figure 3.1 0. Main effect plot for FGF-2 with respect to formulation. Data are shown as
mean± standard error of the mean (n=18).
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granulation, 2=subcutaneous fat, 3=superficial muscle, 4=deep muscle. Data are
mean± standard error of the mean (n=18).

At the conclusion of the experiment, the Melolin™ backing was recovered and
any remaining FGF-2 was extracted by placing the retrieved backing in 0.5 mL
extraction buffer for five hours. The resulting solution was analysed by ELISA
as described previously (section 2.4.3.1).

Table 3.7 shows the absolute and

percentage recovery from the three backings.

Table 3.7. Recovery of FGF-2 from backing of films following duration of experiment,
0.3 j.Jg of FGF-2 was applied to each backing. Data are mean ± standard deviation
(n=3).

Time (hours)

FGF-2 recovered

Two

2496 ± 526 pg
2424 ± 1270 pg
2660 ± 1061 pg

Five
Eight

Percentage
Recovery
0.83 ± 0.18%
0.78 ± 0.48%
0.89 ± 0.35%

117

In vivo
Chapter Three

3.5.4 IL-113 and MCP-1 levels in animal wounds
Linearity

To ensure reproducibility of the ELISA assays, assay validation was conducted
for both

IL-l~

and the MCP-1. Results are shown in Figures 3.13 and 3.14

where the respective R2 values are 0.9908 and 0.9859.
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Figure 3.13. 11-1 ~ standard curve. Data are mean ± standard deviation (n=3).
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Reproducibility

The reproducibility of the positive control standards and the kit control
solutions (provided by the manufacturer) for

IL-1~

and MCP-1 are shown in

Table 3.8. The CV was 5.3 and 14.2% respectively for the standards and 6.2 and
8.7 % for the controls.
Table 3.8. Reproducibility of ELISA assay for IL-1!3 and MCP-1
IL-1~

2000 f.lg/mL (n=6)
2210 ± 117
1000 f.lg/mL (n=6)
1040 ± 148

MCP-1

The range of

IL-1~

Kit control solution (n=3)
420 ± 26
Kit control solution (n=3)
92±8

concentration is given by the manufacturer as 201 - 335

pg/mL. However, in our laboratory, the readings from the ELISA assay were
higher than this, and relatively reproducible.

This was not considered a

problem since all results were compared to control animals and the absolute ILl~

concentration was less important than the relative concentration. The range

of MCP-1 was given as 100 - 167 pg/mL and within the standard deviation
range was deemed to be appropriate.

Following the animal wounding experiment, three of the six samples of each
formulation and at each timepoint were further analysed for

Il-l~

and MCP-1.

ANOV A was used to determine the statistical difference between the cytokines
with respect to formulation and time (Table 3.9).

IL-1~

is considered to be a non-specific inflammatory marker (Lee et al. 2004).

Its highest concentration was at two hours post-wounding in all animals and
was also increased for the film formulation at eight hours (Figure 3.15). MCP-1
has been reported to be upregulated by FGF-2 during the healing process
(Presta et al, 2005).

Again the highest levels were two hours post-wounding

119

In vivo
Chapter Three

(Figure 3.16). Interestingly, the solution formulation gave the lowest MCP-1
concentrations. ANOVA of

IL-1~

and MCP-1 concentrations showed only the

effect of time was significant (Table 3.9 (A) and (B) respectively).
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Figure 3.15. IL-1 ~ concentration in wound section for the differing formulations (•)
control , (• ) solution , (• ) gel and (• ) film. Data are mean± standard deviation (n=3) .

1500~

'b1l
c.
,_,
(.J

=

1000-

0

(.J

.....
~
u
I

~

500-

~~r1n

0

2

5

8

Time (hours)
Figure 3.16. MCP-1 concentration in wound section for the differing formulations (•)
control, (• ) solution , (• ) gel and (• ) film . Data are mean ± standard deviation (n=3) .

120

3.5.5

Confocal microscopy

3.5.5.1

Van Gieson tissue staining

The purpose of microscopy was to provide a secondary technique to determine
the penetration of FGF-2 into wounds. As the ELISA assay measures both the
endogenous and exogenous FGF-2, confocal microscopy was of value because it
shows only the exogenously applied FGF-2.

Two staining methods were

studied, Van Gieson and Vardaxis staining.

The Van Gieson stain only showed the presence of FGF-2 in samples containing
high concentrations due to spectral overlap of the Alexa Fluor 555 and picric
acid. All microscopy evaluations were blinded to the assessor and samples
were coded with random letters. The code was not broken until all images had
been examined and documented.

Figures 3.17 - 3.20 show the images obtained from representative samples.
There is very little red fluorescence in any of the samples. The reason for this is
that FGF-2 detection was limited by spectral overlap of the Alexa Fluor dye
which was used to label the FGF-2 and the picric acid which stains muscle
tissue.
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Control

Figure 3.17. Representative confocal microscopy images of control tissue sections
with Van Gieson staining (A) at two hours, (B) at five hours and (C) at eight hours.
Green represents muscle tissue and red represents exogenous FGF-2 . White arrow
indicates wound surface. Scale = 200 1Jm.
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Solution

Figure 3.18. Representative confocal microscopy images of solution formulation tissue
sections with Van Gieson staining (A) at two hours, (B) at five hours and (C) at eight
hours. Green represents muscle tissue and red represents exogenous FGF-2. White
arrow indicates wound surface. Scale = 200 1Jm.
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Gel

Figure 3.19. Representative confocal microscopy images of gel formulation tissue
sections with Van Gieson staining (A) at two hours, (B) at five hours and (C) at eight
hours. Green represents muscle tissue and red represents exogenous FGF-2. White
arrow indicates wound surface . Scale = 200 1Jm.
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Film

Figure 3.20. Representative confocal microscopy images of film formulation tissue
sections with Van Gieson staining (A) at two hours, (B) at five hours and (C) at eight
hours. Green represents muscle tissue and red represents exogenous FGF-2. White
arrow indicates wound surface. Scale = 200 1Jm.
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Two of the samples where FGF-2 could be visualised are shown in Figures 3.21
and 3.22. The first image represents the solution after eight hours. The red
circle may correspond to FGF-2 in the subcutaneous fat layer, although it may
also be a processing artefact as it appears isolated. The second image represents
the gel formulation after five hours and shows a large amount of FGF-2 still
attached to the wound surface (this may still be held within the HPMC gel
matrix).

Figure 3.21. Representative confocal microscopy images of solution formulation tissue
sections with Van Gieson staining at eight hours. Green represents tissue and red
represents exogenous FGF-2. Scale = 200 1-Jm.

Figure 3.22. Representative confocal microscopy images of gel formulation tissue
sections with Van Gieson staining at five hours. Green represents tissue and red
represents exogenous FGF-2. Scale = 200 1-Jm.
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3.5.5.2 Vardaxis tissue staining

The Vardaxis stain detected FGF-2 at lower concentrations compared with the
Van Gieson stain as there was reduced spectral overlap between the Alexa
Fluor dye and pontamine sky blue stain. This stain showed exogenous FGF-2 in
all samples with the exception of the controls as shown in Figures 3.23 - 3.26.
Again, the intensity of the red fluorescence reflects the concentration of FGF-2.
The yellow area in the initial solution sample (Figure 3.24) is where there is
overlap of intensity from the red and green channels. At the five hour time
period for the solution formulation, there was accumulation of FGF-2, but FGF2 had diffused into tissue and at the eight hour period appeared more diffuse.
With the gel formulations (Figure 3.25), the gel appeared to initially accumulate
on the surface of the wound but FGF-2 distributed into the deeper tissue at
eight hours. Whilst for films the FGF-2 concentration was not significantly
above control, confocal microscopy showed there was penetration of FGF-2 into
the subcutaneous fat at the later time-points of five and eight hours (Figure
3.26).
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Control

Figure 3.23. Representative confocal microscopy images of control tissue sections
with Vardaxis staining (A) at two hours, (B) at five hours and (C) at eight hours. Green
represents collagen tissue and red represents exogenous FGF-2. White arrow
indicates wound surface. Scale = 200 j..Jm.
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Solution

Figure 3.24. Representative confocal microscopy images of solution formulation tissue
sections with Vardaxis staining (A) at two hours, (B) at five hours and (C) at eight
hours. Green represents collagen tissue and red represents exogenous FGF-2. White
arrow indicates wound surface. Scale = 200 IJm .
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Gel

Figure 3.25. Representative confocal microscopy images of gel formulation tissue
sections with Vardaxis staining (A) at two hours, (B) at five hours and (C) at eight
hours. Green represents collagen tissue and red represents exogenous FGF-2. White
arrow indicates wound surface. Scale= 200 iJm.
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Film

Figure 3.26. Representative confocal microscopy images of film formulation tissue
sections with Vardaxis staining (A) at two hours, (B) at five hours and (C) at eight
hours. Green represents collagen tissue and red represents exogenous FGF-2. White
arrow indicates wound surface. Scale = 200 J.Jm .
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FGF-2 Formulations at Eight Hours

Figure 3.27. Representative confocal microscopy images of FGF-2 formulations at
eight hours with Vardaxis staining (A) solution, (B) gel and (C) film . Green represents
tissue and red represents exogenous FGF-2. White arrow indicates wound surface.
Scale = 200 iJm.
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As shown in Figure 3.1, the surface layers of the skin and the granulation matrix
are estimated to be approximately three mm thick. For the wotmds created in
this study, the FGF-2 only needed to penetrate approximately one mm to reach
the subcutaneous fat level.

As shown in Figure 3.37 (A), the solution had

penetrated to this depth from the wound surface (indicated by the white
arrow). The scale bar shows 200 f-1-m and confirms that the diffuse solution is
indeed in the subcutaneous fat level where there is a lower collagen density.
Figure 3.37 (B) also shows a significant penetration of FGF-2 from the gel
formulation to a depth of approximately one mm. Figure 3.37 (C), the film
formulation, shows a slightly different arrangement. In the bottom left hand
corner, a patch of red intensity just above the scale bar shows the aggregation of
FGF-2 which may be localised in the HPMC gel formed by hydration of the
film. The more diffuse red colouring had not reached the subcutaneous fat
level and appears more sporadic and patchy in the tissue indicating a slow
release profile without the high bolus release seen with the solution and gel
formulations.

133

In vivo
Chapter Three

3.6 Discussion
The aim of the experimental work reported in this Chapter was to administer
FGF-2 formulations to punch biopsy wounds in rats and then to investigate the

in vivo FGF-2 levels for up to eight hours. In order to achieve this, assays were
required to quantify the amount of FGF-2 in tissue. The assay needed to have
high sensitivity and specificity for the target protein. Two assay methods were
examined involving RP-HPLC with either UV or fluorescence detection and
ELlSA.

RP-HPLC of a fluorescently tagged FGF-2 gave greater sensitivity than with UV
detection (Figures 3.7-3.8). However, using HPLC, the limit of quantification
for FGF-2 was inadequate. The dose of FGF-2 chosen for this study reflected
the predicted ammmt of FGF-2 needed in practice for wounds of this size based
on the available literature. Okamura et al. (1996) reported doses as low as 0.2
1-1g of FGF-2 applied to wounds of 1.6 cm gave the maximum healing rate in
diabetic mice.

The HPLC methods used by Finetti and Farina (1992) and

Thompson (1992) involved FGF-2 concentrations of 320 1-1g/mL and 10
when investigating FGF-2 concentrations in bovine pituitary.

~tg/mL

Our current

study used concentrations lower than this based on the amount needed for
wound healing in rats with a wound diameter of 12 mm. This assay could have
been further optimised to increase sensitivity, but it was anticipated that the
optimised detection limit would still be inadequate to allow quantification of
FGF-2 in wounds. The FGF-2 ELISA assay can measure concentrations as low
as 100 pg/mL and was therefore adopted. The drawback of using ELISA is that
differentiation between endogenous and exogenous FGF-2 is not possible and
so control experiments were needed to determine the concentration of
endogenous FGF-2 following wounding in these rats.

For this reason, a

secondary technique was developed in which FGF-2 was tagged with a
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fluorescent label and tissue sections were monitored by confocal microscopy.
This was then used to illustrate the distribution of the exogenously applied
growth factor within the wounds.

In Chapter 2, the in vitro release was investigated and it was determined that

the majority (86 -100%) of growth factor was released within a five hour period.
Taking into account the variability in an animal wound, it was postulated that
eight hours would be sufficient to allow a degree of release from the
formulation and subsequent diffusion of growth factor through the wound
environment. This was in fact the case since eight hours after application all
formulations produced a concentration above control at the surface granulation
level and the subcutaneous fat level (Figure 3.9). However, levels were not
significantly above control with the exception of those produced by the
solution.

The variation in FGF-2 concentration seen following solution

administration may be related to the contact time of the solution itself since a
variable amount may have 'nm-off' the wound surface. This is a reported
limitation of solution application to wounds (Azrin 2001).

Statistical analysis using a general linear model ANOVA showed statistically
significant differences in mean FGF-2 levels with respect to formulation and
time following application of the formulations (p<0.05). This can be explained
further by studying the main effect plots (Figures 3.10-3.12). Figure 3.10 shows
that, irrespective of formulation or time point chosen, the FGF-2 concentration
decreases as the tissue depth increases. This is presumably due to slow and
possibly restricted diffusion of FGF-2 through the tissue layers. Figure 3.11
shows that, irrespective of the time point studied or the depth of the tissue
section, the solution formulation gave the highest FGF-2 concentration. This is
expected as FGF-2 in a solution formulation is immediately available to diffuse
within the wound extracellular fluid.

Figure 3.12 shows that, regardless of
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formulation, the highest FGF-2 concentration was seen at the two hour time
point in all experimental groups.

It was anticipated that the in vivo release in animal wotmds would be reduced
compared to that predicted by in vitro release since the limited amount of fluid
in an animal wound would reduce the polymer film hydration rate, and the
absence of sink conditions would reduce the concentration gradient and the
polymer dissolution into the wound. The results show that the application of a
solution gave highly variable tissue concentrations, but those in the upper
layers were elevated at eight hours. Variability may be explained by differences
in the solution contact time in each individual animal due to the lack of
retention of the solution formulation within the wound.

As expected, the concentration of FGF-2 decreases with the depth of tissue. This
is probably related to the diffusivity of FGF-2 through the tissue. Factors that
may impact on the rate of diffusion of FGF-2 through the wound include the
release rate from the formulation and the resulting concentration gradient as
well as the degree of binding of the FGF-2 to the extracellular matrix. It has
been noted that a key feature of FGF proteins is their affinity for both heparin
and heparin sulfate proteoglycans. This stabilises FGF-2 against denaturation
and proteolysis in wounds but would strongly limit its diffusibility (Wemer
and Grose 2003).

There was no significant difference between FGF-2 levels produced by the gel
and film formulation, although, from a practical point of view, it would be
easier and more hygienic to apply a film to an open wound rather than a gel. It
is also important to remember that these formulations were applied to wounds
in healthy animals with no healing impairment.

Chronic wounds are often

highly exudative and the wotmd fluid could aid in the hydration of the film
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formulation. To compensate for any lack of fluid in a wound, sterile saline
could be added just prior to application of a film formulation to initiate film
hydration.

The use of a commercially available dressing could maintain a

platform for growth factor delivery and facilitate removal of the formulation
after release without disrupting the newly forming granulation tissue. It can
also facilitate a tmiform coverage of the wound, remove the inconvenience and
potential contamination from applying a topical gel and decrease the amount of
'nm-off' associated with a solution.

The biological markers determined here indicate that, immediately postwounding, both IL-1~ and MCP-1 were present possibly in response to cellular
damage. After eight hours, the film formulation appeared to produce higher
IL-1~

levels which could be useful to drive wound healing via the recruitment

of other mediators (Figure 3.15). However, this elevation may simply be related
to irritation caused by the presence of the film and not necessarily due to the
FGF-2. In normal wounds, the maximum levels of MCP-1 are reported to occur
after 12 to 24 hours (Engelhardt et al. 1998), but it has been shown in cell culture
that the addition of FGF-2 upregulates mRNA expression in only 30 minutes.
The increased levels of MCP-1 in all groups at the two hour time point (Figure
3.16) may be due to the endogenous FGF-2 released following wounding.

To determine the contribution of exogenous FGF-2, confocal microscopy was
used.

The initial Van Gieson staining technique had limited usefulness as

significant overlap of the excitation and emission spectra of the fluorochromes
occurred resulting in quenching of FGF-2 fluorescence as shown in Figures 3.17
- 3.22. The Vardaxis based staining technique eliminated the overlap problem
and the exogenous FGF-2 could be better visualised. Figures 3.23- 3.27 show
that the solution formulation produced a high concentration of FGF-2 in the
outer surfaces at two hours. At five hours there was accumulation of FGF-2 in
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the subcutaneous fat layer and a lower concentration on the surface. By eight
hours there was a more uniform distribution throughout the entire section. The
images were similar to those from the gel formulation although the fluorescence
did not appear as strong. For the film formulation, there was no obvious FGF-2
present at two hours but some accumulation at five hours and a more diffuse
distribution at eight hours. Again there was much less intensity than observed
following application of either the solution or gel formulations.

Hence, the

potential advantage of the film formulation is that it appears to supply a slow
release of FGF-2 without the initial high intensity pulse. This low level of FGF-2
may indirectly attract macrophages which can then produce and release further
FGF-2 to continue the feedback process (Baum and Arpey 2005). However, it
may take longer than eight hours to increase FGF-2levels in this way.

The experiments reported here attempted to study FGF-2 release from simple
polymer based formulations and to determine the distribution of growth factor
within the wOlmd environment. While these studies have begun to address the
issue of growth factor delivery from different formulations in a wound
environment, there is still further work to be done, in particular to study times
beyond eight hours. One obvious anomaly in our results is the low recovery of
FGF-2 from the films following the experiment. Recovery, regardless of time
point, was, in all cases < 1 %.

This is unexpected since in the in vitro

experiments 66% of the FGF-2 was released from the film formulation within
two hours under sink conditions.

Additionally, neither ELISA nor confocal

microscopy provided evidence that all of the FGF-2 had been released into the
wound. The same fluorescent FGF-2 solution was used in the production of all
the experimental formulations, so this cannot account for the discrepancy.
Therefore, the most likely explanation is that there was a problem with the
analysis of FGF-2 remaining in the films. The extraction technique was based
on the literature and 64- 80% of FGF-2 in spiked tissue homogenates could be
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recovered.

Why the low recovery occurred from films is not clear but, in

comparison with the in vitro release buffer, the extraction buffer did not contain
either BSA or DTT which may have reduced recovery from the films.
Additionally, films were in contact with wound proteases which may have
degraded FGF-2 before the extraction process. Regardless of why the extraction
was so low, both ELISA and confocal microscopy showed that no significant
FGF-2 penetration occurred at the time points studied.

The advantage of ELISA over HPLC was the greater sensitivity that could be
achieved while its limitation was that endogenous and exogenous FGF-2 could
not be distinguished.

For this reason, a complimentary technique of

fluorescence confocal microscopy was chosen to visualise exogenously applied
FGF-2.

Confocal microscopy has been developed recently as an additional

technique for studying wound healing.

It is useful for its ability to non-

invasively visualize 3D images of skin (Vesaluoma et al. 2000, Navarro et al.
2004). The protocols used in this study were modified from those of Vardaxis et
al. (1997) who used confocal microscopy to study the structural morphology of

porcine skin rather than wound healing. This technique was valuable in our
studies as it allows visualisation of the relative distribution of the exogenous
FGF-2 within a representative wound following release from each formulation.
The information provided by the technique revealed that, from the solution at
the five hour time point, there was accumulation of FGF-2, but at the eight hour
time point, it was much more diffusely distributed. In the images from the gel
formulation, it can be seen that FGF-2 appears to accumulate on the edge of the
tissue but distributes into the deeper tissue after eight hours. The images also
show a reduced FGF-2 intensity from the film formulation when compared to
either the gel or solution formulations. However, after eight hours there was
definite penetration of FGF-2 into the subcutaneous fat level.

Tissue

concentration in this layer was still too low to be detected by ELISA. In the
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representative images, the relative intensities of FGF-2 for the solution and gel
formulation seem very similar especially at the eight hour time point. This
similarity is not seen when ELISA concentrations are examined.

The

explanation for this is that the representative animal shown in the gel images
had one of the highest FGF-2 concentrations when quantified by ELISA and, in
this respect, the correlation between fluorescence intensity and ELISA
measurements of FGF-2 was good and the two techniques provided
complementary information.

3. 7 Conclusion
The study reported here suggests that when FGF-2 is formulated as a solution it
penetrates into tissue faster than when it is formulated as a gel or a film. There
was no significant difference between the gel and the film with respect to total
concentrations achieved in the tissue, although FGF-2 appeared to be diffusely
distributed when applied in the film as demonstrated by confocal fluorescence
microscopy. Elevated levels of

IL-1~

at 8 hours in rats given FGF-2 in the film

provide some evidence that this formulation is having a beneficial effect and
that later timepoints should be examined.
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What this study has shown and where to now?
4.1

General Discussion

Current chronic wound healing treatments have been limited to debridement,
minimising infection and protecting the newly healing tissue.

A recent

approach is to manipulate the biochemical environment of a chronic wound to
recreate the biochemical environment of an acute wound.

As previously

discussed, several growth factors including EGF, PDGF, TGF-13 and FGF-2,
have been shown to be present at lower levels in chronic wounds than in acute
wounds (Cooper et al. 1994, Harding et al. 2002).

Topical delivery of such

growth factors is preferable because the active can be applied directly to the
wound which may reduce systemic effects and decrease the amount of active

In Conclusion
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needed. Solutions may not be suitable for the topical delivery of growth factors
for several reasons including a short retention time within the wound, a bolus
release of active and little or no protection of active from wotmd proteases
(Monaco and Lawrence 2003, Robertson et al. 1999, Trengove et al. 1999).

The role that formulation plays in topical delivery of growth factors to wounds
is still being investigated. Most experiments on delivery of growth factors have
involved delivery as solutions whilst gel formulations are still under
development.

Techniques to control the release of FGF-2 and increase its

therapeutic efficacy have been investigated. It has been shown that controlled
delivery of FGF-2 gives greater wound healing than application of a solution of
FGF-2 (Kawai et al. 2005). Hydrogel and gel formulations are attractive as they
maintain a moist wound environment, allow oxygen transport and often
provide analgesia by preventing desiccation of the wound. Additionally, they
do not adhere strongly to the wound (Andreopoulos and Persaud 2006).

Recently, Fujita et al. (2007) were able to show that FGF-2 released from an
injectable heparin hydrogel given subcutaneously to diabetic mice increased the
vascularisation around the injection sites for up to 21 days. Whilst injection is
not an ideal route of administration for wound healing, Fujita et al. (2007) did
provide evidence that local administration of FGF-2 could produce clinical
effects. An earlier study by Jeon et al. (2006) sh1died capillary density following
injection of FGF-2 formulations in a murine ischaemic limb model.

Their

formulations included an FGF-2 solution (25 f-lg) mixed with heparinconjugated nanospheres, FGF-2 solution (2.5 f-lg) injected daily or FGF-2loaded
fibrin gel (12.5 f-lg FGF-2) given on days one and six. They showed that while
the FGF-2 solution increased capillary growth after 28 days, the FGF-2 with
heparin conjugated nanospheres gave the greatest increase. To date, studies of
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the effects of formulation vehicle on wound levels of growth factors have not
been reported.

The aim of this thesis was to investigate and characterise a simple formulation
for the topical delivery of growth factors to wounds and to determine the
concentrations reached within an animal wound model.

In particular, we

hypothesised that solutions would cause a bolus release of FGF-2 within the
wotmd which could downregulate receptors or cause only a transient benefit
(Lee 2000, Wemer and Grose 2003, Presta et al. 2005). In comparison, retention
of a lower concentration of growth factor over a prolonged period of time
would aid in wound healing (Lee 2000).

Topical formulations that release an appropriate growth factor, or growth factor
combination, over a prolonged period of time are preferable because growth
factors are subject to proteolytic degradation and hence are expected to have
short biological half lives within wotmds (Yager et al. 1996, Trengove et al.
2000).

Evaluation of the current literature suggests that improved wound

healing may occur if the duration of the presence of growth factor within the
wotmd environment can be extended (Gu et al. 2004). Due to the high cost and
limited availability of growth factors, the development of formulations usually
begins with studies of model actives to understand how they behave in relation
to the delivery platform.
investigating

and

Chapter 2 detailed the process of formulating,

characterising

a

small

molecular

weight

molecule,

bromophenol blue, that could be easily quantified and gave rapid release. This
allowed formulation screening to be conducted quickly, simply and with
minimal cost. These initial experiments provided evidence that a film without a
backing fragments rapidly and produces a high burst release of the
incorporated active. In comparison, the same film on a supportive backing had
a reduced burst release and a slightly prolonged duration of overall release.
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The importance of HPMC viscosity was highlighted in this set of experiments,
since the higher viscosity gel slowed the release of the low molecular weight
active. By conducting a similar set of experiments with the model protein,
horseradish peroxidase, both the release profile and the activity of the released
protein could be determined. When FGF-2 was incorporated into the MelolinTM
backed HPMC film, it was noted that the cumulative release was not different
from the model protein HRP. This suggests that the release of active is most
likely due to gel dissolution rather than diffusion of the active. Results from
these in vitro experiments allowed rational selection of a suitable formulation to
be made for evaluation in the in vivo setting.

E4M CR HPMC dried onto a Melolin™ backing was chosen as the most suitable
formulation because, as shown in Figure 2.21, less than 60% of active was
released within the first half-hour with the rest being released between 240 and
300 minutes. The ability of the higher molecular weight HPMC (E10M CR)
slowing the release of the small molecular weight active, bromophenol blue was
not seen with the larger protein molecule. Similar release profiles were seen
with K4M and E4M CR HPMC but there was a significant difference, with
respect to the gelation temperature. The approximate gelation temperature for
2% K4M HPMC is reported to be 70°C, but is only 56°C for the E4M HPMC.
This will affect the temperature of the HPMC solution when adding the protein
before it begins to gel. The Tm (temperature that 50% of the protein molecules
are unfolded) of many proteins has been determined and values appear to be
mostly in the range 40- 80°C (Wang 1999). The reported Tm of FGF-2 at pH 9 is
64°C (Vemuri et al. 1994, Wang 1999) such that maintaining the temperature
below 40°C during the formulation process was appropriate.
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The attachment of a growth factor formulation to a suitable backing is a novel
feature of our research. Since our study was initiated, other research groups
have investigated formulations prepared by drying gels and polymer solutions
into films but these have been limited to in vitro experiments (Matthews et al.
2005, Matthews et al. 2006). The advantage of these systems as described by the
authors is that they can be applied to suppurating wounds and are able to
maintain a moist wound healing environment. They also proposed that these
systems may be useful for the delivery of therapeutic agents (Matthews et al.
2006). One study describing a bilayer wound dressing as an FGF-2 delivery
system is of particular interest (Huang et al. 2006). The authors maintained that
incorporation of a delivery system onto a wound dressing is important in a
clinical setting as wound dressings prevent the loss of fluid and proteins,
reduce infections and, in some cases, actually improve healing by providing
support for newly forming granulation tissue (Huang et al. 2006). However,
levels of FGF-2 in the wotmd following application of such formulations have
not been published.

Delivery systems are generally evaluated in vitro before conducting in vzvo
experiments because in vitro systems are generally simple, less costly and have
fewer ethical constraints.

The downside of in vitro systems is that the

complexity of the actual system is lost which is particularly relevant in wound
healing studies (Gottrup et al. 2000). Even cell culture systems do not always
represent the in vivo situation (Masters et al. 2002). In vitro systems involving
human skin and Franz-cells have been used to determine penetration into the
stratum corneum but, due to the presence of receptor media, there is a nonphysiological hydration of tissue (Wagner et al. 2000). There are also some
deficits introduced during processing such as loss of esterase activity due to the
skin tissue being in isolation (Cross et al. 1998). It is difficult to make clear
predictions of the values of a delivery system based on in vitro systems alone.
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Recently Beckert et al. (2005), investigated a topical formulation of IGF-1 for
wound healing. Their in vitro studies showed that over 60% of the IGF-1 was
released within 60 minutes but, in vivo, release was slower and application of
the formulation to wounds daily for seven days reduced wound size compared
to controls.

As discussed previously, release from HPMC systems is affected

by many parameters including drug/HPMC ratio and grade of HPMC used
(Alderman 1984). The factors controlling release of an active from an HPMC
formulation include: the formation of a gel layer from the film formulation, the
subsequent diffusion of the active through the gel and gel erosion/dissolution to
release the active. Gel erosion was found to be directly affected by the available
water (Mitchell et al. 1990, Mitchell et al. 1993, Michailova et al. 2000). To this
extent, a greater rate of gel erosion may be seen within an in vitro system with
free water and under sink conditions than would occur in vivo. Even with all
the limitations of an in vitro study, it remains useful to determine the potential
impact of formulation variables rapidly at lower cost and with fewer ethical
constraints.

Having selected a suitable formulation through study of its in vitro release
characteristics, it was tested in excisional wounds created in healthy rats. Acute
wounds in healthy rats were chosen for the study rather than in diabetic rats, as
the use of diabetic animals is not justified when wound healing endpoints were
not the focus of this study. The main purpose was to measure FGF-2 levels
within a normal wound environment without impact of biological variables
that may be present in chronic wounds. Three time points were chosen (two,
five and eight hours) in order to determine drug penetration and retention
within the wound and any biological response resulting from the presence of
exogenous FGF-2. Two hours after application, the highest concentration of
FGF-2 was seen in the surface granulation tissue of rats receiving the solution
formulation (2.28 ± 0.79 ng/g). Concentrations decreased with increasing tissue
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depth and were significantly higher than control in the surface granulation and
subcutaneous fat layers (p<0.05). Tissue concentrations following application of
the gel and film formulations were marginally but not significantly greater than
control in the surface granulation layer. After eight hours, rats that received the
solution still had elevated surface tissue concentrations (surface granulation
and subcutaneous fat) of FGF-2 and subsequent extraction of FGF-2 from the
films showed a negligible amount of growth factor remaining in the film.
However, mass balance of FGF-2 indicated a problem with the extraction
process (as discussed in Chapter Three). The fact that the solution gave the
highest FGF-2 concentrations in the wound is probably due to its immediate
release rather than requiring hydration for release as for the gel and film
formulations.

Besides investigating delivery and retention of FGF-2 within the wound, it is of
great importance to determine whether FGF-2 is able to stimulate a biological
response indicative of wound healing. To investigate this, the levels of two
cytokines involved in wound healing, MCP-1 and

IL-1~

were studied. MCP-1

has been shown to upregulate in response to FGF-2 (Presta et al. 2005) and IL-l~
is a non-specific inflammatory marker (Lee et al. 2004). These chemokines play
an important role in angiogenesis and wound healing (Rosenkilde and
Schwartz 2004) and are involved in the recruitment of neutrophils and
macrophages (Devalaraja et al. 2000). Specifically, MCP-1 production is closely
linked with macrophage infiltration (DiPietro et al. 1995, DiPietro et al. 2001)
and

IL-1~

triggers the release of FGF-2 from endothelial cells (Lee et al. 2004).

Our results show that the highest levels of both cytokines was at the two hour
time point.

This is to be expected since a healthy animal will instigate an

immediate inflammatory response

after being wotmded.

The

IL-l~

concentration produced by the film formulation was also elevated at the eight
hour time point which may be because of the formulation itself or possibly
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because of irritation caused by the presence of Melolin™. However, the latter is
unlikely, since a clinical trial of Melolin™ in 1961 found it caused no irritation
or damage to regenerating tissue (Robb 1961). Since that time Melolin™ has
been used routinely as a low adherent dressing that upon removal causes little
or no trauma (Watson and Hodgkin 2005).

Confocal microscopy was used to visualize FGF-2 in the wotmd in order to
determine the depth of penetration of the exogenously applied factor following
application of the different formulations. In particular, the film produced a
lower intensity of FGF-2 within the wound at all time points compared to that
produced by the solution and gel formulations.

The diffuse distribution of

FGF-2 applied in a solution was easily visualised after eight hours. FGF-2 in a
gel formulation was also found to concentrate at the wound surface at the two
hour time point. Additionally, as discussed in Chapter 3, correlation was seen
between the results of confocal microscopy and ELISA.
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4.2

Limitations of this Research and Future Directions

Research on key growth factors, timing of their release during healing and
concentrations necessary for wound healing is still limited. With further study,
a more detailed knowledge of the wotmd healing process and factors which
limit healing of chronic wounds may emerge. Regardless, there is already clear
evidence that FGF-2 is vital for wound healing and that low levels of FGF-2 are
present in chronic wounds. This is supported by the fact that an increase in
wound healing is seen upon the topical application of FGF-2.

The main limitation of the current study is that eight hours may not have been
sufficient time to reveal any advantage of the experimental formulation over
solutions and gels. The reason that three time points (two, five and eight hours)
were chosen was because 100% of FGF-2 was released in vitro after five hours.
Obviously, in vitro experiments used sink conditions and enough fluid to
ensure the formulation would be well hydrated. It was anticipated that, with
the reduced fluid available within a wound, the release time would be
extended, but that eight hours would be sufficient. In retrospect, it would have
been better to extend this time period to allow full release from the gel
formulation or the gel formed from the film formulation and for subsequent
penetration into deeper tissue layers. Additionally, an extended period of time
could have allowed a greater impact on cytokine levels.

A further limitation of the current research is that the exogenously applied FGF2 and the endogenous FGF-2 could not be individually quantified.

As

discussed in Chapter 3, an attempt was made to quantify them separately, but
due to difficulties with the low concentrations, it was necessary to use ELISA.
Nevertheless, using the complementary technique of confocal microscopy, it
was shown that FGF-2 penetrated into the wound tissue.
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What this thesis has shown is that topical formulations of growth factors based
on HPMC polymers can be developed for application to wounds. In addition,
techniques have been developed to quantify the penetration of FGF-2 into
excisional wounds. The logical continuation of this work would involve further

in vivo evaluations of FGF-2 release for longer periods of time. If extended
delivery of FGF-2 could be achieved, it would then be worthwhile to trial the
film formulation in a chronic wotmd model such as the diabetic rat. This is
because the acute wound model used here does not accurately reproduce the
environment of a chronic wound. A future study is planned to determine the
loading dose necessary to raise FGF-2 tissue levels significantly above control,
so that when a formulation is applied to a wound in a diabetic animal, levels
would be comparable to those seen in wounds in healthy animals. This attempt
at changing the wound environment to that more representative of a healthy
animal will hopefully improve wound healing.

Further work is also required to evaluate the impact of our formulation on the
time to heal. Once studies over a longer time period have been carried out and
a formulation developed that releases active over 12 - 24 hours, wound healing
endpoints could be evaluated in both healthy animals and animals with chronic
wounds.

The results will be more relevant to the situation where certain

growth factors are deficient, as in diabetic rats for example (Doxey et al. 1995).

Using the techniques developed in this thesis, further information on the
relationship between dose and tissue concentrations of FGF-2 could be
established. Hopefully, in vivo experiments looking at wound healing outcomes
and cytokine expression could then ascertain the optimal dosing regime for
topical FGF-2 administration to chronic wounds.
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