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Abstract
Chronic or compromised healing is a major clinical problem. Particularly, in diabetes
where the disease process hinders the capacity to repair the tissue damage, the patients
are more susceptible to chronic ulcers, especially on the lower extremity. Despite
rigorous treatment regimes, there has been modest success in reducing the rate of
amputations in these patients. Hyperglycemia, the defining biochemical phenomenon of
diabetes, is by far the most important predisposing factor for chronic wound healing
complications. The objective of this thesis was to unleash the pathological disarray by
studying the effects of hyperglycemia at molecular level on wounded keratinocytes and
subsequently to develop a controlled delivery system capable of delivering therapeutic
genes in an extended manner. A fibrin lipoplex system capable of simultaneous delivery
of multiple genes was tested in vitro and in vivo. As a step to improve this system for
controlled release and increase the capacity of the system, fibrin microspheres loaded
with gene complexes were successfully developed and investigated for functional gene
delivery in vivo using proangiogenic gene – eNOS. From the microarray data analysis
on the wounded keratinocytes under hyperglycemic culture conditions, a profound
differential gene regulation was revealed with a number of up- and down-regulated
genes. The secretory control molecule Rab18, found to be significantly down-regulated,
was chosen as target therapeutic gene considering the hypersecretory state of proinflammatory cytokines and proteolytic enzymes in diabetic wound healing. eNOS was
chosen as other therapeutic gene, considering its proangiogenic action and reduced
angiogenesis in diabetic wound healing. With eNOS gene complexes in fibrin gel and
Rab18 gene complexes in fibrin microspheres embedded in fibrin gel, the Rab18-eNOS
loaded fibrin-in-fibrin system was investigated in alloxan induced hyperglycemic rabbit
ear ulcer model of compromised wound healing. Rab18-eNOS treated group showed
significantly higher percent wound closure at day 14 post-wounding with reduced
inflammatory cell infiltrate and more functional angiogenesis. Thus, fibrin mediated
non-viral delivery of Rab18-eNOS is a promising therapy towards normalization of
diabetic wound healing.
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Introduction
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Introduction
1.1 Normal Wound Healing
Biological systems, in health, generally tend to maintain a state of homeostasis and any
disturbance, physiological or pathological, generally triggers a host of responses from
the body to restore that state. Wound healing is a classic example of complex and highly
intricate response to repair or in some cases, such as early fetal skin wound healing1 2, to
completely regenerate the damaged tissue. Under physiological conditions, a normal
adult skin has a considerable capacity for structural and functional repair via a highly
orchestrated process tightly regulated by growth factors and cytokines and characterized
by distinct but overlapping phases of wound healing, namely hemostasis, inflammation,
proliferation and remodeling.
1.1.1 Inflammatory Phase
The inflammatory response is an essential part of the wound-healing process. This
phase can be divided into hemostasis and inflammation. Hemostasis is generally the
first response to wounding for the control of blood loss. Following damage, the vessels
constrict to reduce blood flow and the platelets adhere to the exposed matrix via
integrins, primarily α2β1 and α6β1 that allow them to bind with collagens, primarily
collagen- I and IV and laminins, primarily laminin 8 respectively. These adhered
platelets become activated and attract more platelets and form a platelet aggregate.
Fibrin clot formed locally keeps the platelets together to prevent blood loss. While a
dynamic interplay between fibrinolytic and anti-fibrinolytic substances maintains the
size of clot, activated platelets degranulate to secrete various factors that play an
indispensable role in wound healing. Platelet derived growth factor (PDGF) is a wellknown mitogenic agent which is chemotactic for fibroblasts and smooth muscle cells
and stimulates production of collagen, glycosaminoglycan, and collagenase by
fibroblasts3. The inflammatory cells, however, are attracted by selectins.
The inflammatory response is generally a local phenomenon with four cardinal signs of
inflammation at gross level; namely rubor (redness due to increased blood flow to the
area), tumor (swelling due to the accumulation of fluid in the tissue), calor (heat due to
increased blood flow to the area), dolor (pain due to the action of bradykinin and
prostaglandins on local nerve tissue). At microscopic and biochemical level,
2
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inflammation is a complex but well organized cellular and biochemical phenomenon.
The tissue macrophages, the first line of defense, start their phagocytic actions almost
immediately after inflammation begins. Soon, other local macrophages become active
and start phagocytosis. The pro-inflammatory cytokines such as interleukin (IL)-1β
tumor necrosis factor-α (TNF-α) and interferon-γ (IFN- γ) play a major role4. This
initial tissue macrophage action is followed by neutrophil invasion that can be
considered as the second line of defense. The vascular permeability is greatly increased7
at this stage to direct and facilitate neutrophil invasion by a process called diapedesis5 to
the wound area. The neutrophils roll on the endothelial lining which is rendered sticky
by upregulation of selectins (P-selectin and E-selectin) and adhesion molecules such as
I-CAM and V-CAM6 7. Following adherence via integrins, neutrophils squeeze out in
extravascular space through space between endothelial cells in an amoeboid fashion
through interactions involving PECAM and CD998. In the case of knockouts or genetic
deficiency diseases of adhesion molecules or blockade of any of the steps involved, it
has been shown that the neutrophils cannot migrate efficiently9-11.
The prime role of neutrophils appears to be to kill microbes and this is usually achieved
in phagolysosomes8. They seem to employ other mechanisms including release of
antimicrobial substances such as oxidants or reactive oxygen species (ROS), cationic
peptides, and proteases4 or release of granule proteins and chromatin that form
neutrophil extracellular traps (NETs) which degrade virulence factors and kill
bacteria12. ROS not only play an important role in inflammatory phase13 but also
regulates signaling pathway and gene expression involving cell proliferation, survival
and apoptosis14-16. Activation of plasma membrane bound NADPH oxidase causes burst
release of superoxide ions (O2-)13. SODs convert superoxide enzymatically into
hydrogen peroxide17. While these ions kill the microorganisms, too many of them can
also be detrimental to host cells. Therefore, a tight regulation of ROS production and
detoxification by ROS-detoxifying enzymes, exogenous and endogenous low molecular
weight antioxidants and hemeoxygenases, is crucial for the normal repair process18.
Nitric oxide (NO) also plays a beneficial role. It will be discussed in detail later
(Chapter 5, section 5.1).
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Acute inflammation mediated by neutrophils usually resolves in about a week’s time.
Around 48 hours after inflammation first starts, monocytes are recruited as the third
level of defense. They rapidly mature to phagocytic macrophages and become players
that are more prominent in inflammatory response. These cells are another major source
of ROS. These macrophages not only phagocytize voraciously, clearing the wound of
all the cell debris including fibrin and spent neutrophils but also produce numerous
cytokines, growth and angiogenic factors that are believed to play important roles in the
regulation of fibro-proliferation and angiogenesis8. Alongside the inflammatory cells,
immune cells such as lymphocytes have been shown to play a distinct, regulatory role in
normal wound healing19-21 through the secretion of lymphokines. Evidence also
suggests involvement of mast cells in early stages of wound healing, especially in
fibroblast proliferation and in wound contraction22.
1.1.2 Proliferative Phase
This is the second phase of wound healing, occurring 2–10 days after injury, and is
characterized by cellular proliferation and migration of different cell types, mainly
endothelial cells, keratinocytes and fibroblasts which undergo marked changes in gene
expression (which is poorly understood) and phenotype during this phase23. The major
events during this phase are the creation of a permeability barrier (i.e.
reepithelialization), the establishment of appropriate blood supply (i.e. angiogenesis),
and reinforcement of the injured dermal tissue (i.e. fibroplasia)24.
This phase starts with migration and proliferation of keratinocytes which are at the
wound edge and is followed by proliferation of dermal fibroblasts in the neighborhood
of the wound which migrate into the provisional matrix and deposit large amounts of
extracellular matrix25. Next, a huge number of new blood vessels form by process called
angiogenesis leading to development of granulation tissue. The macrophages provide a
continual supply of growth factors necessary to stimulate fibroplasia and angiogenesis26.
Re-epithelialization is essential for successful wound healing27 and continues over the
granulation tissue by keratinocyte proliferation and migration to restore the barrier
function of skin. PDGF, fibroblast growth factor (FGF), vascular endothelial growth
factor (VEGF), transforming growth factor-β (TGF-β) and transforming growth factor-α
4
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(TGF-α) are important players in proliferation phase, required for inducing cell
migration as well as proliferation and matrix production24 28. Many studies suggest that
NO plays an important role in wound healing29-33. While the highly beneficial effect of
NO has been attributed to scavenging superoxide, NO also influences angiogenesis,
proliferation and remodeling30. NO has been reported to potentiate the mitogenic
activity of FGF, epidermal growth factor (EGF) and insulin-like growth factor (IGF)
through cGMP-mediated mechanisms34. It has also been shown that NO is directly
involved in collagen synthesis by fibroblasts35 36.
Reepithelialization of wounds beginning within hours after injury26 is the re-growth of
epithelia over a denuded surface37. Reepithelialization requires epithelial cells at the
edge of the wounded tissue to loosen their cell-cell and cell-extracellular matrix (ECM)
contacts and assume a migratory phenotype37. A complex balance of signaling factors
and surface proteins are expressed and regulated in a spatio-temporal manner that
promotes keratinocyte motility and survival to activate wound re-epithelialization38. Of
the number of factors involved, probably the most important are (FGF-725, EGF39, TGFα39which stimulate this phase while the role of TGF-β is controversial but nevertheless
it can be considered as a negative regulator25. Migrating cells assemble actin-rich
lamellar protrusions for crawling and upregulate the expression of proteolytic
enzymes40.
Matrix metalloproteinases (MMPs) are a family of zinc dependent endopeptidases
which to degrade all components of extracellular matrix41-44 and basement membrane
proteins at neutral pH45. Till date, more than 25 different MMPs have been identified in
vertebrates and classified as collagenases, gelatinases, stromelysins, membrane type and
others depending on their structural similarity and substrate specificity46. They play
indispensable role throughout the entire wound healing process such as scavenging the
damaged proteins, degrading and remodeling ECM to facilitate migration of cells
towards the center of wound47. Thus, involvement of multiple MMPs in wound healing
has been identified42

47-55

. In normal wound healing set up, the degradation and

remodeling of ECM is highly controlled through spatiotemporally regulated induction
and expression of various MMPs and their inhibitors42 56-61 by fibroblasts, macrophages,
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neutrophils and keratinocytes. The migrating epidermal cells express integrins which
help them attach to extracellular proteins and move in between viable tissue and eschar,
thus separating them26. The proliferating cells follow the migrating cells. In a very
orderly fashion, the basement membrane proteins start to reappear and migrating cells
start to revert to their normal phenotype to become keratinocytes26. Once the migration
has ceased, possibly due to contact inhibition, keratinocytes reconstitute the basement
membrane and resume the process of terminal differentiation to form a stratified
epithelium24.
Another crucial aspect of tissue repair in this phase is angiogenesis. Angiogenesis can
be defined as sprouting of new capillary buds from existing blood vessels. It is essential
for providing the oxygen and nutrients to the healing wounds62. It is not just the number
of vessels but the functional efficiency and temporal control that heralds the
angiogenesis phase. Although a number of factors such as bFGF63

64

, TGF-β165-67,

angiotensin II68 stimulate angiogenesis, VEGF-A69 is by far the most important
mediator. Hypoxic conditions seen in early wound stimulate expression of hypoxia
inducible factors (HIFs) which in turn stimulate production of various proangiogenic
factors such as VEGF70 71. VEGF mediates its activities via three major tyrosine kinase
receptors, VEGFR-1, 2 and 3 which are located on vascular and lymph-vessel
endothelial cells72. VEGF stimulates multiple components of the angiogenic cascade
including vasodilation, basement membrane degradation, endothelial cell migration and
endothelial cell proliferation73. One of the earliest demonstrated downstream signal
targets of VEGF is endothelial nitric oxide synthase (eNOS)74.Thus, it is believed that
VEGF induces angiogenesis and regulates endothelial function via production and
release of NO. NO has also been shown to mediate the angiogenic effect of plateletactivating factor and tumor necrosis factor-alpha75, substance P76 while NO-generating
drug, sodium nitroprusside, was shown to induce endothelial cell proliferation77.
Recently, it has been shown that VEGF stimulation of endothelial cells results in rapid
and transient activation of ADP-ribosylation factor-1 (ARF1), which acts to regulate
activation of PI3K, phosphorylation of Akt and eNOS as well as NO release78. eNOS
also regulates another important proangiogenic factor called stromal cell-derived factor1α (SDF-1 α), which is involved in cellular processes as tubulogenesis and endothelial
6
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cell migration. Recently it has been shown that after SDF-1 α administration the
activation of eNOS leads to NO production, and subsequent nitrosylation of MAPK
phosphatase 7 (MKP7) and in turn activation of JNK3, critical for endothelial cell
migration79.
1.1.3 Remodeling Phase
This last phase of wound healing is essential for restoration of full functionality and a
‘normal’ appearance to the injured tissue40. This phase may last up to one or two years,
or for an even more longer period80. At this stage, proliferation ceases and an
equilibrium is reached between formation of new scar tissue, replacing the old matrix
by a tightly regulated process involving balance between the proteolytic activities of
MMP-1 (collagenase), MMP-2 and MMP-9 (gelatinases), & MMP-3 (stromelysin) and
the inhibitory activity of tissue inhibitors of metalloproteinases (TIMP-1 & TIMP-2); all
of which are secreted by fibroblasts81. During this period, the type III collagen deposited
by granulation tissue fibroblasts is gradually replaced by type I collagen returning the
dermis to stable preinjury phenotype, reaching up to 70% of its preinjury tensile
strength24. This strength is achieved by organization of collagen molecules into fibers
that are oriented between specialized cellular clefts and further reinforced by covalent
cross-linking of the fibrillar collagen by an enzyme lysyl oxidase82. However, the final
acquired strength generally does not equate to the original strength of tissue80.
1.2 Chronic Wound Healing
By definition, wounds are termed as ‘chronic’, ‘impaired’ or ‘compromised’ when they
fail to progress through the normal phases of healing as described in previous section
and enter to a state of chronic pathologic inflammation83. Most chronic wounds can be
classified into three major types: pressure ulcers, venous ulcers, and diabetic ulcers84 85.
For the purpose of this dissertation only, diabetic wound healing is described
subsequently.
1.2.1 Diabetic Wound Healing
Worldwide, diabetes is a major health problem and its prevalence is growing at a
phenomenal rate due to a number of factors including urbanization, sedentary life style,
aging, obesity and increase in other risk factors like smoking and overeating. The total
7
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number of people with diabetes was projected to rise from 171 million in 2000 to 366
million in 203086. However, a recent study suggested that the world prevalence of
diabetes among adults (aged 20–79 years) will increase to 7.7%, and 439 million adults
by 203087. Development of chronic foot ulcers is one of the most debilitating
complications of diabetes, affecting 15% of patients88

89

and around 14-24% of the

afflicted patients require amputation89. The rate of lower extremity amputation among
diabetic patients is 17–40 times higher than in non-diabetics90 and approximately
50,000–60,000 amputations are performed in diabetic patients each year in the USA91.
Five-year mortality rates after new-onset diabetic ulceration have been reported
between 43% and 55% and up to 74% for patients with lower-extremity amputation92.
The global health expenditure on diabetes is expected to total at least USD 376 billion
or ID 418 billion in 2010 and USD 490 billion or ID 561 billion in 203093. Management
of diabetic foot disease is very expensive and the cost of managing the diabetic foot
complications is estimated to be in billions of US dollars94-96. In Europe the average
cost per episode is €6,650 for leg ulcers and €10,000 for foot ulcers, which accounts for
2–4% of health-care budgets97. In an Irish hospital, the cost of managing diabetic foot
ulceration per patient is € 23,000 per annum98. Apart from the cost, the delay in healing
is associated with serious lifestyle impairment, huge negative psychological and social
effect and a large emotional burden on the patients’ caregivers99 100. In diabetes, the
etiology of impaired healing is multifactorial and is still being fathomed. The various
aspects of diabetic pathology are interrelated and affect wound healing adversely
(Figure 1.1).
The major factors include intrinsic factors such as neuropathy, vascular pathology, other
complicating systemic effects due to diabetes, and extrinsic factors such as wound
infection, callus formation, and excessive pressure to the site88

101

. Other risk factors

include foot deformity causing high-pressure focal points; autonomic neuropathy
causing fissure and integument and osseous hyperemia; limited joint mobility; obesity;
impaired vision; poor control of blood glucose levels resulting in advanced
glycosylation and impaired wound healing; smoking; poorly designed or poorly fitting
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Figure 1.1: Schematic representing various facets of diabetic pathology which
contribute to impaired and delayed wound healing seen in diabetic patients. The
arrows suggest that all the factors are inter-related and influence each other to
create a complex etiopathology of diabetic healing.
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footwear inadequately protecting the foot or causing tissue breakdown; history of foot
ulceration or amputation102 103.
The diabetic wound healing can be understood at ‘gross level’ with disruption of all the
normal wound healing phases or at ‘cellular level’ with dysfunction of all the cells
involved in wound healing or at ‘molecular level’ with differential regulation of gene
expression and subsequent protein production. The hallmark of diabetic wound healing
is chronic inflammation104. Typically, there is decreased early cell infiltration required
to clear up the debris and combat infection; and persistence of neutrophils and
macrophages in the chronic, non-healing wounds leading to chronic inflammation105. It
is understood that the chronic inflammation is a result of dysfunctional macrophages104
and neutrophils106. Macro- and micro- angiopathy, central to diabetic pathology, also
play a crucial role in delayed wound healing. Diabetes leads to delayed and inadequate
formation of granulation tissue, reduced and abnormal angiogenesis, reduced collagen
and glycosaminoglycan (GAG) content and low breaking strength107-109. Angiogenesis
required for normal wound healing is disrupted in diabetes107

110

, probably due to an

inhibitory effect of the high glucose and high glycation products111. Hypoxia induced
stimulation of HIF-1α expression which regulates induction of angiogenic factors such
as VEGF70 is hampered in diabetes112. This also contributes to abnormal and
insufficient angiogenesis in diabetic wound healing. Diabetic fibroblasts show a
decreased proliferative response to growth factors113-115 and selective impairments in
cellular migration, VEGF production and response to hypoxia116. Reepithelialization is
delayed in diabetes. The diabetic keratinocytes show reduced motility117, probably as a
result of sequential suppression of p-Stat-1 and α2β1integrin mediated MMP-1
pathways118 and reduced expression of LM-3A32 (uncleaved, precursor of the α3 chain
of laminin 5), a key molecule present on migrating epithelium119. Some studies have
also shown imbalance between proliferation and differentiation of diabetic
keratinocytes119 120.
The altered molecular mechanisms leading to chronic healing are being extensively
studied, unraveling the pathogenesis of diabetic wound healing. A dysregulated gene
expression profile of proinflammatory cytokines such as IL-6 and IL-8 and their
10
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receptors such as CXCR1, CXCR2 and GP130 contribute to the chronic
inflammation121. In addition, high serum levels of TNF-α have been reported in type II
diabetes122 and prolonged TNF-α may disrupt cytokine networks for example,
stimulation of monocytes chemotactic protein (MCP)-1, macrophage inflammatory
protein (MIP)-2 and IL-1β secretion, leading to more persistent inflammation and to
tissue damage123

124

. High TGF-β3 levels in diabetic wounds can inhibit TGF-β1,

leading to increased macrophage activity125 126. A number of growth factors such IGF1127-129, PDGF-A, PDGF-B130, nerve growth factor (NGF)131

132

and other

neurotrophins/neuropeptides such as substance P and neurotrophin-3 (NT-3)133 which
play an important role in wound healing have reduced levels in diabetic wounds. In
addition, a lack of up-regulation of IL-10 and IL-15 in keratinocytes and of EGF, basic
fibroblast growth factor, and nitric oxide synthase-3 in endothelial cells in the diabetic
ulcer has been reported134. Another important biochemical characteristic of chronic
wound is sustained ROS production and decreased bioavailability of NO, leading to
oxidative stress135 136. Numerous studies have linked impaired healing to NO and NOS
deficiencies locally137-141. There is accumulating evidence of how the MMPs are
affected in diabetes, supporting a growing notion that high proteolytic activity plays an
important role in diabetic wound healing. A number of studies have reported increased
levels of MMPs (e.g. MMP-1, 2, 3, 8, 9 and 26) and decreased levels of tissue inhibitors
of MMPs (TIMP-1, 2) in chronic wounds including diabetic and pressure ulcers43-45 50 53
142-149

.

1.2.1.1 Management of Diabetic Wounds
Management of diabetic wounds poses a challenging clinical, economic and social
problem. In general, the treatment of diabetic foot is difficult and clinical outcomes are
often poor and disappointing. Hence, recently, a great deal of emphasis is being given to
follow algorithms derived from evidence-based practices and protocols. The general
guidelines for management of diabetic foot emphasize that diabetic foot should be
managed by a multidisciplinary team150-153. A number of authors have extensively
reviewed the standard therapies, practices, their advantages and limitations. In this
section, a brief overview of standard treatments will be given while novel therapies will
be discussed as possible avenues for the betterment of outcome.
11
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1.2.1.1.1 Management of Infection
Infection is the most common complication of diabetic foot154-157 and final determinant
that leads to amputation158, especially in developing nations159 and can also serve as
entry points for serious systemic infections, particularly so due to impaired immune
system in diabetic patients160 161. Hence, apart from the routine signs of neuropathy and
peripheral vascular disease, evidence of infection must be sought during the
examination of a newly presenting diabetic wound and should be treated as a first
priority in the management protocol. S. aureus and beta-hemolytic streptococci are
widely recognized as pathogens in diabetic foot infections. Nevertheless, multiple
organisms, both aerobic and anaerobic, are isolated upon use of proper methods for
collection, transport, and culture162. Although a number antibiotic treatment regimens
have been suggested162-166, in general, mild soft tissue infection can be treated
effectively with oral antibiotics, including dicloxacillin, cephalexin, and clindamycin.
Whereas severe soft tissue infection can initially be treated intravenously with
ciprofloxacin plus clindamycin; piperacillin/tazobactam; or imipenem/cilastatin, always
keeping in mind the risk of methicillin-resistant S. aureus infection when choosing a
regimen167. The initial empirical antibacterial regimen may be tailored based on the
results of culture and sensitivity tests from properly obtained specimens166. Infection of
bone (osteomyelitis) is another complication that affects around 20% of cases with
diabetic foot infections168 and markedly increases the likelihood of amputation154

158

.

Due to arterial and neural disease in diabetes, osteomyelitis may be present with little or
no signs of infection, making the diagnosis difficult. Hence, the international working
group on diabetic foot (IWGDF) has come up with a scheme to assess the likelihood of
osteomyelitis in patients as ‘definite’, ‘probable’, ‘possible’ or ‘unlikely’ based on
clinical, imaging and laboratory results169. The most difficult differential diagnosis is
acute Charcot’s disease170. The principle of treatment is to administer appropriate
antibiotics regimen171 172 while removing dead, soft tissue and accessible dead bone173.
Although urgent surgery is indicated in some patients with necrotizing fasciitis, deep
soft-tissue

abscess,

or

gangrene

accompanying

osteomyelitis173,

non-surgical

management of those without limb-threatening infection is associated with a high rate
of apparent remission171 174.
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1.2.1.1.2 Debridement
Along with treatment of infection, the wound management focus is generally on the
wound bed preparation to stimulate healing. The Scottish intercollegiate guidelines
network (SIGN) diabetic foot guidelines and the royal college of general practitioners’
(RCGP) guidelines recommended debridement along with appropriate local therapy
such as proper antibiotic regimen, pressure relief and appropriate dressings175.
Debridement is widely practiced in diabetic foot care and involves the complete
removal of all necrotic, dysvascular, and nonviable tissue in order to achieve a red,
granular wound bed176. Furthermore, debridement provides the added advantage
promoting dependent drainage and stimulating growth factors94 and has been shown to
heal the wounds faster177. Regular debridement and prevention measures by a skilled
podiatrist have been shown to reduce amputation rates178 179. Sharp debridement using a
scalpel, forceps, scissors, and/or curette is the most rapid and precise method, though
the procedure may be painful even when local anesthetics are used180 and can make the
wound bigger unless certain amount of skill is employed175. Other debridement methods
include enzymatic debridement using proteolytic enzymes such as papain or
collagenase, wet-to-dry saline gauze method and maggots therapy176.
1.2.1.1.3 Offloading
Since the diabetic ulcers have a predilection to high pressure areas of the relatively
insensitive foot, reduction of pressure is essential, particularly in plantar ulcers. Pressure
relief, termed as offloading, is an evidence-based treatment modality for patients with
diabetic foot ulcers and is part of the standard protocol for treatment181

182

.Common

offloading methods include bed rest, wheel chair, total contact casts, various ambulatory
braces, splints, half shoes, modified therapeutic shoes and sandals183-189. These devices
use various mechanisms for pressure relief, which include felted foam and other special
dressings, polymeric molded insoles, rigid rockered outsoles and orthoses with load
isolation areas190-194. Although the evidence base to support the use of footwear and
offloading in the prevention and treatment of diabetic foot ulcers is meager195, the most
compelling evidence comes from use of total contact casts188

196-198

. A controlled

clinical trial has shown that non-infected neuropathic resistant ulcers heal in a total
contact cast in 6 weeks196. Apart from the poor outcome in patients with combination
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of peripheral arterial disease and infection, a prospective follow-up study also showed
that casting therapy results in good healing rates in a wide range of patients198. Thus, the
total contact casts have been aptly termed as the “gold standard” of offloading but
studies have shown that very low percentage of patients actually receive this gold
standard care199

200

, partly due to the difficult and time consuming procedure. A

randomized control trial has shown that instant total contact casts are equally
efficacious201.
1.2.1.1.4 Dressings and Topical Antiseptics
Regular cleaning and dressing are crucial for proper local wound care. Traditionally,
dressings were primarily used as barriers and to keep wound bed dry. A warm moist
environment is now considered optimal for wound healing. Hence, the newer wound
dressings, such as hydrogels, hydrocolloids, biomaterials such as alginates and collagen,
aim at providing moist environment, which aids reperfusion and regeneration as well as
protection from infection and reducing pain. Studies have shown that faster wound
healing with better tissue quality is among the beneficial effects of moist dressings202204

. Although the use of antimicrobial products containing silver/iodine is widespread,

their clinical benefits are yet to be proven by randomized controlled trials176, since the
only randomized control trial till date showed no difference between silver containing
dressings and control groups205. Apart from newer dressings, delivery of growth factors,
use of skin substitutes such as bioengineered matrices206 and other novel approaches are
being investigated207.
1.2.1.1.5Negative Pressure Wound Therapy
Negative pressure wound therapy (NPWT) developed in 1990s at Wake Forest
University, involves creation and maintenance of sub-atmospheric pressure, either
intermittent or continuous, by use of a vacuum pump, which is connected to an opencell foam dressing applied on the wound208. A multicenter randomized control trial
performed on patients after partial diabetic foot amputation indicated that NPWT (using
the VAC therapy system) seems to be a safe and effective treatment for complex
diabetic foot wounds with a higher proportion of wounds that healed, faster healing
rates, and potentially fewer re-amputations than with standard treatment209. Some
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studies have even demonstrated that the NPWT is more effective than the moist wound
dressings210

211

. However, some of the recent systematic reviews concluded that the

evidence to support the use of NPWT is not strong at the moment and more rigorous
studies with proper controls are required for evaluating NPWT as treatment of chronic
wounds208 212 213.
1.2.1.1.6 Hyperbaric Oxygen Therapy
Hyperbaric oxygen (HBO) therapy has been used in the treatment of chronic wounds for
decades. A cyclical therapy with oxygen at high and low pressure over 1 or 2 hours has
beneficial effects by stimulating physiological angiogenesis as against abnormal
angiogenesis with continuous HBO therapy over several days214. A prospective study
reported that HBO doubles the mean healing rate of non-ischemic chronic wounds in
selected diabetic patients who do not have major macroangiopathy214. Another
randomized study concluded that the HBO when used in addition to aggressive
multidisciplinary therapeutic protocol is effective in reducing major amputations in
diabetic patients with severe ischemic foot ulcers215. Although a small double blinded
randomized controlled trial (RCT) has proved the effectiveness of HBO216 and there is
data supporting the use of systemic HBO to avoid major amputations, for evidence
based practice, research towards understanding the specific indications and clinical
benefits of this expensive treatment is required. Specifically randomized placebo
controlled clinical trials in large populations217-219 would provide more reliable clinical
data needed to establish HBO as appropriate adjunct therapy for chronic wounds220.
1.2.1.1.7 Treatment with Bioactive Substances
As described earlier (section 1.2.1), a number of abnormalities at molecular and cellular
levels lead to the delayed healing in diabetes. This fact has provided the impetus for
investigating the modulation of these abnormalities by delivery of bioactive substances
such as growth factors, cytokines and extracellular matrix substances in the form on
biological dressings and cells involved in wound healing like fibroblasts, keratinocytes
and even stem cells.
To date a number of studies have investigated the benefits of delivery of growth factors
and cytokines, such as rhEGF, FGF-1, PDGF-BB, TGF-α, IGF-1, NGF, GM-CSF, to
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diabetic wounds either as individual factors221-229 or as a combination of factors230-235 or
treatment with platelet rich plasma in various forms as a source of numerous growth
factors236-241. Since, the results of preclinical studies do not always translate faithfully in
clinical scenario242, rigorous randomized trials are required to establish the clinical
benefits of these treatments. For example, the randomized trials exploring the GM-CSF
therapy suggested that although the healing rates are not particularly enhanced, the
overall amputation rates in patients with diabetic foot ulcers are reduced243. A small
randomized placebo controlled double blinded study showed that RGD peptide matrix
treatment can accelerate and promote wound healing in diabetic ulcers to a significant
degree244. PDGF-BB is, by far, the most studied factor in the clinical set up245-251. It is
the only FDA approved growth factor for human use as topical treatment with
recombinant human PDGF (rhPDGF) which has shown significant improvement in
healing in diabetic ulcers245 252 with no adverse effects reported253, albeit that recently
there is concern over increased risk of cancer after treatment with more than three tubes
of becaplermin254. In addition, it is an expensive medication and therefore future work
on its safety is needed to justify its routine use255.
Recently, there has been growing interest in delivery of cells, especially stem progenitor
cells as either topical treatment or recruiting them from circulation to diabetic
wounds256 257. A preclinical study reported improvement in wound healing after topical
application of bone marrow derived stromal progenitor cells258. A large report recently
suggested clinical benefit in limb salvage by delivery of peripheral mononuclear blood
cells to diabetic wounds259. A combined treatment with autologous skin fibroblasts and
autologous mesenchymal stem cells from bone marrow of patients has been shown to
reduce wound size and increase vascularization260. Repeated regular applications of
autologous keratinocytes have been shown to initiate wound healing in patients resistant
to conventional therapy261. There is increasing evidence that mesenchymal stem cells
(MSCs) have beneficial effects on skin wound healing and repair262-265. Thus, clinical
benefits of enhanced healing have been observed in resistant chronic wounds with the
application of autologous bone marrow stem cells266

267

. Although the potential of

MSCs to differentiate and regenerate skin tissues has been described262 263, new findings
suggest that the ability of MSCs to alter the tissue microenvironment via secretion of
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soluble factors may contribute more significantly than their capacity for
transdifferentiation in tissue repair265. In addition, the conditioned medium from
amniotic fluid derived MSCs has been shown to accelerate wound healing in a mouse
excisional wound model, reiterating the beneficial effects of paracrine function of
MSCs in tissue repair268. Since the biomaterial helps not only to physically retain the
cells at the wound site but also to provide protection against the hostile wound
environment, the use of delivery systems such as fibrin spray269 or collagen
membrane260 has been investigated as a safe and effective way to deliver the stem cells.
In recent years, a significant amount of research has been focused on the development
of tissue engineered dressings for the treatment of chronic ulcers. Tissue engineered
dressings generally act by filling the wound gap by extracellular matrix and inducing
expression of cytokines and growth factors which accelerate wound healing270. These
dressings have been investigated by combining natural or synthetic materials with
wound therapeutics such as antimicrobial agents, growth factors and/or cytokines as
pure protein or genes or live cells271-273. Amongst the various hydrogels and
biomaterials such as collagen and fibrin have been the most popular ones for delivery of
live cells274-278. Currently, a number of tissue engineered skin substitutes are
commercially available: IntegraTM (Collagen and Chondroitin 6 sulphate matrix overlaid
with silicone sheet), DermagraftTM (Cultured human fibroblasts on a polyglycolic acid
or polyglactin mesh), MyskinTM (Cultured human autologous human keratinocytes on
silicone polymer substrates), ApligrafTM (Bovine type I collagen with dermal fibroblasts
suspension), Hyalograft 3-DTM (Cultured human fibroblasts on a laser microperforated
membrane of benzyl hyaluronate), LaserskinTM (Human keratinocytes on a lasermicroperforated membrane of benzyl hyaluronate), TranCyteTM (Polyglycolic
acid/polylactic acid, extracellular matrix proteins derived from allogenic human
fibroblasts and collagen) and BioseedTM (Fibrin sealant and cultured autologous human
keratinocytes)279.
Another form of treatment that has been investigated extensively in recent years is gene
delivery, majorly due to failure to achieve the clinical promise of growth
factors/cytokines delivery despite of intensive research280. The limited success of
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growth factors/cytokines delivery can be attributed to a number of factors which include
their short half lives, degradation by proteases, toxicity at high doses and lack of
effective delivery281-285. Gene therapy, on the other hand, provides several advantages in
these respects since it uses the cell machinery to produce the required amount of protein
and, even in presence of the gene delivered, cells act as intelligent factories, which
know when to shut down the production. Therefore, the deficient protein is produced as
long as it is needed and at a physiologically relevant level. A number of studies have
shown promising results in normalizing various pathological aspects of diabetic wound
healing. Some recent salient examples of these studies have been detailed in Table 1.1.
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Table 1.1: Preclinical studies to treat diabetic wounds using gene therapy
Viral Vector

Gene

In Vivo Model

Wound Type

Significant Finding

Adeno-

Simultaneous

C57BLKS mice

Full-thickness

Simultaneous delivery VEGF-A

associated

transfer of VEGF-

homozygous

excisional

and FGF-4 gene therapy leads to

virus (AAV)

A and fibroblast

for a mutation in

circular wounds

significantly faster wound

vector

growth factor 4

the leptin

(4 mm in

closure, increased granulation

receptor (Leprdb)

diameter)

tissue formation, vascularity and

Reference

286

dermal matrix deposition
Angiopoietin-1

C57BL/KsJLepdb

Full-thickness

Ang-1 gene transfer improves

AAV vector

(Ang-1)

mice

longitudinal

the delayed wound repair in

incisions (4 cm)

diabetes by stimulating

on dorsum

angiogenesis, apparently without
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Recombinant

287

VEGF involvement
Adenovirus

c-Met gene

Organ cultured

5-mm epithelial

Recombinant AV-driven c-met

human diabetic

wounds

transduction into diabetic

corneas

corneas appears to restore HGF

288

signaling, normalize diabetic
marker patterns, and accelerate
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wound healing

Table 1.1: Preclinical studies to treat diabetic wounds using gene therapy
Viral Vector

Gene

In Vivo Model

Wound Type

Significant Finding

Adenovirus in

eNOS

Alloxan induced

6-mm punch

Fibrin delivery of AdeNOS

diabetic New

biopsy wounds

resulted in enhanced eNOS

Zealand white

on the ears

expression, inflammatory

fibrin scaffold

rabbits

Reference

289

response, and a faster
rate of re-epithelialization

Adenovirus

VEGF 165

20

BKS.Cg-

Full-thickness

ADV/VEGF165 improves

vector

m+/+Leprdb type

excisional

healing enhancing tensile

(ADV/VEGF1

2 diabetic mice

wounds, 1.4 cm

stiffness and/or increasing

in diameter on

epithelialization and collagen

the dorsum

deposition, as well as by

65 )

290

decreasing time to wound
closure
Adenovirus

Placenta growth

Streptozotocin

6 mm-diameter

PlGF gene transfer improved

factor (PlGF)

induced diabetic

full-thickness

granulation tissue formation,

C57Bl/6 male

punch biopsy

maturation, and vascularization,

mice

wound

as well as

recruitment
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monocytes/macrophages local
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Table 1.1: Preclinical studies to treat diabetic wounds using gene therapy
Viral Vector

Gene

In Vivo Model

Wound Type

Significant Finding

Adenovirus

PDGF-B

C57BLKS/J-

8 mm full-

Adenoviral mediated gene therapy

m+/+Lepr(db)

thickness flank

with PDGF-B significantly

and streptozotocin wounds

enhanced wound healing and

induced

neovascularization in diabetic

Reference

292

wounds with augmentation of
EPC recruitment
Lentivirus

Stromal-derived

21

growth factor-1α

BKS.Cg-m+/+
db

Lepr /J mice

(SDF-1α)

8-mm

SDF-1α treatment exhibited a

full-thickness

decrease in wound surface area

wound

with more cellular wounds and

293

increased granulation tissue
volume and resulted in complete
epithelialization at two weeks
Lentivirus

PDGF-B

db/db mice

2 x 2-cm full-

Statistically significant increase in

thickness

angiogenesis and substantially

dermal wound

thicker, more coherently aligned
Introduction

collagen fibers
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Table 1.1: Preclinical studies to treat diabetic wounds using gene therapy
Non-viral Vector

Gene

In Vivo Model

Wound Type

Significant Finding

Naked plasmid

Heat shock

Alloxan-induced

Excisional skin

Increased collagen I production

injection

protein 47

diabetic rat

wounds

around the wound during repair

(HSP47)
Plasmid vector

HIF-1α

with

Reference
296

process
BKS.Cg-m+/+

5-mm full-

Electroporation with HIF-1α

Leprdb/J mice

thickness

increased levels of HIF-1α

circular

mRNA

excisional

on day 3 and increased levels of

wounds on the

VEGF, PLGF, PDGF-B, and

dorsum

ANGPT2 mRNA on day 7 and

electroporation

297

22

ten folds increase in circulating
angiogenic cells after HIF-1α
treatment
Plasmid vector

Keratinocyte

BKS.Cg-m.

Excisional

Results showed improvement in

with

growth factor-1

Leprdb-db mice

wounds

healing rate, quality of

electroporation

(KGF-1)

298, 299

epithelialization and density of
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new blood vessels

Table 1.1: Preclinical studies to treat diabetic wounds using gene therapy
Non-viral Vector

Gene

In Vivo Model

Wound Type

Significant Finding

Sonoporation of

VEGF165

Streptozotocin-

6 mm punch

Sonoporation of minicircle-

Induced diabetic

biopsy wounds on VEGF165 resulted in Accelerated

C57BL/6J mice

the dorsum

minicircle DNA

Reference

wound closure with markedly
increased skin blood perfusion

300

and CD31 expression and full
restoration of normal
architecture
Plasmid pellet

HOXA3

db/db mice

23

8-mm full

HOXA3 accelerates wound

(1% methyl

thickness

repair by mobilizing endothelial

cellulose)

excisional wound

progenitor cells and attenuating

on the dorsum

the excessive inflammatory

301

response of chronic wounds
DNA/Methylcellu
lose Pellets

Sonic
hedgehog
(Shh)

C57BLKS/J+/+

db

m Lepr mice

8 mm full-

Topical gene therapy resulted in

thickness

acceleration of wound recovery

excisional skin

with increased wound

wounds

vascularity

302
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Table 1.1: Preclinical studies to treat diabetic wounds using gene therapy
Reference

Non-viral Vector Gene

In Vivo Model

Wound Type

Significant Finding

Gold particles

Rat opioid

Adult male rats

3-mm corneal

Excess OGFr delays

and gene gun

growth factor

abrasions

reepithelialization, whereas

receptor

attenuation of OGFr accelerates

(OGFr)

repair of the corneal surface

303

complementary
DNA
RGDK24

lipopeptide

rhPDGF-B

Streptozotocin-

2.1 cm (radii)

A

single

subcutaneous

Induced Diabetic

circular dorsal

administration of the electrostatic

Sprague-Dawley

skin incision to

complex of RGDK-lipopeptide

Rats

the level of the

and

loose

capable of healing incisional

subcutaneous

wounds

tissues

induced

rhPDGF-B

in

plasmid

is

streptozotocin-

diabetic

rats

304

with

significantly higher degree of
keratization,

fibrocollagenation

and

vessel formation

blood
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epithelialization,

Table 1.1: Preclinical studies to treat diabetic wounds using gene therapy
Non-viral Vector

Gene

In Vivo Model

Wound Type

Significant Finding

Lipofectin and

Human insulin-

Streptozotocin-

Full-thickness

Nonviral gene transfer increased

Lipofectamine

like growth

Induced Diabetic

excisional

IGF-1 expression in diabetic

2000

factor

Yorkshire pigs

Wounds (1.5 ×

wounds by up to 900-fold and

(higf)-1 (with

1.5 × 0.8 cm) on 83% wound closure achieved

keratinocytes)

the dorsum

Reference

305

with combined gene and cell
therapy

Plasmid /

aFGF

db/db mouse

Liposome
25

Excisional

Accelerated closure of excisional

and

wounds and increased

incisional

Wound breaking strength in

306

incisional wounds
Plasmid in
PEG-PLGA-PEG
tri-block

TGFβ1

db/db mouse

7 x 7 mm

Enhanced closure, re-

excisional

epithelialization and cell

307

proliferation

co-polymer
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1.3 Gene Delivery Systems
Successful gene therapy of acquired or inherited genetic diseases critically depends on
the identification of defects at the molecular level, development of vectors that result in
gene replacement, over-expression of a therapeutic gene, or suppression of key targets
in cellular signaling cascades involved in disease progression and development of a
suitable system to deliver the cargo. The advances in molecular biology, successful
completion of the human genome project and innovative technologies such as gene
arrays and protein arrays, have contributed tremendously to our knowledge of the
molecular dynamics of diseased phenotypes and will continue to do so. However, the
bottleneck in the success of gene therapy has been the development of a safe and
efficient gene delivery system308. The myriad of delivery systems currently under
development is testimony to the urgent need for advanced clinical treatment options for
a wide variety of diseases. The salient advantages and disadvantages of frequently used
vector systems for gene delivery are depicted in Figure 1.2.
Viral carriers are at one end of the spectrum, offering very high transfection efficiency,
but with the potential risks of toxicity or immunogenicity, in addition to their other
disadvantages, such as difficulty of large-scale production and limited capacity to carry
DNA beyond a certain size. At the other end of the spectrum is naked plasmid DNA,
exhibiting a very attractive safety profile, but extremely low efficiency. Non-viral
carriers, which include liposomes and polymers, lie in middle of the spectrum with a
moderate efficiency and safety profile. Research in the field of delivery systems over
the past few decades has focused mainly on the development of an optimal delivery
system, aiming to increase transfection efficiency towards the viral end of the spectrum,
while reducing toxicity to exhibit a superior safety profile and reduce immunological
concerns. The non-viral carriers are in vogue due to their superior safety profile, their
broad acceptance as reliable treatment options for a variety of medical indications and
their versatility.

26

27
clear from this schematic that there is not a single carrier system, which is safe and highly efficient at the same time. This
scheme also illustrates that a combination of liposomes and tissue-engineered scaffolds would result in an approach with
complementary benefits and reduced limitations.
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Figure 1.2: Schematic depiction of different options for gene delivery with their relevant advantages and disadvantages. It is
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The tissue-engineered scaffolds are being widely used as control release systems to
deliver drugs, cells and/or bioactive agents such as growth factors and genes. When
delivering genes, these slow-release systems can lengthen gene expression without risk
of insertional mutagenesis as is the case in some of the viral carriers. However, the
delivery of plasmid DNA from tissue-engineered scaffolds still poses the problem of
low efficiency. Given the lack of a single superior delivery system that addresses all
clinical requirements of high efficacy and a convincing safety profile, an increasing
amount of research in recent years has focused on improving the delivery systems
through a combinatorial approach whereby each component complements the others
and thus might lead to an optimized outcome.
1.3.1 Liposomes: Multifaceted and Versatile Non-viral Delivery Systems
Liposomes are spherical lipid bilayers of diameters in the range of 50–1000 nm that
have proven useful as convenient delivery vehicles for biologically active
compounds309. Liposomal systems, despite being the oldest of the non-viral genedelivery vehicles, remain attractive amid a surge of newer non-viral gene carriers. Their
persisting popularity is not only due to advantages such as their unlimited load carrying
capacity, relative safety and ease of large-scale production, but can also be attributed to
their versatile nature in terms of possible functionalization and formulations. Despite
the lower transfection rates of conventional liposomal systems (typically requiring
1,000 to 10,000 times more particles to achieve successful genetic modification of cells
compared with viral counterparts), their potential for targeted delivery through
functionalization, for example by conjugation with antibody (or fragments), peptides,
sugars and so-called ‘stealthing’ i.e. polyethylene glycol (PEG)-ylation of lipids, and for
escape from the reticuloendothelial system (RES) and, consequently, long-term
circulation has proven to be a great advantage. Early progress during the 1970s and
1980s has led to the development of “stealth” liposomes with long circulation times
after intravenous administration and decreased uptake by macrophages. These stealth
liposomes are able to extravasate out of vasculature and to accumulate in other target
tissues such as lung, kidney and liver, in therapeutically effective doses without rapid
clearance from the blood stream, thus improving their bio-distribution310. Moreover,
liposomes can be labeled with fluorescent tags for traceability in vivo. A variety of
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stimuli such as pH, temperature, ultrasonic waves, magnetic fields and light are
currently being investigated for improved gene delivery in various settings311-314. Coapplication of liposomes with other polymers such as polyethyleneimine provides an
avenue for improved transfection efficiency315-317. In Tables 1.2 and 1.3, only the recent
major advances in gene delivery applications are listed.
1.3.1.1 Successful Liposomal Gene Delivery: Stumbling Blocks and Solutions
There are a number of extracellular and intracellular barriers to successful non-viral
gene delivery. In systemic delivery, serum instability and sequestration by the RES due
to uptake by macrophages are major problems. Various factors such as size, charge and
surface hydration of the liposomes play important roles here. Cellular membranes pose
another barrier to liposome uptake. The cationic liposomes show high transfection
efficiency which can partly be attributed to interactions with negatively charged cell
membranes. The structure and properties of cationic lipids, lipoplex assembly and
endocytosis of lipoplexes have recently been described in detail318. The internalization
of liposomes occurs most commonly by endocytosis in which the genetic material is
subjected to degradation upon acidification in endolysosomes. Thus, the efficiency of
liposomal uptake largely depends on their ability to escape the endosomal environment
and to deliver their DNA/RNA content safely into the cytosol. This is also the reason
why many research has been directed towards enhancing endosomal escape.
Transfection efficiencies can be predicted from the structural phases of lipids and the
morphologies of lipoplexes. For example, studies have shown that the presence of a
non-bilayer-phase-preferring lipid, such as dioleoylphosphatidylethanolamine (DOPE)
or cholesterol, promotes transition of liquid crystalline phase (LCα) to inverted
hexagonal phase (HCII) and hence membrane fusion, indicating that increasing the
weight fraction of DOPE might result in higher transfection efficiencies319.
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Table 1.2: Stimuli responsive liposomes in gene delivery: recent advances
Stimuli Responsive

Additional

Cell Types /

Element in

Modifications

Animal Model

In Vitro / In Vivo

Application

Reference

Liposomes
Acid-labile PEG-

Various PEG chain

pH Sensitive Liposomes
CV-1, B16F10 and In vitro

Preparation of

diorthoester (POD)

lengths

U251

nanolipoparticles with

lipids

320

high efficiency and low
toxicity

30

Carbamate linkages

Variable length of

-

between

carbon chains and

linked lipids for gene

hydrocarbon chains

quaternary ammonium

delivery

and ammonium or

or neutral tertiary

tertiary amine head

amine heads

GALA

-

COS-7, PC-12

In vitro

In vitro

Synthesis of carbamate321

pH-sensitive fusogenic
peptide mediated gene

322

delivery
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Table 1.2: Stimuli responsive liposomes in gene delivery: recent advances
Stimuli Responsive

Additional

Cell Types /

Element in

Modifications

Animal Model

In Vitro / In Vivo

Application

Reference

Liposomes
Methacrylic acid

Fluorescent

copolymers

labeling

DOPE

Polylysine

A549

pH Sensitive Liposomes
In vitro

Intracellular delivery of

323

antisense oligonucleotides
-

In vitro

Biophysical characterization

324

using empirical phase diagrams
Histidine-modified

-

HepG2 , NIH3T3

In vitro

31

galactosylated

Hepatocyte selective gene
transfer

325

cholesterol derivative
Histidine-lysine

Modified hybrid

PANC-1, MDA-

In vitro and in

siRNA delivery via tumor

peptide in the complex

(DNA-RNA)

MB-435, MDA

vivo

targeting nanodelivery system

anti-HER-2

435/LCC6 / PANC-

siRNA molecule

1 s.c. tumors

326

induced in female

nu/nu) mice
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Table 1.2: Stimuli responsive liposomes in gene delivery: recent advances
Stimuli Responsive

Additional

Cell Types /

Element in

Modifications

Animal Model

In Vitro / In Vivo

Application

Reference

Liposomes
Hydrazone

PEG on TATp

pH Sensitive Liposomes
LLC tumors grown In vitro and in

Tumor specific intracellular

liposomes via

in nu/nu mice

vivo

gene delivery

HeLa

In vitro

DNA precondensation for

311

pH/ non pH
sensitive bonds
DOPE and CHEMS

Pre-condensation

32

of plasmid DNA

enhanced gene delivery

with ALA and

327

the incorporation
of Tf into the
formulations
Tf modified

Chol-GALA and a

PEGylated

PEGylated GALA

liposomes

K562

In vitro

Development of artificial viruslike nanocarrier system

328
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Table 1.2: Stimuli responsive liposomes in gene delivery: recent advances
Stimuli Responsive

Additional

Cell Types /

Element in

Modifications

Animal Model

In Vitro / In Vivo

Application

Reference

Liposomes
Synthetic analogue of

-

HepG2

pH Sensitive Liposomes
In vitro

a fusogenic peptide

Fusogenic peptide for improved
transfection efficiency
329

domain in
glycoprotein H from
herpes simplex virus
33

Polyethylene glycol-

TATp modified

U87-MG cells /

In vitro and in

TATp and convection enhanced

diorthoesterdistearoyl

PEGylated

Caudate putamen of

vivo

delivery for gene delivery to

glycerol lipid

liposomes

healthy brains or

brain and implanted tumors

330

U87-MG orthotopic
tumors in athymic
rats
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Table 1.2: Stimuli responsive liposomes in gene delivery: recent advances
Stimuli Responsive

Additional Modifications

Element in

Cell Types /

In Vitro / In

Animal Model

Vivo

Application

Reference

Liposomes
pH Sensitive Liposomes
HeLa cells
In vitro

Varying hydrophobicities

poly(glycidol)

by reacting poly(glycidol)

Sensitive

derivatives

with glutaric anhydride, 3-

Poly(glycidol)

methylglutaric anhydride,

Derivatives with

and 1,2-

Varying

cyclohexanedicarboxylic

Hydrophobicities

34

Carboxylated

Preparation of pH-

331

anhydride
Poly(glycidol) with

Tf and Mannan

DC2.4 cells

In vitro

carboxyl groups

Gene delivery to

332

dendritic cells
The mixture of the cationic

B16 murine cells /

In vitro and in

Liposomal delivery to

cholesterol bearing

lipid and the negatively

C57Bl/6 mice

vivo

lung tumors

two and four

charged cholesterol at

bearing 3LL tumors

carboxylate moieties

various ratio

333
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Table 1.2: Stimuli responsive liposomes in gene delivery: recent advances
Stimuli Responsive

Additional

Cell Types /

Element in

Modifications

Animal Model

In Vitro / In Vivo

Application

Reference

Liposomes
DOPE and CHEMS

pH Sensitive Liposomes
DNA/PEI complexes CV1-P cells
In vitro

Synthesis of

(3:2 mol/mol)

and PEGylation

glycosaminoglycan-resistant

334

and pH-sensitive lipid-coated
DNA complexes
Anionic LPD

-

RAW 264.7

In vitro

35

complexes
Oxime linkage that

Anionic lipid/peptide/DNA

335

complexes for gene delivery
-

results from PEG

Huh-7 / HBV

In vitro and in vivo

Anti HBV siRNA delivery

transgenic mice
336

coupling with
aminoxycholesteryl
lipid
GALA

Avidin (68 kDa) and

quantum dots (15-20
nm)

In vitro

Cytosolic targeting of
proteins and nanoparticles

337
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HeLa

Table 1.2: Stimuli responsive liposomes in gene delivery: recent advances
Stimuli Responsive

Additional

Cell Types /

Element in

Modifications

Animal Model

In Vitro / In Vivo

Application

Reference

Liposomes
-

Ultrasound Sensitive Liposomes
In vitro

Lipid coated

Varying

microbubbles

phospholipid and

modulating the acoustic

(perfluorobutane as

emulsifier

response of lipid-coated

filling gas)

Composition

microbubbles

Bubble liposomes

PEGylation

COS-7 / ddY mice

In vitro and in vivo

Role of shell composition in
338

Combination of bubble

36

containing

liposomes and ultrasound

perfluoropropane

exposure non-invasive gene

339

delivery tool
Liposomes filled with

-

-

In vitro

CO2 gas bubbles

Preparation and
characterization of bubble

340

liposomes
Bubble liposomes

-

COS-7 / i.a

In vitro and in vivo

Bubble liposomes and

injection in mouse

ultrasound as non-invasive

perfluoropropane gas

femoral artery

gene delivery

341
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entrapping

Table 1.2: Stimuli responsive liposomes in gene delivery: recent advances
Stimuli Responsive Element in

Additional

Cell Types / Animal

In Vitro /

Liposomes

Modifications

Model

In Vivo

Lipid shelled decafluorobutane

-

Ultrasound Sensitive Liposomes
Ligation of left

microbubbles

In vivo

common iliac artery

Application

Reference

Therapeutic
arteriogenesis
312

and small proximal
branches in SpragueDawley rats
Bubble liposomes containing

PEGylation

37

perfluoropropane

S-180, Colon26,

In vitro and

Tissue specific

B16BL6, Jurkat,

in vivo

gene delivery
342

HUVEC, COS-7 / i. a.
injection in mouse
femoral artery
Bubble liposomes containing
perfluoropropane

-

COS-7 / ddY mice

In vitro and

Tumor specific

with i.p. injection of

in vivo

delivery

S-180 cells / ddY

of S-180 cells in foot
pad
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mice with inoculation
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Table 1.2: Stimuli responsive liposomes in gene delivery: recent advances
Stimuli Responsive

Additional

Cell Types / Animal

In Vitro / In

Element in

Modifications

Model

Vivo

Application

Reference

Liposomes
Ultrasound Sensitive Liposomes
HUH7, HUH7eGFPLuc
In vitro

Microbubbles with

Loading microbubbles

Delivery of siRNA

perfluorobutane

with PEGylated

targeting firefly

siRNA-liposomes

luciferase
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complexes
Bubble liposomes

PEGylation

38

COS-7, NIH3T3 and

In vitro and in

Delivery of siRNA

containing

C2C12 / i.d., i.m. and

vivo

targeting luciferase and

perfluoropropane

intra-renal-parenchymal

345

EGFP

injection in ICR mice
Varying wave intensity, SK-BR-3

liposomes

ultrasound duration,

HER-2 expression by

gas-filled liposome

antisense

concentration, and

oligonucleotide

oligonucleotide

delivery

concentration

In vitro

Downregulation of
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Ultrasonic gas-filled

Table 1.2: Stimuli responsive liposomes in gene delivery: recent advances
Stimuli Responsive

Additional

Cell Types / Animal

In Vitro / In

Element in

Modifications

Model

Vivo

Application

Reference

Liposomes
Transferrin-

Combined with PEI

Magnetic Field Sensitive Liposomes
KB cell line, Human EGFR In vitro

Enhanced gene transfer

associated cationic

condensed plasmid

cDNA transfected

under influence of a

lipid-coated

DNA

F98EGFR glioma cell line

magnetic field
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magnetic
nanoparticles
39

Magnetite in cationic Varying

THLE-3 / i.v. injection in

In vitro and in

Enhanced gene transfer

liposomes

male wistar rats

vivo

under influence of a

concentrations of
magnetite

313

magnetic field
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Table 1.2: Stimuli responsive liposomes in gene delivery: recent advances
Stimuli Responsive

Additional

Cell Types /

In Vitro / In

Element in Liposomes

Modifications

Animal Model

Vivo

Light Sensitive Liposomes
In vitro

Application

Hollow gold nanoshells

Different coupling

(near infrared light)

methods such as having

near infrared light for

the HGNs tethered to,

liposome release

Reference

Remote triggering by

314

encapsulated within, or
suspended freely outside
the liposomes
40

Bilayer-incorporated

PEGylation

-

In vitro

Light-sensitive fusion

[Methyl(PEG)2000MA]

between polymer-

polymer (UV light)

coated liposomes

348
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Table 1.3: Targeted liposomes in gene delivery: recent advances
Targeting Moiety

Targeted Tissue /

Additional

In Vitro / In

Cells / Receptors

Modifications

Vivo

PLAEIDGIELA; tenascin

Upper-airway

Liposome: Mu peptide:

peptide sequence

epithelial cells/

DNA platform

In vitro

Application

Synthesis and
application of integrin

alpha(9)beta(1)-

Reference

349

targeting lipopeptides

integrin proteins
Endothelium-specific

Mouse lung

Ionisable amino lipid

In vitro and

Targeted delivery of

antibody (273-34A) via a

endothelial cells

(1,2-dioleoyl-3-

in vivo

oligodeoxynucleotides

41

distearoyl phosphatidyl

dimethylammonium

ethanolamine-poly(ethylene

propane) and an ethanol-

glycol) spacer

containing buffer system

350

for encapsulating large
quantities of polyanionic
ODN
HER2

PEGylation

In vitro

Self-assembling nucleic

HER2 scFv (F5)-PEG-

overexpressing

acid-lipid nanoparticles

DSPE) conjugate

SK-BR-3 breast

suitable for targeted

cancer cells

gene delivery

351

Introduction

Antibody-lipopolymer (anti-

Table 1.3: Targeted liposomes in gene delivery: recent advances
Targeting

Targeted

Moiety

Tissue / Cells

Additional Modifications

In Vitro /

Application

Reference

In Vivo

/ Receptors
Biotinylated
transferrin

HeLa cells/

Lipophilic cholesteryl-based biotin derivatives,

In vitro

Lipoplexes with

transferrin

biotinyl cholesteryl formylhydrazide (MSB1)

biotinylated

receptor

and amino hexanoyl biotinyl cholesteryl

transferrin

formylhydrazide (MSB2) for docking

accessories

352

streptavidin(bio3-transferrin) on cationic
42

liposomes
Fucosylated

Liver

-

cationic

In vitro and NF kappa B decoy
in vivo

delivery

In vitro

AS-ODN and siRNA

353

liposomes
Lung cancer

anisamide

cells

Galactosylated

Liver /

cationic

parenchymal

liposomes

cells

Liposome-polycation-DNA nanoparticles

354

delivery
-

In vitro and siRNA delivery
in vivo

355
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DSPE-PEG-

Table 1.3: Targeted liposomes in gene delivery: recent advances
Targeting Moiety

Targeted Tissue /

Additional

Cells / Receptors

Modifications

DSPE-PEG-

Human lung cancer

PEGylated liposome-

anisamide

cells

polycation-DNA

DNA nanoparticles for

nanoparticles

tumor targeting

Sulfatide

Glioma cells/

In Vitro / In Vivo

In vitro and in vivo

Application

Reference

Liposome-polycation-

-

In vitro

siRNA delivery

In vitro and in vivo

Antifibrotic therapy

356

357

tenascin-C

43

Mannose 6-

Liver/ hepatic

Fusion with HVJ

phosphate human

stellate cells

envelopes

Monoclonal

Mouse transferrin

PEGylation

antibodies: clones

receptor

358

serum albumin
In vitro

Development of a PEGstabilized

RI7 and 8D3

359

immunoliposome
formulation
Melanoma/

Melanoma associated

cationic liposomes

Mannose receptors

antigen expressing
pDNA

In vitro and in vivo

DNA vaccination
360
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Mannosylated

Table 1.3: Targeted liposomes in gene delivery: recent advances
Targeting Moiety

Targeted Tissue /

Additional

Cells / Receptors

Modifications

Monoclonal antibodies:

Human transferrin

Complexes formed

OKT9, 1.2 B6, 1.4 C3

receptor (CD71), E/P-

between viruses,

selectin (CD62E/P),

liposomes, and

VCAM-1 (CD106)

antibodies

In Vitro / In Vivo

In vitro

Application

Reference

Changing viral
tropism
361

respectively

44

Monoclonal antibody:

Mouse transferring

Trojan horse

rat 8D3

receptor

liposomes

CRRETAWAC domain

α5β1integrins

Polylysine

of peptide 3

In vitro and in vivo

Gene delivery to

362

Brain
In vitro

component to

Biophysical
characterization

363

condense DNA
Neuronal cell lines

tetanus toxin (THC),

(human SH-5YSY and

botulinum toxin (BHC)

rat/mouse hybrid N18-

or the truncated C-

RE105)/ GT1b receptor

terminal domain of THC

PEGylation

In vitro

Gene delivery to
CNS
364
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C-terminal fragments of

Table 1.3: Targeted liposomes in gene delivery: recent advances
Targeting Moiety

Targeted Tissue / Cells / Additional Modifications
Receptors

In Vitro / In

Application

Vivo

Monoclonal antibody:

Gut mononuclear

Hyaluronan coating of

In vitro and

Systemic

FIB504

leukocytes/ Β7integrins

liposomes and protamine

in vivo

leukocyte-directed

condensation of siRNA
CRPPR peptide

Heart endothelium

Reference

PEGylation

365

siRNA delivery
In vitro and

Targeting of heart

in vivo

and dynamic

366

imaging
45

Fab' fragments of

TAG-72-overexpressing

recombinant humanized

cancer cells

PEGylation

In vitro and

Systemic gene

in vivo

delivery to human

monoclonal antibody,

367

colon cancer cells

HuCC49
DSPE-PEG2000-

B16F10 cells / Sigma

PEGylation and protamine In vitro and

siRNA delivery to

anisamide

receptor

condensation

metastatic tumors

in vivo

368
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Table 1.3: Targeted liposomes in gene delivery: recent advances
Targeting Moiety

Targeted Tissue /

Additional

Cells / Receptors

Modifications

K16GACSERSMNFCG Lung/ human airway

PEGylation

epithelial cell lines/

In Vitro / In Vivo

Application

In vitro and in

Cystic fibrosis gene

vivo

therapy

Reference

369

intercellular
adhesion molecule-1
(ICAM-1)
Folate
46

HeLa cells/ folate

Series of novel di-

In vitro

Synthesis and

receptors

and tetraether-type

transfection properties

archaeal derivatives

of folate equipped

with a PEG chain

archaeal lipid

370

derivatives
DSPE-PEG-anisamide

2G4

Liposomes-

In vitro and in

siRNA delivery to

expressed in the

protamine-

vivo

tumors

B16F10 melanoma

hyaluronic acid

cells

nanoparticle

Myocardium/ myosin

TATp peptide

In vitro and in

Gene delivery to

vivo

ischemic myocardium

371

372
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Monoclonal antibody:

Sigma receptor over-

Table 1.3: Targeted liposomes in gene delivery: recent advances
Targeting Moiety

Targeted Tissue / Cells /

Additional Modifications

Receptors
Monoclonal

Brain/ transferrin receptor

antibody: 8D3

In Vitro /

Application

Reference

In Vivo
Encapsulation of the

In vivo

Targeting brain
373

PEI/ODN polyplexes into
PEGylated liposomes

U11 peptide-lipid

Prostate cancer cells (DU145

PEGylation

In vitro

Targeting specific

amphiphile

cells) / urokinase plasminogen

receptor

activator receptor

overexpressed in

374

47

breast and prostate
cancers
Artificial cationic

Hepatocytes/ Scavenger

Construction of transient

In vivo

Targeted delivery

liposome-

receptor BI (SR-BI)

HCV model by

of siRNA against

associated

hydrodynamic injection of

hepatitis C virus

apolipoprotein A-I

plasmid DNA expressing

375

viral structural proteins

and alpha1-antitrypsin
promoter elements

Introduction
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1.3.1.2 Peptides for Intracellular Delivery
Recently, peptides have been increasingly used with the aim to aid the intracellular
delivery of the genes. Tat peptide (TATp) is by far the most commonly used cell
penetrating peptide, or so-called protein transduction domain (PTD), and is derived
from the transcriptional activator protein encoded by human immunodeficiency virus
type 1 (HIV-1). Its mechanism has recently been elucidated as macropinocytosis, a
nonclathrin noncaveolar endocytosis brought about by formation of large vacuoles that
are generated by actin filaments376. TATp-mediated delivery of liposomes and DNA has
recently been reviewed376

377

. Octaarginine is another commonly used PTD that is

thought to use cell surface heparin sulfate proteoglycans as non-specific receptors for
uptake. Octaarginine-modified liposomes have been used for enhanced cellular uptake
and controlled intracellular trafficking of plasmid DNA378. Apart from cell penetration,
peptides are also being utilized for endosomal escape, which in turn results in higher
transfection efficiency. Another cell-penetrating peptide is GALA, (a 30-amino acid
synthetic peptide with a glutamic acid–alanine–leucine–alanine repeats), a fusogenic
pH-sensitive peptide developed by Szoka and co-workers that aids cytosolic delivery by
facilitating the disruption of endosomal membrane and release of DNA in cytoplasm.
Kobayashi et al. and Sasaki et al. demonstrated enhanced endosomal escape of
macromolecules via GALA and its derivatives328 337.
While fusogenic peptides act upon acidification in endosomes, it has been recently
shown that a stearylated INF7 peptide derivative enhanced gene expression in a fusionindependent manner and was able to rupture artificial membranes, both at acidic and
neutral pH, extending the time the liposomes could escape endosomal degradation379.
Once successful delivery of liposomes to the cytosol has been accomplished, liposomemediated gene delivery faces additional obstacles such as the requirement of
intracellular trafficking to the nucleus and uptake into the nucleus via the nuclear pore
complexes. The potential of using nuclear localization signals (NLSs) for targeting to
the nucleus has been studied by several groups and it was found that the efficiency of
nuclear targeting depended on the valency (positive charges) associated with plasmid
DNA and the number of NLS associated with a cargo such as plasmid DNA, proteins,
liposomes and nanoparticles380. Different NLSs will bind to different receptors on
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nuclear membranes such as importins381 or farnesoid X receptor (FXR)382, either
directly or indirectly by forming complexes with other cytoplasmic proteins. A
significant increase in gene expression that was mediated by liposomes and the means
of using a NLS has been shown, both in vitro and in vivo381 382. Attempts have also been
made to utilize the biological responses against liposomes such as cytokine production,
for their increased uptake. TNF-α, which is induced by lipoplexes, is known to activate
transcription factor nuclear factor κB (NF-κB), and NF-κB upon activation can aid
nuclear transfer of DNA. It has been reported that if NF-κB binding sequences are
incorporated in plasmid DNA, lipoplex-mediated transgene expression can be
enhanced383.
1.3.1.3 Short Term Expression and Toxicity Related to Liposomes
Short-term expression following liposomal gene delivery constitutes a major problem in
clinical applications that requires sustained levels of transgene expression over months
and years. Short-term expression is due to the cargo being either not integrated into the
host genome, or integrated only in an unstable manner, and this limitation can be
addressed with repeated doses of the gene, a practice, which, however, is not always
feasible and/or practical. Here, gene delivery via release systems with an extended
effect, such as tissue-engineered scaffolds, presents the opportunity of controlled DNA
release over a long period as required for long-term expression. The toxicity of cationic
lipids, which are frequently inflammatory, is another concern. This toxicity is dosedependent and is based on to the exposure of the liposome to and its interactions with
immune cells. The use of tissue-engineered scaffolds could address these issues as a
topical delivery of liposomes via a tissue scaffold would reduce their exposure to
immune cells.
1.3.2 Tissue-Engineered Scaffolds
The view of tissue-engineered scaffolds as gene delivery systems is a relatively novel
concept. Initially, scaffolds were proposed for applications in tissue engineering and
considered solely as inert structural support for tissue repair and regeneration. Over the
last few years, this view has changed dramatically and scaffolds are no longer seen only
as dynamic tools for mimicking biological environments but now are also regarded as
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delivery vehicles for cells and/or bioactive agents. Tissue-engineered scaffolds provide
a multitude of advantages such as safe profile, protection of cargo, and enhanced and
extended gene expression and the ability to control a localized delivery of cargo, as
depicted in Figure 1.3.
1.3.2.1 Tissue-engineered Scaffolds as Depots and Controlled-release Systems
Tissue-engineered scaffolds can be designed in order to physically and/or chemically
control the release pattern of any incorporated bioactive agents. A controlled release of
DNA will not only lead to extended periods of gene and thus protein expression, but
will also minimize the risk of under- or over-dosing of the expressed protein. The major
advantage of using natural scaffolds, such as collagen and fibrin, in addition to their
safety profile, is their tunable degradation, which can be readily achieved either by
varying the concentration of monomers and/or crosslinking agents and thus controls the
long-term release of bioactive agents. As with ECM, fibrin-based biomaterials could
also act as temporary depots for the sustained release of substances

384

which could be

readily optimized by varying the concentrations of the fibrinogen and thrombin
components385. The release profile of bioactive agents from collagen/gelatin scaffolds
can also be further optimized by appropriate choice of crosslinking agents, such as
microbial

transglutaminase

or

N-ethyl-N-(3-diethylaminopropyl)-carbodiimide/N-

hydroxysuccinimide (EDC/NHS), as well as the degree of crosslinking.
As an alternative to natural scaffolds, synthetic scaffolds have also been suggested as
they are highly flexible in that they can be manufactured in any desired shape and size,
with a tightly defined architecture and relevant parameters such as porosity. Some of
these synthetic scaffolds such as polylactic acid (PLA) also have the additional
advantage of a degradation within the body, which will only leave behind harmless
breakdown products such as lactic acid308. By crosslinking of PLA with PEG, or by
using co-polymers such as poly(lactic-co-glycolic acid) (PLGA), their degradation in
the body can be further controlled308.
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Figure 1.3: Schematic depiction of the role of tissue-engineered scaffolds in gene
delivery. Tissue-engineered scaffolds can be employed either as reservoirs, or as
sustained delivery systems. If they are used as reservoirs, the host tissue will
integrate with the scaffold material and the contents of the scaffolds will exhibit
their intended function in the context of the host tissue. In sustained delivery
systems, the contents of the scaffolds are delivered as and when the scaffold
material degrades. This sustained delivery results in gene expression over a longer
period than would be the case with delivery by lipoplexes alone. As depicted in the
graph shown below, tissue-engineered scaffold-mediated sustained gene delivery
enhanced gene expression and a synergistic effect is observed when tissueengineered scaffolds delivered lipoplexes (yellow curve) as opposed to naked
plasmids (purple curve).
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1.3.2.2 Need for Further Enhancement
Although, as depicted in Figure 1.3, the enhanced and sustained localized gene delivery
that could be achieved via tissue-engineered scaffolds is certainly superior to that of
naked plasmid delivery, further enhancement is required for therapeutic benefit.
Towards this goal and as opposed to delivering naked plasmid DNA through scaffolds,
a number of researchers have utilized different transfection reagents such as liposomes
to first complex the DNA and to subsequently deliver these complexes via the scaffolds,
as outlined below.
1.3.3 A Combined Liposome–scaffold Approach
As mentioned above, the combination of liposomal gene delivery systems with scaffold
technologies is now being considered as being complementary. Table 1.4 summarizes a
number of studies that have investigated tissue-engineered scaffold-mediated liposomal
gene delivery. The various aspects and intrinsic benefits offered by this combined
liposome-scaffold approach are discussed in detail below.
1.3.3.1 Long-term Expression
By far the most important advantage of combining tissue-engineered scaffolds with
liposomal gene delivery is the possibility and flexibility of a well-controlled sustained
delivery. This fact provides an opportunity to overcome short-term gene expression
following liposomal delivery, although the release kinetics of the used lipoplexes would
depend on various factors, such as their size and net charge, as well as their
biomolecular and chemical interactions. The combination of tissue-engineered scaffolds
with liposomes has already been utilized for sustained delivery of drugs. For example, a
single application of fibrin-enmeshed tobramycin-bearing liposomes had a similar effect
on reducing pseudomonas colonies when treating pseudomonas keratitis compared to 24
hourly doses of fortified topical tobramycin386. Subsequently, a number of studies have
described sustained release systems using liposomes loaded with proteins or drugs and
that had been incorporated in fibrin387-390. The biomedical applications of collagen,
including a combination of liposomes with collagen for drug delivery, have been
reviewed elsewhere391.
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Table 1.4: Combined liposome-scaffold approach for gene delivery
Scaffold/ Substrate
Serum-coated

Liposomes
Lipofectamine ™ 2000

DNA

Application

Reference

Plasmid- luciferase/ EGFP Substrate mediated

tissue culture

delivery

392

polystyrene
Porous poly

FuGene® 6 lipophilic transfection

(D,L-lactide) disks

reagent; 20 mM DOTAP:

Plasmid- GFP

Bone repair
393

cholesterol (1:1) liposome
PLG matrices

Lipofectamine ™ 2000

Plasmid- luciferase/β-

Nerve regeneration
394
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galactosidase/NGF/ NGFGFP dual expression
Type II collagen

GenePORTER® Reagent

glycosaminoglycan

Plasmid- insulin-like

Cartilage repair
395

growth factor (IGF)-1

scaffolds
Fibrin

Lipofectamine™ and Plus Reagent

Plasmid- VEGF

Wound healing

396
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Table 1.4: Combined liposome-scaffold approach for gene delivery
Scaffold/ Substrate

Liposomes

DNA

Application

Reference

Collagen

GenePORTER® Reagent

Plasmid- GDNF

Brain injury

397

Tissue culture polystyrene

Lipofectamine ™ 2000

Plasmid- EGFP-luciferase

Substrate mediated delivery

398

Polystyrene

Lipofectamine™

Plasmid- luciferase

Substrate mediated delivery

399

Lipofectin ®Reagent

Plasmid- EGFP; luciferase

Simultaneous delivery of

400

+ β-galactosidase

multiple genes to wound bed
Spinal cord injury

Plate
Fibrin

54

ECM coated Multiple

TransFast™ Transfection

Plasmid- firefly luciferase

channel PLG bridges

Reagent

and β-galactosidase

Polydimethylsiloxane

Lipofectamine ™ 2000

Plasmid- EGFP +

cured on patterned molds

luciferase; NGF

401

Nerve repair
402

using photolithography
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The extended release of lipoplexes, and consequently the long-term expression of their
delivered genes, has been demonstrated by a number of groups393-395 400 401. To achieve
sustained delivery, different approaches were possible. For example, lipoplexes could
be merely entrapped physically within the scaffolds by tailoring certain parameters,
such as the degree of crosslinking and pore sizes. Alternatively, lipoplexes were
specifically bound to components of the scaffolds. Recently, a fibrin-lipoplex system
was described. This system made use of naturally-occurring interactions between
liposomes and the fibrinogen components of the scaffold, which obviated the need for
chemical conjugation400.
Another approach for creating a sustained delivery system is the adsorption of
lipoplexes on the surface of scaffolds392 399 403. To facilitate lipoplex adsorption, scaffold
surfaces have been coated with various ECM proteins, and this has led to being able to
transfect a higher number of cells while at the same time reducing the amount of DNA
required. Several other strategies have been developed to associate lipoplexes or DNA
complexes with the scaffold surface, including the specific binding of complexes to the
scaffold through biotin–avidin interaction, gelatin entrapment, or by nonspecific
adsorption392.
1.3.3.2 Maintaining Lipoplex Stability
Another major advantage of the combining liposomes with scaffolds is that this
approach maintains lipoplex stability, consequently prolonging bioactivity. An
increased liposomal stability has been demonstrated in fibrin-encapsulated liposomes
that were used as protein delivery system404, as well as in biophysical studies of
collagen-lipid interactions405. The local delivery of lipoplexes from a biomaterial
scaffold, such as fibronectin-coated PLG, could have the ability to maintain lipoplex
stability and therefore could increase the number of transfected cells and transgene
expression401. In a spinal cord injury model, high transgene expression has been
achieved by implanting fibronectin-coated-PLG bridges with multiple hollow channels
that had been immobilized with lipoplexes401. However, the fabrication of the scaffold
can also adversely affect the stability of lipoplexes. Therefore, special processing
techniques, such as cryopreparation or carbohydrate stabilization as well as mild
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processing conditions need to be adopted to avoid any detrimental effect on lipoplex
stability, and thus the activity of incorporated DNA complexes406. On the other hand, if
lipoplexes are immobilized on the surface of a scaffold, the need for careful processing
steps is obviated as the lipoplexes are immobilized after the scaffold fabrication407.
1.3.3.3 Moderating Lipoplex Toxicity
Although considered safer than viral delivery systems, lipoplexes are frequently
associated with some degree of toxicity, typically in the form of inflammatory
responses. The enhanced transgene expression observed via the combined liposomescaffold approach reduces the required dose and this indirectly reduces dose-related
toxicity. However, the cellular toxicity seen in direct bolus delivery of lipoplexes has
been shown to be reduced significantly when they are delivered via gene activated
matrix (GAM)393. This can be explained by the fact that, at any given time, only those
lipoplexes that are released from, and that are only a fraction of the total amount
incorporated in the scaffold, are exposed to the immune cells. This apparent ‘fooling’ of
the immune system helps to reduce the observed toxicity of lipoplexes. Another
postulation that can explain the observed reduction in toxicity is that the specific
interaction of cells with scaffold material such as fibrin can lead to suppression of the
caspase pathway which is involved in cell apoptosis and that of reactive oxygen species,
which are typically activated by liposomes408. In addition, when compared to bolus
delivery, this approach has been shown to transfect cells, which are otherwise hard to
transfect such as primary cells, and with improved cellular viability392. Thus, with
regard to toxicity, embedding the lipoplexes within the scaffold appears a particularly
useful approach, whereas surface adsorption is beneficial in terms of flexibility of
fabrication and stability. In addition, the possibility of a localized therapy as afforded by
the use of scaffolds significantly reduces the occurrence of systemic toxicity.
1.3.3.4 Multiple Gene Delivery and Spatio-temporal Patterning
Combining liposomes with scaffolds also provides several additional advantages such
as the possibility to deliver multiple genes simultaneously400, or to create spatial402 and
temporal patterns of gene delivery. Recently, the successful simultaneous delivery of
two reporter genes by means of a fibrin-lipoplex model system was demonstrated400.
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Such a system might prove particularly useful in diseases in which multiple genes are
involved, or in which the local restoration of a specific gene function can result in
therapeutic benefit, e.g. the compromised wound healing seen in diabetes mellitus. In
most tissues in the body, a highly orchestrated spatio-temporal control of gene
expression is established, particularly in neural and vascular networks. Recently,
spatially-patterned expression of NGF was achieved using lipoplexes that had been
immobilized in microfluidic networks of polydimethylsiloxane (PDMS)

and this

patterned expression of NGF led to neurite outgrowth and guidance402. Another means
to control spatial gene expression is to immobilize lipoplexes to specific regions of the
scaffold, which is the basis for transfected cell-arrays used in high-throughput
functional genomics studies403. Here, patterned deposition of lipoplexes can be achieved
by various techniques, such as spotting, printing, pinning and microfluidics409.
Additionally, temporal control over gene expression can be achieved in a number of
ways, such as by layer-by-layer assembly410 of the scaffold with lipoplexes incorporated
only in certain layers. Cell-controlled temporal expression patterns are also possible408
in which the lipoplexes are confined within the scaffold, and only become available for
transfection only upon cell-mediated degradation of scaffold. Another approach could
be to simply mix polymer scaffolds that have different degradation profiles409 or to
fabricate a complex scaffold consisting of

predetermined regions with different

degradation rates, different porosity or different density of “homing” agents such as
antibodies or peptide ligands. The success of spatial patterning depends largely on the
stability and activity of DNA complexes after they have been deposited on or embedded
in the scaffold, and thus, the differential concentration achieved on the pattern as
against the non-patterned region of the scaffold409.
On the other hand, lipoplexes have also been shown to enhance the transfection
efficiency that can be achieved using only tissue-engineered scaffolds as demonstrated
for the delivery of lipoplexes based on fibrin-scaffolds based in skin wound healing396.
The authors of this study showed a significantly higher skin flap survival when it was
treated with a fibrin-lipoplex system carrying vascular endothelial growth factor
plasmid (pVEGF) as compared to using a fibrin gel carrying pVEGF. The enhanced
gene expression upon liposome-scaffold delivery was synergistic and not merely
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additive. Their claim could be substantiated by observations of six to seven-fold
increase in protein production compared to control levels as long as two weeks after
treatment of rat mesenchymal stem cells with a porous sponge-like collagen scaffold
that had been embedded with lipoplexes carrying glial cell line-derived neurotrophic
factor (GDNF) gene397.
1.3.3.5 Potential for Clinical Translation
One of the most promising aspects of combining liposome with scaffold-based delivery
is its potential for clinical translation in the near future. A range of tissue-engineered
scaffolds has already been approved for human use and this list is ever increasing and
some relevant examples are summarized in Table 1.5.
Currently, over a hundred clinical trials addressing liposomal gene delivery are
underway and are at different phases of completion. Considering the advantageous
regulatory status of tissue-engineered scaffolds and of liposomal approaches, a clinical
realization of combined liposome-scaffold delivery could be anticipated within the next
two decades.
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Table 1.5: Examples of tissue-engineered scaffolds approved for human use
Major Component
Collagen

Clinical Use
Skin repair

Market Name

Marketed By

TransCyte®

Advanced Biohealing

Apligraf®

Organogenesis

Dermagraft

®

INTEGRA® dermal

Advanced Biohealing
Integra Lifesciences

regeneration template
Bone repair
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INFUSE® bone graft

Medtronic

OP-1™

Stryker

VITOSS® Scaffold FOAM™

Orthovita and Kensey Nash

FortrOss

Pioneer Surgical

BioSet®-RTI

Pioneer Surgical and Regeneration
Technologies

Nerve conduit

NeuraGen®

Integra

Cartilage repair

Menaflex™

Regenbiologics

CaReS

®

Arthro Kinetics

Sealant for wound management

TISSEEL™

Baxter International

Gelatin

Bone repair

Regenafil®

Exactech
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1.4 Fibrin Scaffolds
For the assets discussed in section 1.3.4, tissue engineered scaffolds are being
investigated increasingly for gene delivery experiments as tools for controlled extended
and patterned release of the cargo. The fibrin scaffolds, in particular, have a number of
unique advantages in their use as gene delivery vehicles. The biochemical machinery in
the body for synthesis and degradation of fibrin is highly evolved making fibrin a highly
malleable system to work with. Moreover, the ease at which the polymerization of its
monomer and the subsequent gelation can be manipulated makes fibrin a surpassingly
dynamic system. The chemical structure, physiological role, clinical application of
fibrin and its role in tissue engineering research are discussed in this section.
1.4.1 Fibrin: Structure and Polymerization
Fibrinogen is the monomeric unit of fibrin. Fibrinogen has a unique structure (Figure
1.4) with a number of known and potential binding sites. Fibrinogen is a 340,000 Da
hexamer synthesized by hepatocytes, approximately 45nm in length411. The molecule is
a dimer composed of two sets of three polypeptide chains; two A chains, two B
chains and two  chains412. Each monomer comprised of two end globular domains
separated by a coiled-coil domain and consisting of one A, B, and  chain is
stabilized by two disulfide ring structures on either end of the coiled-coil413. The
homodimer is stabilized by a disulfide “knot” at the N-terminal region of each
heterotrimeric monomer thus the fibrinogen dimer is configured in a “head-to-head”
configuration with one central domain known as the N-terminal disulfide knot (NDSK)
and two globular end domains each separated by the coiled-coil domains414. Thrombin,
required for polymerization of fibrinogen, is formed from its precursor prothrombin by
either intrinsic or extrinsic pathway. Thrombin acts by cleavage of fibrinopeptide A
(FPA) and fibrinopeptide B (FPB) from the amino terminus of fibrinogen leading to
exposure of binding sites needed for polymerization. The EA binding site has two
portions: one portion at N-terminus of α-chain and the other in the β-chain.
Subsequently, the EA binding site combines with complementary binding pocket that is
located in the γ-chain of the D-domain of the neighboring molecules.
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Figure 1.4: Tri-nodular structure of fibrinogen molecule. E domain, the middle
domain, represents the amino-terminal disulfide knot of the six chains. D domains
on the both sides of E domain represent the carboxyl terminal regions of Bβ and γ
chains.
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This interaction results in a staggered overlapping domain arrangement leading to a
formation of twisting fibrils. The binding site EB is located at the amino terminal of the
β-chain and its combination with the complementary site at the C terminal of γ-chain
resulting in lateral aggregation of fibrils. Intertwining of fibrin fibers leads to formation
fibrin clot. The fibrin clot is stabilized by intermolecular covalent crosslinking of chains
of adjacent strands carried out by factor XIIIa. Endothelial cells and fibroblasts, which
bind to fibrin during the granulation tissue formation, produce tissue plasminogen
activator (tPA) and urokinase plasminogen activator (uPA). tPA and uPA convert
plasminogen to plasmin. This plasmin causes fibrinolysis leading to formation of fibrin
degradation products.
1.4.2 Fibrin: Physiological Role
Fibrin is formed naturally during the wound healing, as discussed in section 1.1.1., as a
measure to stabilize the platelet plug and stop bleeding. The blood coagulation cascade
ends in the formation of cross-linked fibrin clot. This fibrin clot interacts with platelets,
through the platelet membrane receptor GPIIb-IIIa415. Thus, fibrin gets incorporated in
the wound tissue. Apart from acting as hemostatic plug, fibrin functions as a scaffold
for cell migration and proliferation and as a reservoir for growth factors, proteolytic
enzymes and their inhibitors. Endothelial cells and fibroblasts bind to fibrin via
αVβ3integrins416 417. However, keratinocytes do not αVβ3 integrins and thus cannot bind
to fibrinogen and fibrin418. This explains the migration of keratinocytes down the
collagen rich wound bed avoiding the fibrin clot. Fibronectin, vitronectin and
thombospondin which support cell migration bind to fibrinogen419-421. Various growth
factors such as bFGF422, VEGF165423, TGF-β1424, PDGF-BB425, IGF-1425 and IL-1β426
bind to fibrin either directly or indirectly through heparin which is bound to fibrin. Also,
degrading enzymes such as plasminogen427 and tPA427, in parallel with plasminogen
activator inhibitor428 and thrombin429, bind to the fibrin clot. This gives an opportunity
to control balance between the further coagulation and lysis.
1.4.3 Fibrin: Clinical Application
Fibrin sealants became commercially available in Europe around 1978 and Tisseel® (or
Tissucol®), marketed by Baxter Healthcare later was FDA approved in US in 1998.
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Currently, around ten fibrin products are commercially available. As happens naturally,
these fibrin sealants act as fibrin clots supporting fibroblast and endothelial cells
infiltration and enhance wound healing. Depending on the local proteolytic mileu and
concentrations of fibrinogen and thrombin used, the gelation rate and degradation rates
of these sealants can be easily manipulated to suit a particular situation.
Major use of fibrin has been in hemostasis and tissue sealing in surgical practice430,
including extensive investigation in cardiovascular and cardiothoracic surgeries431,
urology432, pneumothoracic surgery433, neurosurgery434, reconstructive surgery435. A
number of clinical studies have been performed to investigate the use of fibrin in bypass
operations, grafts, ventricular ruptures, suture reinforcement436. Patient derived fibrin
sealants are also being investigated437 438.
1.4.4 Fibrin: Tissue Engineering
Due to its biodegradability, nontoxic degradation products, flexibility in use, easy
control over gelation, degradation, pore size, suitability for infiltration of host tissue and
as delivery vehicle simply by manipulating the concentrations of thrombin and
fibrinogen, and presence of FDA approved fibrin products in clinical and surgical
practice; fibrin has been very popular in tissue engineering research. A vast body of
research investigated fibrin as a delivery vehicle for cells, therapeutic drugs and
bioactive molecules439.
Keratinocytes440 and fibroblasts441 have been seeded on and then delivered through
fibrin scaffolds to chronic wounds. In cardiac tissue engineering, cardiomyocytes or
have been encapsulated in fibrin hydrogel442 443. In cartilage regeneration, chondrogenic
precursor cells grown in fibrin showed increased expression of collagen type II and
aggrecan444. Also, long term stable fibrin gels have been successfully investigated for
cartilage tissue engineering by adjusting fibrinogen, thrombin and calcium
concentrations and pH of the system445. In an in vivo study, 6 months after subcutaneous
implantation of fibrin seeded with chondrocytes in a scaffold resulted in cartilage
formation446. Recently, fibrin is being used for delivery of stem cells such as human
umbilical cord stem cells447, infrapatellar fat pad derived stem cells448, bone
mesenchymal stem cells449. Fibrin has also been utilized in tissue engineering in the
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form of microbeads/microspheres as cell carriers due to being haptotactic to a number
of cells such as endothelial cells, smooth muscle cells and fibroblasts and its use in this
form in wound healing has been investigated450. Fibrin microbeads have also been used
as cell carriers for a variety of other cells such as chondrocytes, periosteal-derived cells,
and nucleus pulposus cells451. Recently, these microbeads have been extensively
utilized for isolation, expansion and differentiation of mesenchymal stem cells

452-456

and investigated in a variety of applications such as bone tissue engineering457, renal
diseases458.
Fibrin as delivery vehicle for bioactive molecules, genes and drugs has been a very
successful research tool and has been recently reviewed439. The natural affinity of fibrin
for growth factors has been put to work by several researchers224

422 423 459-462

while

others have resorted to enhancing the binding through various strategies such as
incorporation of free463 or tethered heparin464 465, incorporation of bidomain peptide466468

, or tethering growth factors to fibrin by creation of fusion proteins469 470. Recently,

the use of fibrin scaffold for gene delivery has received much focus. The gene delivery
through fibrin scaffold has been researched in various modalities such as naked DNA,
viral vectors, non-viral vectors, or use of tethering techniques or incorporation of cells
as gene vectors. While amongst viral vectors, fibrin has been utilized for lentiviral471-473
or adeno-associated viral474 gene delivery, adenovirus is the most commonly used viral
vector fibrin mediated viral gene delivery475-478. Although fibrin has been used for
delivery of naked DNA479, delivery of non-viral vectors is more efficacious480-482.
Various tethering techniques have also been employed in fibrin mediated viral/non-viral
gene delivery472

483

. Fibrin has been shown to mediate spatially arrayed and cell

controlled gene delivery408. Delivery of combination of cells and biomolecules or
transfected cells as gene vectors is in vogue in recent years484-486. Also, fibrin has been
used as a part of a composite scaffold471.
1.5 Hypotheses and Objectives
The ultimate aim of this project was to develop a gene therapy for compromised
wounds using a non-viral gene delivery system. It was hypothesized that the fibrin-infibrin system encoding eNOS and Rab18 genes would enhance the wound healing in an
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alloxan induced rabbit ear ulcer model of compromised wound healing. The
enhancement in the wound healing would occur by means of the therapeutic effects of
eNOS and Rab18 leading to functional angiogenesis and reduction in inflammation
respectively.
The research goal had two strands. The first was the development of a suitable gene
delivery system for controlled delivery of multiple genes, and the other was unleashing
the molecular pathology of wounded keratinocytes grown in high and normal glucose
conditions through an in vitro assay of multiple scratch wounds. The research areas
were divided into four phases, each with specific objectives and hypotheses.
1.5.1 Phase One (Chapter Two):
Overall aim: To assess the feasibility of a fibrin gel to deliver lipoplexes that encodes
multiple genes.
Hypotheses:


There exists a biomolecular interaction between fibrin (ogen) and lipofectin
which would allow lipoplexes to be held in the fibrin gel and released in a
controlled fashion.



The lipoplexes held within and released from fibrin gel can remain viable and
can efficiently transfect in vitro and in vivo in a rabbit ear ulcer model.

Specific objectives:


To investigate the in vitro release profile of lipoplexes from fibrin gel by
measuring the released DNA with or without plasmin dissolution of fibrin gel
using intercalation assay.



To investigate the biomolecular interaction between components of fibrinlipoplex system using surface plasmon resonance.



To investigate the in vitro transfection efficiency of lipoplexes (encoding eGFP)
released from fibrin gel by studying green fluorescence from GFP produced by
transfected cells.
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To investigate the in vivo transfection efficiency of lipoplexes (encoding βGal
and luciferase enzyme) released from fibrin gel in rabbit ear ulcer model.

1.5.2 Phase Two (Chapter Three):
Overall aim: To develop fibrin-in-fibrin (fibrin microspheres in fibrin gel) gene
delivery system for increased DNA carrying capacity with respect to gelation time and
control.
Hypotheses:


Fibrin microspheres carrying lipoplexes can be fabricated by water-in-preheated
oil emulsion method.



The lipoplexes encapsulated within the fibrin microspheres remain functionally
active.



The fibrin microspheres can be fabricated to degrade with a profile different to
that of the fibrin gel alone giving an opportunity to develop fibrin in fibrin gene
delivery system (fibrin microspheres in fibrin gel) which can release DNA in a
dynamically controlled manner.

Specific objectives:


To fabricate fibrin microspheres carrying lipoplexes by modification of the
water in preheated oil emulsion method and characterize them for morphology.



To investigate the stability of DNA in the lipoplexes encapsulated within the
fibrin microspheres by gel electrophoresis of DNA from the fibrin microspheres
compared to the naked DNA.



To investigate the functional integrity of the lipoplexes (encoding eNOS) from
fibrin microspheres in an alloxan induced hyperglycemic rabbit ear ulcer model
of compromised wound healing by investigating


mRNA expression by real time PCR.



Angiogenic effect of the proangiogenic eNOS seven days after
post-wounding compared to control.



To investigate the degradation fibrin microspheres vs. fibrin gel by scanning
electron microscopy and densitometry analysis.
66

Introduction


To compare the in vitro release of DNA from fibrin microspheres vs. fibrin gel.

1.5.3 Phase Three (Chapter Four):
Overall aim: To assess the differential gene regulation in human keratinocytes grown
in high and normal glucose conditions during an in vitro assay of multiple scratch
wounds.
Hypotheses:


Hyperglycemia affects the healing capacity of keratinocytes by altering their
migration and/or proliferation.



Hyperglycemia, at least in part, leads to altered gene regulation in keratinocytes
during in vitro wound healing.

Specific objectives:


To establish primary culture of human keratinocytes under normal (6 mM) and
high (25 mM) glucose conditions.



To develop an in vitro wound model of multiple scratch wounds on monolayers
of keratinocytes grown under normal (6 mM) and high (25 mM) glucose
conditions to allow 40 - 50 % of cells to contribute to an in vitro healing
response.



To assess the healing of scratch in the in vitro wound model of multiple scratch
wounds under normal (6 mM) and high (25 mM) glucose conditions.



To study gene regulation in wounded human keratinocytes grown under normal
(6 mM) and high (25 mM) glucose conditions in comparison with non-wounded
keratinocytes as control.



To ascertain, by pathway analysis and gene ontology, a single downregulated
gene which when delivered along with proangiogenic gene eNOS to a
compromised wound will complement the therapeutic benefit of eNOS.
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1.5.4 Phase Four (Chapter Five):
Overall aim: To evaluate the efficiency of fibrin-in-fibrin system encoding eNOS and
Rab18 genes to promote wound healing in an alloxan induced hyperglycemic rabbit ear
ulcer model of compromised wound healing.
Hypothesis:


Fibrin in fibrin system, encoding eNOS and Rab18 genes, will enhance
functional angiogenesis and reduce inflammation during wound healing in an
alloxan induced hyperglycemic rabbit ear ulcer model of compromised wound
healing.

Specific objectives:


To assess the effect of eNOS and Rab18 gene delivery via fibrin-in-fibrin
system, in terms of wound closure, angiogenesis and inflammatory response.



To evaluate correlations between wound healing parameters, namely percent
wound closure, epithelialization, volume fraction of inflammatory cells, surface
and length density of blood vessels and radial diffusion distance.
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Fibrin-lipoplex System
2.1 Introduction
Biodegradable scaffolds have a prominent role to play in various tissue engineering
approaches. Natural macromolecules like collagen and fibrin can be used as tools for
controlled release of various therapeutic agents. Apart from traditional use of fibrin as a
sealant1-4, fibrin is being increasingly used as a scaffold for delivery of cells5, drugs6,
plasmids7 and, more recently, gene vectors8-11.

As highly efficient gene delivery

carriers, viruses have been studied by many investigators for various clinical
applications such as wound healing, bone tissue engineering and cartilage. Recently, it
has been shown that fibrin enhances the delivery of adenovirus vector to chronic
wounds12.
However, there is a need to investigate non-viral systems of gene delivery in order to
minimize possible immunogenic response associated with viral vectors. Non-viral
systems offer the advantage of safety and can transfer therapeutically relevant amounts
of DNA13. Non-viral delivery usually does not result in insertion of the transgene in the
host genome. This removes the risk of insertional mutagenesis, but on the other hand,
this necessitates repeated administration. Thus, although non-viral carriers are generally
considered safer compared to the viral counterparts, the need for repeated doses along
with the issue of low transfection efficiency are some of the major disadvantages of
non-viral gene therapy. Although in most cases, higher transfection efficiency can be
achieved at higher dose, this also proportionally increases the risk of toxicity. Thus,
efficiency and toxicity of non-viral vectors is dose related and represents a significant
concern. These risks associated with high loads and subsequent toxicity of non-viral
vectors when used on their own can be eliminated by use of a extracellular matrix based
biodegradable scaffold, like fibrin, mediated delivery of non-viral vectors. Also, the use
of such scaffold based delivery prolongs the gene delivery. Thus, effectively, the use of
scaffolds enables the delivery at lower doses with enhanced prolonged therapeutic
response and has the potential to significantly impact the safety profiles of the vectors
embedded in the scaffolds.
Although some investigators have reported the use of fibrin based delivery systems
previously for plasmid, drug or protein delivery8
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multiple genes using non-viral gene carriers via fibrin scaffold has not been reported
and thus remains to be fully characterized and investigated.
Fibrin plays an important role in hemostasis and wound healing. The physiological
hemostatic not only plays an indispensable role in clot formation, but is a natural tissue
engineering/regenerative medicine scaffold which has been shown to act as a reservoir
for growth factors, extracellular matrix molecules, and platelets and responds to various
microenvironmental cues in a highly orchestrated manner. It is one of the few natural
biomolecules found in the body as stable monomer precursors and polymerizes only
when needed and degrades in a highly controlled manner, leaving behind chemotactic
and mitogenic degradation products.
Liposomes, as explained in detail in chapter one (section 1.3.1), are multifaceted
versatile non-viral gene delivery systems which are spherical lipid bilayers of diameters
generally in the range of 50–1000 nm. Depending on the net charge on the surface of
liposomes, they are classified as cationic, anionic or neutral. Cationic liposomes have
been the most popular liposomal formulations used in gene delivery experiments,
probably on account of their opposite charge compared to that on cell surface,
convenience and efficacy. Cationic liposomes interact with negatively charged DNA
molecules to make stable complexes called lipoplexes. In general, they contain one
cationic lipid and a helper lipid such as dioleoylphosphatidylethanolamine (DOPE) or
dioleoylphosphatidylcholine (DOPC). The helper lipids help in stabilization of
lipoplexes. Lipofectin® is the commercially available cationic lipid formulation,
reported by Phil Felgner in 1987. Lipofectin® is a 1:1 (w/w) liposome formulation of
the cationic lipid N-[1-(2, 3-dioleyloxy) propyl]-n, n, n-trimethyl ammonium chloride
(DOTMA) and DOPE in membrane filtered water. Lipofectin® has been used to deliver
linear/plasmid DNA to a variety of cells in culture and also to variety of tissues in vivo.
The aim of this study was to develop a safe, efficient gene delivery system using fibrin
as a scaffold, capable of delivering genes in a sustained fashion and lipoplexes as
complementary non-viral gene carriers. In this initial study, the suitability of fibrin as a
scaffold to deliver genes over an extended period of time by using a liposome based
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gene delivery system was investigated. Specifically, an analysis of the interaction of the
fibrinogen component of fibrin with lipofectin was studied qualitatively. This analysis
was done using surface plasmon resonance (SPR), which is a well-established method
for studying bimolecular interactions16. The bioactivity of the released complexes was
tested by in vitro transfection studies. In addition, the efficacy of this fibrin-based nonviral gene delivery system to deliver two reporter genes simultaneously was
investigated in an in vivo model of a rabbit ear ulcer. Figure 2.1 schematically depicts
the steps taken in this phase of the project.
2.2 Materials and Methods
2.2.1 Fibrin-lipoplex System Fabrication
Fibrin scaffold was fabricated using fibrin kits (TISSEEL, Baxter Healthcare, Vienna,
Austria), kindly donated by Baxter Healthcare, Vienna. Fibrinogen component was
reconstituted with aprotinin (3000KIU) and subsequently diluted with fibrinogen
dilution buffer to a concentration of 60mg/ml. Thrombin component was reconstituted
with calcium chloride (40µM) to a concentration of 4IU.

Large scale plasmid

preparations were performed utilizing the Gigaprep kits (Qiagen) according to the
manufacturers’ instructions. Prior to scaffold fabrication, the lipoplexes were prepared
using lipofectin (Invitrogen) and plasmid DNA, encoding either green fluorescent
protein for the in vitro transfection study or β-galactosidase and firefly luciferase for the
in vivo study. The lipoplexes were mixed with thrombin solution. In the in vivo study,
polymerization of the scaffold was carried out by delivering fibrinogen solution and
thrombin-lipoplex solution simultaneously to the wounded area.
2.2.2 Stability of DNA
The stability of plasmid DNA was checked by agarose gel electrophoresis. Agarose gel
electrophoresis was performed in 0.7% (w/v) agarose gels containing 0.01% SYBR safe
for visualization, for 30 min at 100V. The resultant gels were visualized under UV
transilluminator at wavelength of 365 nm.
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Figure 2.1: Schematic representation of the experimental steps taken in the phase
I. The fibrin-lipoplex system was fabricated and characterized in vitro and in vivo.
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2.2.3 In Vitro Release Study
Fibrin-lipoplex system was fabricated as described above and incubated at 370C.
Dulbecco’s Modified Eagles medium (Sigma) supplemented with 10% Fetal Bovine
Serum (Sigma), 2mM Glutamine (Sigma), 1% Penicillin (Sigma) and 1% Streptomycin
(Sigma) was used to cover the scaffold surface. The supernatant was collected from the
scaffold at 24, 48, 96, 120 and 144 hours of incubation, and the DNA was quantified
after triton-X dissolution of the released lipoplexes. Finally, at 144 hours of incubation,
the fibrin scaffolds were dissolved by 100nM plasmin, and the DNA content was
quantified again by PicoGreen® assay using manufacturer’s guidelines (Invitrogen).
2.2.4 Biomolecular Interaction Analysis (BIA)
All the materials required for surface plasmon studies such as sensor chip CM3 and an
amine immobilization kit containing N-hydroxysuccinimide (NHS), N-ethyl-N-(3diethylaminopropyl)-carbodiimide (EDC), 1 M ethanolamine-HCl (pH 8.5), HEPES
buffer and Glycine HCl (pH 2.5) were obtained from Biacore (UK).The interaction of
fibrin (ogen) and lipofectin was evaluated with surface plasmon resonance (SPR)
technology using the Biacore 2000 system (Biacore). Fibrinogen was immobilized
covalently to the dextran matrix of the flow-cell 2 (Fc2) or flow-cell 4 (Fc4) in a sensor
chip CM3 using the amine-coupling procedure as per manufacturer’s instructions. Flowcell 1 (Fc1) or flow-cell 3 (Fc3) was used as reference in all measurements. The SPR
responses were reported in response units (RU). To determine the binding between
fibrinogen and lipofectin, lipofectin diluted in 10 mM HEPES pH 7.4 (1:1 v/v) was
injected over the surface at a flow rate of 5µL/min and 25°C, and the SPR response was
recorded. To study the effect of different concentrations on the binding, lipofectin at
high (0.5 mg/ml) and low (0.05 mg/ml) concentrations was injected over the surface at a
flow rate of 30 µL/min and 25°C. High flow rates were used to reduce mass transfer of
lipids to the surface.
2.2.5 In Vitro Transfection Study
NIH-3T3 cells were cultured in Dulbecco’s Modified Eagles medium (Sigma)
supplemented with 10% Fetal Bovine Serum (Sigma), 2mM Glutamine (Sigma), 1%
Penicillin (Sigma) and 1% Streptomycin (Sigma). The cells were seeded in a 24-well
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plate at a concentration of 50,000 cells per well. All the transfections were done in
triplicates and at 370C. The study was done in two phases. In the first phase, the cells
were transfected by the supernatant from the fibrin-lipoplex system at 48 and 96 hours
of incubation. In the second phase, the fibrin scaffolds were dissolved at 48 and 96
hours of incubation by human plasmin, and then the cells were transfected. Fluorescent
microscopy was used to study transfection at 48 hours.
2.2.6 In Vivo Model
New Zealand white rabbits (3-5 kg, male) were used in the study. The study was
conducted under a license granted by the Department of Health and Children, Dublin,
Ireland, and the protocol was approved by the Research Ethics Committee of the
National University of Ireland, Galway. Hair was removed from the rabbit ear by
shaving 24 hours prior to surgery. Animals were anesthetized using ketamine (0.3
mg/kg) and xylazine (0.35 mg/kg) and maintained by 2% isofluorane for the duration of
surgery. Four 6mm punch biopsy wounds were created in each ear, exposing bare
cartilage. Each wound was treated with one of the four randomized treatment groups: no
treatment, fibrin scaffold alone, lipoplexes alone or the fibrin-lipoplex system. The
lipoplexes used were a mix of two lipoplexes, containing plasmids encoding βgalactosidase (2.5 μg) and firefly luciferase (2.5 μg). Wounds were observed for 7 days.
At 7 days, rabbits were anesthetized and euthanized using sodium pentobarbital (100150 mg/kg). Ears were surgically removed after sacrifice. Wounds were cut across the
centerline, and one of the halves was fixed in neutral-buffered formalin fixative. Tissue
was processed and then embedded in paraffin. Five micrometer sections were saved for
histological and immunohistochemical analysis at the midlevel. The other halves were
stored immediately in liquid nitrogen.
2.2.7 β-galactosidase Transgene Expression
Immunohistochemistry was carried out to detect β-galactosidase transgene expression.
Slides were cleared in xylene and rehydrated. Enzymatic antigen retrieval was carried
out using 1× proteinase K (20 µg/mL, Sigma Aldrich) solution in TE buffer (50 mM
Tris Base, 1 mM EDTA, pH 8.0, Sigma Aldrich) at 37°C in a humidity chamber for 30
min before cooling at room temperature for 10 min. Slides were blocked using normal
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goat serum (2% goat serum, 1% bovine serum albumin, 0.1% cold fish skin gelatin,
0.1% Triton X-100 and 0.05% Tween 20 in 0.01M PBS, pH 7.2, all from Sigma Aldrich,
Ireland) for 40 min at room temperature. Mouse primary anti-βGal (AbCam, UK)
(1:100 in 0.01M PBS containing 1%BSA and 0.1% cold fish skin gelatin) was added to
the slides for 2 hours at room temperature. Blocking buffer was added to three slides as
negative control. Endogenous peroxidase was blocked with 3% hydrogen peroxide
(Sigma Aldrich) for 10 min at room temperature. Secondary goat anti-mouse IgG (1:200
in 0.01M PBS, DakoCytomation, Ireland) was applied for 45 min at room temperature
followed by strepatavidin-avidin biotin complex HRP (DakoCytomation, Ireland) for 20
min. DAB chromagen (Sigma Aldrich, Ireland) was added to slides for 3-5 min. Slides
were rinsed, dehydrated, cleared in xylene and then mounted using DPX mounting
media. Slides were rinsed between every step in PBST (0.05% Tween 20, Sigma
Aldrich) solution for 2- to 3-min time periods. Slides were not rinsed after blocking.
Sections were viewed under a bright light microscope (Olympus ® dp70, Ireland). Four
fields of view were captured at a magnification of 400× for each section using image
analysis software (Image Pro®, Media Cybernetics, UK). The volume fraction of cells
staining positive, as identified by brown cytoplasm, was measured using a 192-point
grid. A 192-point grid was overlaid on each field of view, and the number of brown
cells that intersected with a grid point was counted. The volume fraction (Vv) of brown
cells was calculated using the equation

P 

P
 

Vv  

p

T

Where PP is the number of brown cells intersecting a grid point and PT is the total
number of grid points intersecting the tissue. The cumulative volume fraction for four
fields of view was calculated for each section by dividing the total number of brown
cells intersecting the grid points by the total number of grid points for all the fields.
2.2.8 Luciferase Transgene Expression
The tissue stored in liquid nitrogen was assayed for luciferase transgene expression by
luciferase assay system (Promega, UK). The tissue sample was homogenized by probes
Tissue RuptorTM (Promega, UK) in 500 μl of cell culture lysis buffer. The tissue
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extracts were then subjected to three cycles of freeze thaw (3 min in liquid nitrogen and
3 min at 370C) and centrifuged at 10,000 rpm at 40C in a bench-top microfuge for 10
min. 50 μl of the supernatant was mixed with 100 μl of luciferase assay buffer, and the
light units were immediately measured (Wallac Multi-label Counter, PerkinElmer).
2.3 Results
2.3.1 In Vitro Release Study
The release profile of lipoplexes was studied for 144 hours of incubation. The percent of
DNA released from the fibrin scaffold was calculated by PicoGreen® assay. As can be
seen in Figure 2.2 (A), only very small amount of plasmid DNA was released in 144
hours of incubation. After plasmin dissolution of the scaffold, almost all the plasmid
DNA content was released from the scaffold indicating complete encapsulation and
long term storage of lipoplexes inside the scaffold. It is important for the plasmid to
remain intact to be effective in transfection. To check the integrity of the plasmid, 2-D
gel electrophoresis was performed. It was found that the plasmid DNA released from
the scaffold at 144 hours was intact when compared with plasmid DNA released form
freshly formed lipoplexes and plasmid DNA alone (Figure 2.2 B). This result suggests
that the plasmid DNA is held safely within the fibrin scaffold.
2.3.2 Biomolecular Interaction Analysis (BIA)
Fibrinogen was successfully immobilized on a sensor chip CM3 using amine coupling.
Figure 2.3 shows binding of immobilized fibrinogen with lipofectin. The baseline is the
response after immobilization of fibrinogen. The surface was saturated with fibrinogen.
The peaks 1 and 2 are responses after lipofectin at high concentration was passed
sequentially. These positive peaks suggest binding of lipofectin to fibrinogen. Then the
surface was regenerated and lipofectin at low concentration was passed. This time the
response was a positive peak (peak 3) but less than that observed at high concentration.
2.3.3 In Vitro Transfection Study
Figure 2.4 shows the fluorescent microscopic images of transfection studies on
fibroblasts. The transfection was done in two phases – with and without plasmin
dissolution of the scaffold.
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Lane 1: plasmid DNA released
from freshly formed lipoplexes;
Lane 2: plasmid DNA released
from fibrin scaffold after dissolution
at 144 h;
Lane 3: plasmid alone;
Other lanes were empty.

Figure 2.2: In vitro release profile of plasmid DNA from the fibrin-lipoplex system
under static conditions, measured over a period of 144 hours by PicoGreen ® assay.
(A) Minimal release of plasmid DNA was observed up to 144 hours after fibrinlipoplex fabrication. PicoGreen® assays performed after plasmin dissolution of the
scaffolds confirmed that most of the DNA is retained within the scaffold. The
percentage of plasmid DNA within the fibrin-lipoplex system at 0 hour is
arbitrarily set as 100%. (B) On gel electrophoresis, the released plasmid DNA after
dissolution of scaffold was found to be intact when compared to plasmid DNA
from freshly formed lipoplexes and plasmid alone.
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Figure 2.3: Sensorgram of response unit changes observed during the injection of
lipofectin over immobilized fibrinogen. The peaks 1 and 2 are responses observed
by binding of lipofectin to immobilized fibrinogen at high concentration and peak
3 shows binding at low concentration. The negative peaks are due to regeneration
of the surface by 10 mM glycine, pH 2.5. Thus, lipofectin binds to fibrinogen in
concentration dependent manner.
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There was no transfection observed from samples not treated with plasmin (Figure 2.4
A & B) due to the very small amount of the lipoplexes released from the scaffold during
this time period. However, transfection was observed after dissolution of scaffolds with
plasmin (Figure 2.4 C & D) indicating that the encapsulated lipoplexes maintained their
ability to transfect fibroblasts when compared to freshly formed lipoplexes (Figure 2.4
E)
2.3.4 In Vivo Transfection
The expression of the two reporter genes delivered simultaneously, through the fibrinlipoplex system to rabbit ear ulcer model, 7 days post-surgery was investigated,
quantified and compared with the background expression and by lipoplexes alone.
Figure 2.5 shows representative immunohistochemistry images of β-Gal expression by
transfected cells from the rabbit ear. These images indicate a higher transfection level
achieved by fibrin-lipoplex system (Figure 2.5 D; brown cells) than seen in lipoplexes
alone (Figure 2.5 C). These animal studies also included negative control groups such as
a “no treatment” group (Figure 2.5 A) and a “fibrin alone” treatment group (Figure 2.5
B). The expression was quantified using a well-established stereological parameter,
volume fraction (Figure 2.6). The expression in the fibrin-lipoplex group was
significantly higher than that seen in lipoplexes alone. The results of the luciferase assay
(Figure 2.7) also suggest that at day 7 the transfection mediated by fibrin-lipoplex
system was significantly higher than the lipoplexes alone. Thus, the expression of both
the reporter genes was significantly higher in the fibrin-lipoplex system than all the
other groups.
2.4 Discussion
This study is critical in the development of a non-viral gene delivery system using fibrin
as scaffold. The components of fibrin-lipoplex system investigated in this study are
complementary to each other. Although use of plasmid DNA has its own advantages,
the extremely low transfection efficiency and short term expression render them
inefficient for any therapeutic benefit17. Studies have shown the beneficial effect of
biodegradable scaffold7 18 which acts as a reservoir that protects the DNA and releases it
in a sustained fashion. Fibrin is one such highly promising scaffold.
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Figure 2.4: Representative fluorescent images of fibroblasts expressing green
fluorescent protein (GFP). Very low transfection efficiencies were observed when
the supernatant from the fibrin-lipoplex system was used for transfection at 48 and
96 hours of incubation (A & B). When the fibrin scaffold was dissolved, the
released lipoplexes were used for transfection and cells expressed GFP (C & D)
which is comparable to transfection by freshly prepared lipoplexes (E). The scale
bars represent 100 µm.
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Figure 2.5: Immunohistochemistry for βGal expression at day seven of treatment.
Brown cells indicate positive expression of βGal. Examples of positively stained
cells are highlighted by arrows. (A) no treatment, (B) fibrin alone, (C) lipoplexes
alone and (D) fibrin-lipoplex system. The scale bars represent 50 µm.
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Figure 2.6: Volume fraction of cells stained positively for βGal at 7 days. βGal
expression was significantly higher in the fibrin-lipoplex system than all other
treatment groups. * indicates statistical significance by one-way ANOVA (P< 0.05,
n=4).
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Figure 2.7: Analysis of luciferase expression at day seven post-treatment. The
luciferase expression was significantly higher in fibrin-lipoplex system than in all
other treatment groups. * indicates statistical significance by one-way ANOVA (P<
0.05, n=4).
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When complemented by non-viral transfection reagents such as liposomes, plasmid
DNA can be taken up more efficiently by cells and thus improving transfection
efficiency without raising the safety issues related with use of viruses. Michlits et al
have shown that use of lipofectin can enhance the beneficial effect of scaffold, by
improving transfection efficiency8. Thus, considering the potential benefits of the
combination, the fibrin-lipoplex system was investigated for topical delivery of two
reporter genes simultaneously. Initially, the aim was to investigate if the fibrin scaffold
will hold the lipoplexes within the scaffold matrix and release them in a sustained
fashion. Furthermore, it was desirable to determine if the lipoplexes held in fibrin
remained viable and could transfect cells. To answer the first question, an in vitro
release study was performed. The results suggested that the lipoplexes were held in the
scaffold for up to 144 hours of incubation at 370C.
Controlled release of bioactive agents via tissue engineered scaffolds can be achieved
chemically by bio-conjugation or physically by hindrance. A binding interaction
between the scaffold and the active agents obviates the need for additional conjugation
and provides a natural bio-conjugation for controlled release. It is known that the
polymerized fibrin acts as a scaffold for cell migration and proliferation, and as a
reservoir for growth factors, proteases, and protease inhibitors. In terms of interactions,
platelet membrane receptor GPIIb-IIIa mediates interaction of fibrin with platelets19 20.
Fibrinogen contains a number of known and potential integrin binding sites21, two of
which bind Vβ3 present on endothelial cells22 and fibroblasts23. Fibrinogen is the
“sticky” component of the fibrin gel Matrix proteins which interact with and bind
fibrinogen and fibrin clots include fibronectin24, vitronectin25 and thrombospondin26 and
effectively support tissue cell migration.27 Fibrinogen has also been shown to bind
various other biomolecules such as myosin28, basic fibroblast growth factor (bFGF)29,
TGF-β30 and VEGF31. Considering this, the interaction of fibrinogen with lipofectin was
studied, hoping to understand why lipoplexes were retained inside the scaffold. The
surface plasmon resonance studies clearly indicate, at least qualitatively that there is
interaction between the two bio-molecules and this might explain the in vitro release
pattern of the lipofectin from the fibrin scaffold. The lipofectin is a two component
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liposome and also fibrinogen is known to have more than one binding sites. Hence the
quantification of such an interaction is difficult. A more elaborate study with single
lipid components and pure fragments of fibrinogen molecule is required to determine
the exact degree and specificity of binding. Thus, from the combination of the
preliminary SPR data and release profile, it can be presumed that the lipoplexes are
naturally bound to fibrin, thereby providing a natural solution as opposed to physical or
chemical tethering methods for retaining any bioactive agent within a scaffold32-34.
Data obtained from the in vitro release studies resemble closely to previously reported
studies on the fibrin- liposome system15 35 while other studies have shown different
release profiles6

14

. These differences could be due to the fact that the interaction

between fibrinogen and lipofectin is very specific and the composition of liposomes
plays an important role. Another influential factor could be the concentrations of
fibrinogen and liposomes. It has been shown that this interaction is concentrationdependent. Therefore, at low concentrations of fibrinogen and liposomes the release
pattern will be different. Other factors such as pore sizes, surface charge of liposomes
and cross-linking may also influence the release profile. In fact, this variability of
affecting parameters provides an opportunity to tailor the fibrin scaffold for controlled
release of lipoplexes.
Having investigated the bio-molecular interaction, the next step was to investigate the
bioactivity of the released complexes in vitro and in vivo. The results of the in vitro
transfection study suggest that the lipoplexes retain their bioactivity within the scaffold
and, when released, are capable of transfection, comparable to that seen with freshly
formed lipoplexes. The scenario in the in vitro setup is entirely different when
compared to that in an in vivo setup as the fibrin scaffold is degraded naturally in vivo in
a controlled manner. For this reason, the efficacy of the fibrin-lipoplex system in the in
vivo model of rabbit ear wound was studied. Preliminary results suggest that the fibrin
lipoplex system is able to deliver genes in a time-dependent manner. The expression of
β-Gal transgene was quantified by volume fraction, a stereological parameter and that
of luciferase was quantified by quantitative assay. Stereology provides solution to the
major problem of sampling, i.e. loss of dimension as it enables to draw three133
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dimensional information based on observations made in two-dimensional sections36.
The reference (wound volume) being the same, volume fraction provided reliable
information on the relative fraction of positive cells in various treatment groups. Thus,
the quantification of the relative expression of both the reporter genes reliably suggested
that the transgene expression in the fibrin-lipoplex system at seven days of surgery was
significantly higher than the lipoplexes alone. The comparison of fibrin-lipoplex system
versus fibrin-plasmid system has been done previously by Michlits et al where it has
been shown that fibrin-lipoplex system had significantly higher transfection for VEGF
plasmid when compared with fibrin-plasmid system8. In this study, the fibrin-lipoplex
system was compared versus the lipoplexes alone. Thus, the fibrin-lipoplex system is
able to deliver two genes simultaneously. This is particularly important when dealing
with diseases involving multiple gene defects, wherein simultaneous delivery of
multiple genes can be extremely rewarding.
2.5 Conclusion
The results of this study suggest that a fibrin-lipoplex system is an excellent choice for
sustained gene delivery and that it can potentially be utilized for delivery of multiple
genes. In conclusion, it was shown that lipoplexes are released for extended period of 7
days from a fibrin-lipoplex system; probably on account of biomolecular interaction and
these released complexes are capable of transfection both in vitro and in vivo. Thus, it is
evident that the fibrin-lipoplex system provides an enhanced method of extended
transfer of multiple genes for topical applications.
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Chapter Three

A Temporal Gene Delivery System Based on Fibrin Microspheres

Contents of this chapter have previously been published:
Kulkarni M., Greiser U, O'Brien T and Pandit A. ‘A Temporal Gene Delivery
System Based on Fibrin Microspheres.’ Mol Pharm 2011;8(2):439-46.
(Adapted with permission from American Chemical Society, copyright 2011)

Fibrin Microspheres
3.1 Introduction
In recent years, gene therapy, involving manipulation of genetic make-up either to
replace a defective gene or up- or down-regulate the dysregulated genes/molecular
pathways has become a common and promising research approach. This surge can be
attributed to a number of factors such as better diagnostic tools and advances in
molecular biology to identify genetic diseases or diseases with plausible genetic
element. However, the translation of gene therapy from laboratory to clinics is stalled
due to lack of an ideal gene delivery system with high transfection efficiency, extended
but easily controllable gene expression and optimal safety profile. One of the research
avenues towards solving this issue, being investigated recently, is to employ
complementary delivery systems, such as non-viral carriers and tissue engineering
scaffolds in a combinatorial approach1.
Fibrin is a polymer formed in the body on need basis and degraded in highly controlled
manner. Thus, the host has full machinery to degrade fibrin scaffolds in a very
systematic manner, highly is desirable in tissue engineering applications. Also, fibrin
scaffolds have not been reported to elicit any untoward inflammatory response,
abnormal foreign body reaction, tissue necrosis, or fibrosis2. Fibrin is highly versatile
and can be fabricated in various forms such as simple or composite gel3-5, spheretemplated scaffolds6, as gels with extracellular protein coated spheres7 or as fibrin
microspheres8-11. Although liposomal systems have been shown to be safer than viral
carriers, the factors hindering the success of liposomal approach appear to be instability
of the liposome-DNA complex (lipoplex), toxicity of the cationic lipid, and short halflife of the complexed DNA12. The use of scaffolds not only provides opportunity, by
virtue of their macro- and micro- structure, to manipulate dynamics of liposomal gene
delivery, creating controlled extended13-15 or spatiotemporal release systems16-19 and/or
reservoir systems but also enhances stability of liposomes20
toxicity17

22

21

while reducing its

. In order to exploit this complementary benefit, a scaffold that has the

complimentary benefits of fibrin and lipoplexes was decided to be fabricated.
A fibrin-lipoplex system has previously been described to deliver two reporter genes
simultaneously for an extended period of seven days post-surgery14. Towards
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improvement of this system for therapeutic use, it was hypothesized that a fibrin-infibrin system, devised by incorporation of another fibrin system in the form of
microspheres within the fibrin gel would not only enhance the DNA carrying capacity
of the system but at the same time may open newer avenues for development of
concentration gradients or temporal release system as against simultaneous delivery. A
number of studies have exploited geometry of microspheres fabricated from either
natural or synthetic materials for gene delivery. This spherical/spheroid geometry along
with suitable size provides certain advantages such as high surface area and easy
fabrication of composite scaffolds. So, to realize the hypothesis, the primary objective
of this “proof of concept” study was to fabricate fibrin microspheres capable of
encapsulating lipoplexes for gene delivery. This is probably the first study describing
use fibrin microspheres for gene delivery. Towards this goal, fibrin microspheres
encapsulating lipoplexes were fabricated by modified “preheated oil emulsion” method
developed in our laboratory. This study investigates the structural and functional
integrity of the DNA to establish that the fabrication procedure doesn’t affect the
integrity of the DNA. As a step towards development of proposed fibrin-in-fibrin
system, the degradation of fibrin microspheres and release of DNA was studied in
comparison with fibrin scaffold to fathom the plausibility of spatiotemporal control over
the release kinetics from the system. Figure 3.1 is a schematic representation of the
contents of this chapter.
3.2 Materials and Methods
3.2.1 Fabrication of Fibrin Microspheres with Lipoplexes
Fibrinogen and thrombin were sourced from Baxter Healthcare, Vienna. Fibrin
microspheres (FM) were fabricated by modification of a “preheated oil emulsion”
method8. Briefly, fibrinogen solution (20 mg/ml) and thrombin solution (4 IU),
containing lipoplexes (with 25 µg of pDNA) were mixed. Prior to formation of gel,
while it is still in liquid phase, the solution was poured drop-wise into a pre-heated
mineral oil at 750C and stirred over night at 250 rpm to evaporate the water phase.
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Figure 3.1: Schematic summarizing the research steps taken in the phase II of the
project
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Two surfactants were used. Tween20 was used in water phase and Spam80 was used in
oil phase. After overnight stirring, the oil was decanted. This was done in two phases,
first at low speed (1000 rpm) centrifugation and then at high speed (4500 rpm). The FM
were washed by ethanol, hexane and then air dried.
3.2.2 Transmission and Scanning Electron Microscopy and Size Analysis
Formation of microspheres was confirmed by transmission electron microscopy (TEM).
The FM were resuspended in water and a drop was placed directly on a formvar carbon
coated grid (Agar Scientific) and viewed under TEM (Hitachi H7500 transmission
electron microscope).In addition, scanning electron microscopy (SEM) was used for
surface morphological analysis. The samples were first gold coated and visualized
under vacuum using SEM (Hitachi S-4700 Scanning Electron Microscope). The mean
size of FM was measured by laser light diffraction using zetasizer (Nano ZS, Malvern).
The air dried FM were suspended indirectly in water and vortexed gently. Three
experimental replicates were used for these measurements. The particle size was
expressed as mean diameter (± standard deviation).
3.2.3 Plasmid DNA Labeling and Confocal Microscopy
Plasmid DNA was labeled by Cy™ 5 using Label IT® Cy™ 5 Labeling Kit (Mirus Bio,
Madison, WI) using manufacturer’s instructions. Briefly, plasmid DNA and Cy™ 5
marker were mixed together and incubated at 37oC for 1 hour, with a quick spin after 30
minutes to reduce the effect of evaporation. The labeled plasmid DNA was then
extracted by using spin column provided in the kit and stored at -20oC until use. Fibrin
microspheres fabricated with the labeled DNA complexes were then studied under
confocal microscope (Zeiss LSM 510 Axiovert Inverted Confocal Microscope) to
confirm encapsulation of DNA. Fibrin microspheres with labeled DNA complexes were
further labeled by FITC and were also studied under confocal microscope (Zeiss LSM
510 Axiovert Inverted confocal microscope).
3.2.4 Stability of DNA
The integrity of plasmid DNA within the FM was assessed by agarose gel
electrophoresis. The fibrin microspheres were dissolved in 100 nM human plasmin for
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45 minutes and the released lipoplexes were treated with triton-X to get free DNA.
Agarose gel electrophoresis was then performed in 0.7% (w/v) agarose gels containing
0.01% SYBR safe for visualization for 30 min at 100 V. 1kb DNA ladder was also run.
The resultant gels were visualized under UV transilluminator at wavelength of 365 nm.
3.2.5 In Vivo Model
The ability of FM to deliver the gene of interest in vivo was investigated qualitatively.
Alloxan induced hyperglycemic model of rabbit ear ulcer was utilized for this purpose.
Two New Zealand white rabbits (3-3.5 kg) were used in the study. The protocol was
approved by the ethics committee of the National University of Ireland, Galway, and the
study was conducted under a license granted by the Department of Health and Children,
Dublin, Ireland. Rabbits were housed in individual cages with a 12 h light/dark cycle
and controlled temperature and humidity. Rabbits were fed a standard chow diet and
water ad libitum.
3.2.6 Induction of Hyperglycemia
Rabbits were sedated with subcutaneous injection of 1 ml/kg acepromazine. Hair was
shaved off at the back of the ears, and an anesthetic cream (EMLA, AstraZeneca, USA)
was rubbed into the back of the ear and left in situ for 20 min. Alloxan (150 mg/kg)
(Sigma–Aldrich, Ireland) in 30 ml saline was prepared and administered via an ear vein
using a butterfly syringe, at a rate of 1.5 ml/min. Alloxan is known to cause necrosis of
pancreatic islets, thereby inducing hyperglycemia23. After alloxan treatment, water
containing one tablespoon of glucose per liter was given to the rabbits for a 48 h period,
to avoid possible hypoglycemia. Blood glucose readings were taken daily, using blood
glucose test strips and meter (Accu-chek® test advantage meter, Accu-chek® advantage
II strips, Roche Diagnostics, United Kingdom). Food and water intakes were monitored
daily. Hyperglycemia was confirmed if blood glucose readings were in the range of 20–
28 mmol/l. Insulin treatment was not required to control hyperglycemia in any animals.
3.2.7 Surgical Procedure
Four weeks post-alloxan treatment; rabbits were anesthetized using intramuscular
injection of 0.1 ml/kg xylazine and 0.12 ml/kg ketamine. This is half the dose of
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anesthesia, as full dose will likely prove fatal under hyperglycemic conditions. Two 6
mm punch biopsy wounds were created in each ear, using sterile disposable 6 mm
diameter punch biopsies (Panvet, Ireland), exposing bare cartilage. Each wound was
treated with one of two randomized treatment groups: No treatment, fibrin gel
containing fibrin microspheres encapsulating lipoplexes with eNOS plasmid DNA.
Wounds were covered with polyurethane dressing (Opsite™, Smith and Nephew Ltd)
until day 7. At day 7, rabbits were euthanized. At necropsy, ears were surgically
removed and cut across the center-line. One half of the ear was fixed in formalin for
histological and immunohistochemical analysis, in order that a cross-section of the
wound could be analyzed. The other half was stored in RNA later at - 800C for further
analysis.
3.2.8 Histology and Immunohistochemistry
Formalin fixed paraffin embedded sections were cut at 5 mm thickness. Six consecutive
sections were saved from the block, as soon as the tissue was reached in the block. This
ensured that all sections were saved at the cross-section of the wound. Identification of
blood vessels was confirmed by immunohistochemistry with endothelial cell marker
CD31 using standard protocol.
Briefly, enzymatic antigen retrieval was carried out at 370C using 1X proteinase K (20
mg/ml, Sigma–Aldrich) solution in TE buffer (50 mM Tris Base, 1 mM EDTA, pH 8.0,
Sigma–Aldrich).

Primary antibody used

was

monoclonal

mouse

anti-CD31

(DakoCytomation, Dublin, Ireland) (1:30 in 0.01 M PBS containing 1% BSA, 0.1%
cold fish skin gelatin), with an incubation time of 90 min at room temperature. Blocking
buffer was added to three slides as negative control. Endogenous peroxidase was
blocked with 3% hydrogen peroxide (Sigma–Aldrich). Secondary goat anti-mouse IgG
(1:100 in 0.01 M PBS, DakoCytomation, Ireland) was applied for 45 min at room
temperature, followed by streptavidin–avidin biotin complex HRP (DakoCytomation,
Ireland), and developed using DAB chromagen (Sigma–Aldrich, Ireland).
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3.2.9 RNA Isolation and Real Time PCR
For isolating RNA, the wound tissue from treated and control groups was first crushed
in pestle and mortar under liquid nitrogen and then homogenized in 1ml of Tri-Reagent
per sample. RNA was separated by chloroform and precipitated by ethanol. The
samples were then applied to Qiagen RNAeasy column and RNA was extracted
according to manufacturer’s instructions (Qiagen RNAeasy kit). RNA was collected in
RNase free water and the purity and concentration were checked using
spectrophotometer (ND-1000 UV-Vis, NanoDrop Technologies, USA). The extracted
RNA was reverse-transcribed using ImProm-II™ Reverse Transcription System
(Promega) to obtain cDNA. Real time PCR was then carried out using StepOne Plus™
Real-Time PCR System, software version 2.1 (Applied Biosystems). The relative
expression of eNOS was normalized to 18S ribosomal RNA as endogenous control and
calculated by comparative CT method. Table 3.1 details the specific primer sequences
used.
3.2.10 Degradation of Fibrin Microspheres vs. Fibrin Gel
To compare the degradation of FM with fibrin gel, 1 mg of FM were incubated with 2
ml of 0.1 N NaOH for 24 hours at room temperature. The supernatant was collected and
subjected to reduced 4-12% gradient SDS-PAGE. Supernatant from fibrin gel under
same conditions was used as control. Next, the supernatant from FM in 0.1 N NaOH
was discarded and FM were visualized under scanning electron microscope to
qualitatively assess the degradation.
3.2.11 In Vitro Release Study
Cumulative DNA release from fibrin gel and microspheres was assayed to compare
their DNA release profile. For this study, fibrin gel and microspheres containing
lipoplexes were incubated with 0.1 N NaOH at 370C with continuous shaking. Samples
from supernatant collected at 0, ½, 1, 6, 12, 24, and 48 h and stored at -200C.
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Table 3.1: Primer sequences used in the qPCR
eNOS_forward

5’- CTG AGA GAC CAG CAG AGA TAC CAC -3’

eNOS_reverse

5’- CTG AAG CTC TGG GTC CTG AT -3’

18S_forward

5’- GTA ACC CGT TGA ACC CCA TT -3’

18S_reverse

5’- CCA TCC AAT CGG TAG TAG CG -3’
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Equal amounts of fresh 0.1N NaOH were replaced each time the samples were
collected. The quantity of DNA in each collected sample was assessed using PicoGreen
assay using manufacturer’s instructions (Quant-iT™ PicoGreen® dsDNA Reagent,
Invitrogen). All the experiments were done in triplicates.
3.3 Results and Discussion
Over a decade ago, fibrin microspheres, termed then as fibrin derived microbeads, were
first developed as cell carriers. These fibrin microbeads were shown to be haptotactic to
cells such as endothelial cells, smooth muscle cells and fibroblasts and their use in
wound healing was investigated8. Fibrin microbeads have also been used as cell carriers
for a variety of cells such as chondrocytes, periosteal-derived cells, and nucleus
pulposus cells11. Recently, these microbeads have been extensively utilized for
isolation, expansion and differentiation of mesenchymal stem cells

10

24-27

and

investigated in a variety of applications such as bone tissue engineering28, renal
diseases29. However, as described earlier, in the present study, for the first time, fibrin
microspheres have been fabricated for gene delivery, mainly to investigate their ability
to encapsulate and deliver DNA complexes without damage to the structural and
functional integrity.
3.3.1 Fabrication of Fibrin Microspheres
For fabricating FM suitable for gene delivery, the preheated oil emulsion method was
modified. Previously, in FM fabrication, studies have used a variety of oil phase such as
mixture of corn oil and isooctane8, vegetable oil9, medium chain triglyceride oil29 or
recently mineral oil28. It is preferable to use mineral oil or vegetable oil as continuous
phase to encapsulate water soluble drug30 and in this study DNA complexes. Mineral oil
is commonly used as a preferred oil of choice in fabrication of a variety of
microspheres31-34, hence in this study, mineral oil was chosen as oil phase. To achieve
more stable emulsion, two surfactants, one for each phase, were utilized. The dynamics
of surfactants at the water-oil interface directly influence the stability of emulsion, since
they affect the fundamental processes occurring during emulsification, namely droplet
rupture and droplet recoalescence35. And since the fibrin microspheres were being
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fabricated with plasmid DNA complexes, the stability of emulsion was of utmost
importance in order to protect the DNA. So, two surfactants were used simultaneously,
namely Tween20 in water phase and Spam80 in oil phase. Formation of microspheres
was confirmed TEM (Figure 3.2 A) and SEM (Figure 3.2 B). The size analysis revealed
two peaks; ~750nm and ~1000nm (Figure 3.2 C). The fibrin microspheres, used as cell
carriers, are generally 50 – 200 µm in size. It was notable that the microspheres
obtained by the modified method were much smaller. This smaller size provides with a
number of advantages such as higher surface area, ease of uniform or gradient
distribution as required within the scaffold.
3.3.2 Encapsulation and Stability of DNA
Another challenge was to encapsulate the DNA complexes within the microspheres
without causing any degradation of the plasmid DNA. To confirm encapsulation,
labeled DNA complexes were used as described in the methods section. The confocal
microscopy (Figure 3.3 A) showed fluorescent microspheres suggesting that the labeled
DNA complexes were encapsulated within. To further confirm that the fluorescence
seen was indeed from the microspheres, we labeled the microspheres with FITC. The
green signal from microspheres and the red signal from DNA complexes co-localized to
give yellow signal (Figure 3.3 B). This confirmed the encapsulation of the DNA
complexes within the microspheres.
In view of the high temperature at which the fabrication procedure was carried out, the
stability and integrity of plasmid DNA was assessed by performing gel electrophoresis
of the DNA released from fibrin microspheres. The distinct bands seen in lane with
DNA from FM were similar to those seen in lane with control plasmid DNA (Figure
3.4) suggesting that the integrity of the plasmid DNA is maintained. We have
previously shown that there exists a biomolecular interaction between fibrinogen and
lipofectin14. It was presumed that on account of this interaction, the plasmid DNA
complexes get physically covered by the fibrin (or fibrinogen) even before formation of
microspheres and thus remain protected from undue exposure to high temperature and
hence from degradation.
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Figure 3.2: Formation of fibrin microspheres. (A) TEM and (B) SEM micrographs
showing fibrin microspheres. (C) Graph showing the results of size analysis (n = 3,
error bars represent standard deviation). Two peak sizes ~700 nm and ~1000 nm
were observed.
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Figure 3.3: Confocal microscopy of (A) unlabeled and (B) FITC labeled fibrin
microspheres encapsulating CY5 labeled DNA complexes. Fluorescence from the
fibrin microspheres confirms encapsulation of DNA complexes.

151

Fibrin Microspheres

Lane 1: plasmid DNA released
from

freshly

formed

lipoplexes;
Lane 2: plasmid DNA released
from fibrin microspheres;
Lane 3: DNA ladder (1 kb);
Other lanes were empty.

Figure 3.4: Gel electrophoresis of DNA eluted from the fibrin microspheres. The
presence of distinct band similar to control DNA confirms the integrity of the
plasmid DNA within the fibrin microspheres.

152

Fibrin Microspheres
3.3.3 Functional Integrity in the In Vivo Model
With an aim to investigate the efficacy of fibrin microspheres for gene delivery and
establish functional integrity of plasmid DNA, a pilot in vivo study was performed. The
results of real time PCR (Figure 3.5) suggest that at seven days post-delivery the levels
of eNOS mRNA is 28 folds higher than in the control group. It is known that eNOS
knockouts have defects in angiogenesis36 and studies have previously shown that eNOS
delivery enhances angiogenesis36-38. Therefore, in order to assess the functional integrity
of eNOS delivered via FM, it was decided to investigate the effect on angiogenesis in an
alloxan induced compromised wound model of rabbit ear ulcer, which has been shown
to have defects in angiogenesis39. The FFPE wound tissues from eNOS treated and
control groups were analyzed histologically by H & E staining. Wounds treated with
eNOS via FM showed a number of blood vessel-like structures when compared to
control group (Figure 3.6). To confirm that these structures were indeed blood vessels,
immunohistochemistry was performed for CD31, which is a specific endothelial cell
marker. The brown staining seen in eNOS treated wounds (Figure 3.6 D & E) suggests
that these cells are CD31 positive, confirming them to be endothelial cells forming
blood vessels after eNOS delivery via fibrin microspheres.
3.3.4 A Step towards Fibrin-in-fibrin System
Having investigated the feasibility of FM for gene delivery, this study will form the
basis of the overall idea of exploiting the potential of FM to extend the capacity of
fibrin scaffold to deliver genes. The amount of DNA that can be carried in a fibrin
scaffold is limited by the dilution factor added by liquid phase of the lipoplexes. FM
carrying lipoplexes can be embedded within fibrin scaffold, allowing higher load of
DNA to be carried in the system without adding dilution factor. This fibrin-in-fibrin
system can provide at least one more very crucial advantage by virtue of the differential
degradation of its components. To test this hypothesis, FM and fibrin scaffold were
degraded in 0.1 N NaOH for 24 hours. Scanning electron microscopy of FM after 24 hr
incubation with 0.1 N NaOH showed FM were only partially degraded (Figure 3.7). The
densitometry analysis of SDS-PAGE (Figure 3.8) from the supernatant of partially
degraded FM showed higher number of peaks than fibrin gel.
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Figure 3.5: Real time PCR showing ~28 fold increase in eNOS mRNA following
treatment with fibrin microspheres carrying eNOS gene as compared to control.
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Figure 3.6: Functional integrity of eNOS, as observed by angiogenesis in response
of eNOS delivered via fibrin microspheres. A number of blood vessel like
structures seen in wounds treated with fibrin microspheres carrying eNOS (A, B)
while only modest angiogenesis seen in control wounds (C) as shown by black
arrows. CD31 immunohistochemistry (D & E) confirmed that these structures
indeed endothelial cells. CD31 positive cells stained brown as indicated by red
arrows.
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Figure 3.7: SEM micrographs of fibrin microspheres in water (A & B) and in 0.1 N
NaOH for 24 hours (C & D). Partially degraded microspheres can be seen (C & D)
after incubation with 0.1 N NaOH for 24 hours.
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Figure 3.8: Densitometry curves from the SDS PAGE performed on the
supernatant from (A) fibrin scaffold and (B) fibrin microspheres after 24 hours of
incubation in 0.1 N NaOH solution at room temperature. High degree of crosslinking in fibrin microspheres is evident by the presence of high number of peaks
representing high and low molecular weight fractions.
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Figure 3.9: In vitro release of DNA from fibrin scaffold and fibrin microspheres.
Significantly lower DNA released from fibrin microspheres from 30 min to 48 h
suggests possibility of using fibrin microspheres embedded in fibrin scaffold as a
temporal release system. Statistical significance was tested using t test (p < 0.05, n
= 3).
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Generally, in the process of normal clotting, fibrin loses α and γ bands and also α-α
multimers and only show γ-γ dimers8 whereas the presence of multiple peaks of both
high and low molecular weight fragments in the FM lane suggests that FM has more
cross-links than fibrin scaffold. A previous study has observed similar results8. It is
believed that this high cross linking accounts for the slower degradation of FM. An in
vitro release study comparing the DNA release profiles of fibrin scaffold and FM was
performed. The quantification of released DNA (Figure 3.9) suggested that indeed fibrin
scaffold and FM had different the release profiles. After 30 min of incubation, fibrin
scaffold showed almost linear release profile of DNA and by 24 h almost all DNA was
released from fibrin scaffold. Whereas DNA released from FM was significantly lower
at all data points from 30 min onwards. Moreover, it is thought that the release from FM
will be even slower when embedded in fibrin scaffold. Thus, potentially the fibrin-infibrin system can be utilized as simple temporal release system where DNA complexes
from fibrin scaffold will be released first followed by temporal release of DNA
complexes from FM.
Thus, in conclusion, fibrin microspheres of around one micron size can be fabricated by
modified preheated oil emulsion method. This study showed that fibrin microspheres
are capable of encapsulating DNA complexes without any degradation of DNA. It can
also be concluded that these microspheres are able to deliver genes in vivo up to 7 days
with the functional integrity of genes maintained. The differential degradation of fibrin
microspheres compared to fibrin gel can be exploited to design the fibrin-in-fibrin
system which can potentially be used as temporal release system.
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Assessment of Differential Gene Regulation in Keratinocytes during
Compromised Wound Healing
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Gene Expression Analysis
4.1 Introduction
Hyperglycemia, the defining biochemical phenomenon of diabetes mellitus, predisposes
the patients to chronic complications1 in multiple organs including skin. The
dermatological complications are those least studied2, especially at molecular level.
Such studies are deemed necessary due to the fact that, in healthy skin wound healing, a
highly regulated series of changes in gene expression, which trigger events leading to
tissue repair, are orchestrated during the overlapping phases of inflammation,
proliferation and remodeling. Response to epidermal injury is essentially a homeostatic
one designed to rapidly seal the wound site3. In the epithelial cells, the orderly events of
migration and proliferation occur to re-epithelialize the wound4-6. The process of
migration begins with marked phenotypic changes in the epidermal cells such as
retraction of intracellular tonofilaments5. Adherens junctions are then severed, followed
by hyperproliferative response and cell migration7. There is redistribution of the actin
cytoskeleton leading to formation of lamellipodia8. The dissolution of hemidesmosomal
junctions between epidermal and dermal cells allows the lateral movement of epidermal
cells5. The leading edge keratinocytes begin to secrete laminin-5 and show altered
expression of integrins to which laminin-5 ligates to mediate migration9. Integrin
expression also allows interaction with the matrix proteins such as fibronectin which
helps migration. The proteolysis of extracellular matrix is necessary for the migration of
keratinocytes10. This migration of keratinocytes occurs through the line of dissection
between fibrin clot on top and collagenous dermis underneath. This process is
facilitated by another highly controlled process of induction and expression of MMPs
and their inhibitors11-13.
Thus, reepithelialization which involves proliferation and migration of keratinocytes is
a very complex yet crucial phase of wound healing. To investigate this phase in
keratinocytes both at gross and molecular level when exposed to high glucose levels, an
in vitro model of multiple scratch wounds was designed. The effect of hyperglycemia
on keratinocytes was studied in terms of their capacity to heal scratch wounds and
differential regulation of gene expression compared to wound healing in normal glucose
conditions, through microarray analysis. The results of microarray are discussed, with
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particular attention to the identified potential target gene which holds promise of
therapeutic benefit.
4.2 Materials and Methods
4.2.1 Cell Culture
Normal human epidermal keratinocytes (NHEK) were purchased from Promocell. The
cells were cultured in serum free, low calcium nutrient medium, supplemented by
growth factors (Keratinocyte growth medium, Promocell) at normal (6 mM) and high
(25 mM) glucose level.
4.2.2 Cell Proliferation Assay
Cell Proliferation ELISA BrdU (Colorimetric) assay was performed according to the
manufacturer’s instruction (Roche). Briefly, human keratinocytes grown in normal and
high glucose conditions were plated in 96-well microplates in triplicates at density of
2000 cells/well and grown for 24 hrs. Then, BrdU labeling solution was added to each
well and incubated at 370C and 5% CO2 for 2 hours. The culture medium was removed
and the cells denatured, and the anti-BrdU-POD added. This binds to the BrdU
incorporated into cellular DNA. The level of incorporation is detected by means of a
colorimetric substrate reaction. Quantification of the bound anti-BrdU-POD was
accomplished by adding 100 µl TMB to each well and a further 20 minute incubation
time at room temperature. 25 µl 0.1M H2SO4 was then added, incubated for 1 minute
and shaken at 300 rpm to stop the reaction. The Plate was analyzed using the Wallac
Victor Fluorescent Plate Reader (450-550 nm) protocol and measured absorbance for 2
minutes at room temperature.
4.2.3 In Vitro Scratch Wound Model
NHEK were plated on 60 mm cell culture dishes at density of 105 cells/dish and grown
to confluence in keratinocyte growth medium 2 (Promocell) either with high glucose
(25mM) or normal glucose (6.5mM) for 7 days. Then, multiple scratch wounds (4
scratch wounds per dish each passing through the center of dish and at an angle of 45
degrees) were created using 200 µl pipette tips on the confluent monolayer of cells. The
cells were allowed to heal the scratch wounds for 36 hours. All the experiments were
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conducted in triplicate. Five predetermined fields of vision were photographed using a
digital camera and the average distance between the edges of the scratch wound was
calculated using image analysis software (Image Pro Plus 7.0, Media Cybernetics). The
percentage recovery of scratch wounds was then quantified. The normoglycemic cells
were seen to heal the wounds significantly better than the hyperglycemic cells. At this
stage, RNA was isolated from both types of cells and also from non-wounded cells in
both conditions.
4.2.4 Microarray Study
For isolation of RNA, cells were homogenized by Trizol and then phase separated in
chloroform. RNA was isolated using RNeasy® Micro Kit (Qiagen), following the
manufacturer’s

protocol.

The

quantity

of

RNA

isolated

was

checked

spectrophotometrically using a NanoDrop. The quality was checked using Agilent RNA
6000 Nano Chips and Agilent 2100 Bioanalyser. Microarrays were then performed on
three biological replicates using GeneChip Human Genome U133 Plus 2.0 Array
(Affymetrix) at Karolinska Biomic Center, Stockholm. The data analysis was performed
using GeneSpring GX software (Agilent). For validating the microarray data, real time
PCR was performed. The isolated RNA was first reverse transcribed using ImProm-II™
Reverse Transcription System (Promega). The cDNA thus obtained was then used for
real time PCR reaction (ABI StepOnePlus™ Real-Time PCR System, software v2.1)
with specific designed primers and Fast SYBR® Green Master Mix (Applied
Biosystems), under standard conditions.
4.3 Results
4.3.1 Keratinocytes in High Glucose Condition
The effect of hyperglycemia on the morphology, proliferation and migration of cultured
keratinocytes was investigated. The morphology of the keratinocytes was seen to be
altered when the cells were in culture at low density (Figure 4.1 A). The cells were
wider and more spread out. This morphological change was transient and was not
apparent on confluence. The proliferation also seemed to be affected as seen by the
trends but no statistical difference was seen (Figure 4.1 B).
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Figure 4.1: Effect of hyperglycemia on morphology and proliferation of primary
human keratinocytes. Primary human keratinocytes were grown in normal glucose
(6.5 mM) and high glucose (25 mM) conditions for 7 days. (A) The morphology of
the keratinocytes was affected at low density. This effect was not apparent at high
density. (B) BrdU assay results showed trends towards efficient proliferation of
keratinocytes in normal glucose than high glucose; although no statistical
difference was observed (n=3).
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4.3.2 In vitro Scratch Wound
The migration of keratinocytes was assessed by the in vitro scratch assay. The
percentage recovery of the scratched wound was quantified using Image-Pro software.
The cells grown in high glucose showed poor mobility with only 16% of the scratch
area recovered as compared to 68% recovery in case of cells grown under normal
glucose conditions (Figure 4.2).
Keratinocytes grown under high glucose conditions were compromised in their ability
to heal the scratch wound. It is known that re-epithelialization is delayed in diabetes.
Studies have shown that diabetic keratinocytes show reduced motility14, probably as a
result of sequential suppression of p-Stat-1 and α2β1integrin mediated MMP-1
pathways2 and reduced expression of LM-3A32 (uncleaved, precursor of the a3 chain of
laminin 5), a key molecule present on migrating epithelium9. Some studies have also
shown imbalance between proliferation and differentiation of diabetic keratinocytes1 9.
So, in order to further understand the pathology at the molecular level, a microarray
analysis was performed. Towards this goal, RNA was isolated from wounded
keratinocytes grown under both high and normal glucose conditions in three separate
experiments. Non-wounded cells grown under normal and high glucose conditions
acted as controls.
4.3.3 Gene Expression Analysis
Microarray data analysis revealed that a number of genes and molecular signaling
pathways involved in wound healing were altered under high glucose wounded
conditions. Figure 4.3 shows an example of heat map of one of the comparisons made
in the study. Figure 4.4 is an attempt to represent the number of genes found altered in
the microarray analysis. With fold change of more than or equal to five, 1035 genes
were upregulated in normal wounded keratinocytes when compared to normal nonwounded keratinocytes while 623 genes were upregulated in hyperglycemic wounded
keratinocytes when compared to hyperglycemic non-wounded keratinocytes. Only 9 of
these genes were common. This gives an insight to the extent to which wound healing
in high glucose differs from that in normal glucose at molecular level.
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Figure 4.2: In vitro scratch assay. Multiple scratch wounds at predefined positions
were created on the confluent monolayer of primary human keratinocytes grown
under normal and high glucose concentrations and allowed to heal for 36 hours
(A). The blue lines represent the edges of the scratch wound. (B) The percentage
recovery of the scratch wound was quantified. The cells grown in normal glucose
healed the scratch wound significantly better than the cells grown under high
glucose conditions. * indicates statistical significance by one-way ANOVA (P <
0.05, n = 3).
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Figure 4.3: An example of a heat map of all twelve samples in the microarray
study, with the gene tree relating to the specific genes down regulated in the
hyperglycemic wounded keratinocytes compared with wounded normoglycemic
keratinocytes (NS = Wounded keratinocytes under normal glucose conditions; GS
= Wounded keratinocytes under high glucose conditions).
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Figure 4.4: Overview of number of genes altered in the different comparisons
studied in the microarray analysis with fold change cut off being (A) 2 and (B) 5
and p value  0.05.
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For further analysis, genes up and downregulated in normal wounded keratinocytes
compared to hyperglycemic wounded keratinocytes were focused on. Microarray data
analysis showed that a total of 6,335 specific genes were down regulated in wounded
keratinocytes grown under high glucose conditions compared with wounded
keratinocytes grown under normal glucose conditions, 65 of which were down regulated
by five or more folds (with p value of less than 0.05). A few examples of these
downregulated genes are detailed in Table 4.1 A. Similarly, a total of 5,750 specific
genes were upregulated in wounded keratinocytes grown under high glucose conditions
compared with wounded keratinocytes grown under normal glucose conditions, 35 of
which were upregulated by five or more folds (with p value of less than 0.05). A few
examples are detailed in Table 4.1 B. Upon performing pathway analysis, it was found
that numerous molecular pathways including TGF-β signaling pathway, WNT signaling
pathway and G13 signaling pathway were shown to be dysregulated (Figure U1.,
Appendices). Sixty five genes were downregulated more than or equal to five folds in
hyperglycemic wounded keratinocytes compared to normoglycemic wounded
keratinocytes. These genes were focused upon since the hypothesis underlying the
approach is that by manipulating down regulated genes under hyperglycemic conditions
to normal levels using the fibrin-in-fibrin non-viral gene delivery system (described in
chapter 3, section 3.3.4), diabetic wound healing can be normalized. Real time PCR was
performed to validate the top 10 downregulated genes.
4.4 Discussion
In this chapter, the differential regulation of genes in keratinocytes during wound
healing in hyperglycemic conditions was assessed using microarray analysis.
Hyperglycemia is a key factor that affects various pathological manifestations of
diabetes and has been shown to directly affect the wound healing cells such as
macrophages15, fibroblasts16. A number of studies have reported that the migration and
proliferation of keratinocytes is hampered by hyperglycemia1

2 14 17-20

.

Prolonged

exposure to high glucose has been shown to directly reduce the proliferation of human
epidermal keratinocytes in vitro1 19. Keratinocyte motility is also significantly reduced
along with downregulation of integrin expression and suppression of K16 the
keratinocyte activation marker upon treatment with high glucose2.
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Table 4.1A: Examples of gene downregulated in wounded keratinocytes grown in
high glucose conditions compared to wounded keratinocytes grown in normal
glucose
Gene Symbol

Fold Decrease

P Value

MBNL1

42.17

0.026

TGFBR1

31.89

0.0206

LPHN3

22.11

0.0426

Cell adhesion

PRKRA

16.02

0.0283

Negative regulation of cell proliferation

EDNRA

12.75

0.027

Cell proliferation

LRCH3

12.55

0.0285

Protein binding

NUPL2

12.34

0.0225

FLJ10808

11.49

0.0427

ATP5J

11.43

0.0482

TRIM4

10.85

0.0173

PHCA

10.63

0.0268
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Biological Process
Embryonic development, myoblast
differentiation
Positive regulation of cell proliferation

Protein export from nucleus
Protein modification process, ubiquitin
cycle
ATP synthesis coupled proton transport
Ubiquitin-protein ligase activity, zinc ion
binding
Hydrolase activity
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Table 4.1B: Examples of gene upregulated in wounded keratinocytes grown in
high glucose conditions compared to wounded keratinocytes grown in normal
glucose
Gene Symbol

Fold Increase

P Value

VNN3

17.26

0.0355

ZNF343

17.11

0.0481

IGSF4D

14.58

0.0457

AMICA1

10.37

0.027

PTK2

9.333

0.0173

TNFAIP6

7.867

0.0301

GDF15

6.725

0.0288

WNT10A

6.53

0.0307

Biological Process
Pantetheinase activity; nitrogen
compound metabolism
Regulation of transcription
Extracellular recognition and
intercellular adhesion
Cell adhesion
Cell growth and intracellular signal
transduction
Cell adhesion; cell migration
Tissue differentiation and
maintenance
Wnt receptor signaling pathway,
calcium modulating pathway
Regulation of progression through

IFITM1

5.816

0.029

cell cycle; negative regulation of
cell proliferation
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With an aim of studying the molecular basis of these changes in keratinocytes exposed
to hyperglycemia, microarray study was performed on wounded and non-wounded
keratinocytes grown in normal and high glucose conditions. It was found that a number
of genes are up- and down- regulated in wounded keratinocytes grown in high glucose
conditions compared to those grown in normal glucose conditions. In vitro model of
multiple scratch wounds was used in this study. In vitro scratch model is an established
model of wound healing21. However, a limitation in the classical scratch wound model
arises from the fact that only around 5% of the seeded cells are involved in the healing
process. To avoid this, a multiple scratch wound model was utilized in this study, which
allows participation of 40-50% of cells. This makes the microarray data more
representative. A previous study investigated the early changes in gene expression in
keratinocytes during normal wound healing22. To the best of the authors’ knowledge,
this is the first study to compare the gene expression during wound healing in
keratinocytes grown in normal and high glucose conditions.
RNA samples from wounded and non-wounded keratinocytes grown in high and normal
glucose conditions were utilized for microarray study. Three biological replicates from
each of the four samples were studied making a number of comparisons possible. When
non-wounded cells grown in high and normal glucose conditions were compared, only
couple genes were found to be more than two folds upregulated in cells grown in
normal glucose conditions (p<0.05). However, comparisons between the wounded and
non-wounded cells grown in either high or normal glucose conditions revealed
thousands of genes that were up- and down-regulated (Figure 4.4). This finding was
expected as wound healing process involves a number changes in gene expression
profile. Of particular interest, though, was the comparison between wounded
hyperglycemic keratinocytes and wounded normoglycemic keratinocytes because the
study of these genes holds a promise to identify a plausible therapeutic molecule which
when successfully delivered can normalize the up- and/or down-regulated genes in
hyperglycemic wound healing. In this comparison, downregulated genes were further
focused on to find out a possibility to deliver a plasmid DNA complex to replenish it for
therapeutic benefit.
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4.4.1 Rab18 as Potential Target
Intriguingly, one of the most significantly downregulated genes was identified to be the
highly homologous Rab18 gene. Rab18 is a member of ras-related small GTPases, with
particular relevance to membrane trafficking23. These GTPases are intracellular
membrane organizers and act as membrane bound molecular switches24. Rab18 has
been shown to be associated with secretory granules which inhibit their mobilization
and thus reduce the secretory capacity of neuroendocrine cells24

25

. Although, one

previous study has shown therapeutic benefit of Rab18 delivery in acromegaly26, the
secretory control function of Rab18 has not been exploited.
With regard to the pathogenesis of diabetic wound healing, various studies have
previously attempted to unravel the altered molecular mechanisms leading to chronic
healing27-30. Chronic inflammation is the hallmark of diabetic wound healing31. A
dysregulated gene expression profile of proinflammatory cytokines such as IL-6 and IL8 and their receptors such as CXCR1, CXCR2 and GP130 contribute to the chronic
inflammation32. Also, high serum levels of TNF-α have been seen in type II diabetes33
and prolonged TNF-α may disrupt cytokine networks for example, stimulation of MCP1, MIP-2 and IL-1β secretion, leading to more persistent inflammation and tissue
damage34

35

. High TGF-β3 levels in diabetic wounds can inhibit TGF-β1, leading to

increased macrophage activity36 37. Also, there is increasing evidence that MMPs are
affected in diabetes, supporting a growing notion that high proteolytic activity plays an
important role in diabetic wound healing. A number of studies have reported increased
levels of MMPs (e.g. MMP-1, 2, 3, 8, 9 and 26) and decreased levels of tissue inhibitors
of MMPs (TIMP-1, 2) in chronic wounds including diabetic and pressure wounds38-50.
Thus, hyper secretion can be looked at as a major pathology in diabetic wound healing.
Combining the findings of the role of Rab18 in neuroendocrine cells and the microarray
data in keratinocytes, it was hypothesized that Rab18 delivery to diabetic wounds
potentially can revert the hyper secretion in diabetic wounds to the normal scenario, if
Rab18 plays a similar secretory regulation role and in turn, can help reduce the chronic
inflammation and proteolytic environment thus normalizing the wound healing, at least
to some extent. Figure 4.5 shows a schematic depicting the hypothesis of the proposed
role of Rab18 in diabetic wound healing.
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Figure 4.5: Schematic representation of the proposed role of Rab18 therapy in
impaired wound healing.
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Chapter Five

Delivery of Therapeutic Genes – eNOS and Rab18 – via Fibrin-infibrin System Enhances Wound Healing in Alloxan Induced
Hyperglycemic Rabbit Ear Ulcer Model of Compromised Wound
Healing
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Fibrin-in-fibrin System
5.1 Introduction
Angiogenesis required for normal wound healing is disrupted in diabetes1 2. Impaired
wound healing in diabetes has been associated with reduced levels of NO3-5. The
reduced NO synthesis in vascular endothelial cells by high glucose has been held
responsible, at least partly, for diabetic angiopathy6. NO is a small pleotropic free
radical that was found to play important role in regulation of vascular tone7. A number
of studies have demonstrated the role of NO in wound healing8-11. It has been
demonstrated to represent an important mediator in skin biology involved in
homeostasis through regulation of blood flow12. The relation of NO and diabetic wound
healing has been further supported by several reports showing enhanced wound healing
after NO treatment13-19 via a number of mechanisms which include altering MMPs20-22,
affecting the synthesis function in fibroblasts14 23 or acting as effector molecule24-27.
NO diffuses freely and has a half life in the order of seconds28. This can pose a problem
in use of NO as therapeutic molecule. This can justify increased research in the
upstream molecules such as nitric oxide synthases (NOSs). NOSs control the production
of NO by oxidation of L-arginine. Three main isoforms of NOSs have been identified in
mammals: inducible NOS (iNOS), neuronal NOS (nNOS) and endothelial NOS
(eNOS)29. iNOS, as the name suggests, is induced only under certain stimuli such as
infection, hypoxia and cytokines, resulting in NO production but in basal state it is not
detectable. On the other hand, nNOS and eNOS are constitutionally produced and are
fully active in the presence of factors such as tetrahydrobiopterin (BH4), flavine
mononucleotide (FMN), nicotinamide-adeninedinucleotide phosphate (NADPH) and
oxygen30 as well as increasing Ca2+ levels via calmodulin11. eNOS, a constitutionally
active enzyme that is involved in production of NO, plays a critical role in regulation of
mobilization of endothelial progenitor cells (EPC)7

31

, a process that is considered

indispensable for neovascularization. Furthermore, a previous study has shown
therapeutic benefit of fibrin based viral gene delivery of eNOS in a preclinical model32.
Besides reduced angiogenesis, increased inflammation and proteolysis are major
pathological hallmarks of diabetic wound healing. A dysregulated gene expression
profile of proinflammatory cytokines such as IL-6 and IL-8 and their receptors such as
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CXCR1, CXCR2 and GP130 contribute to the chronic inflammation33. Also, high serum
levels of TNF-α have been seen in type II diabetes34. High TGF-β3 levels in diabetic
wounds can inhibit TGF-β1, leading to increased macrophage activity35 36. Also, there is
increasing evidence that MMPs are affected in diabetes, supporting a growing notion
that high proteolytic activity plays an important role in diabetic wound healing. A
number of studies have reported increased levels of MMPs (e.g. MMP-1, 2, 3, 8, 9 and
26) and decreased levels of tissue inhibitors of MMPs (TIMP-1, 2) in chronic wounds
including diabetic and pressure wounds37-49. Thus, hyper secretion of proinflammatory
cytokines and proteolytic enzymes can be considered as a major pathology in diabetic
wound healing. Therefore, as described in the previous chapter, Rab18, a negative
regulator of secretion can address the issue of high proteolytic enzymes and
inflammatory cytokines in diabetic wound healing.
Enhanced angiogenesis, along with the reduction of pro-inflammatory cytokines and
proteolytic enzymes, can augment the process of normalization of wound healing. With
this hypothesis in consideration, fibrin-in-fibrin system was employed to deliver eNOS
and Rab18 genes to the full thickness wounds in an alloxan induced rabbit ear ulcer
model of compromised wound healing. Stereological methods were utilized to quantify
various parameters of wound healing response such as wound closure, angiogenesis and
inflammation.
5.2 Materials and Methods
5.2.1 Fibrin-in-fibrin Delivery System
Fibrin microspheres with Rab18 lipoplexes were fabricated as described previously50.
Briefly, fibrinogen solution (20 mg/ml) and thrombin solution (4 IU) containing
lipoplexes (with 10 µg of Rab18 plasmid DNA) were mixed. Prior to formation of the
gel, while it was still in liquid phase, the solution was poured drop wise into a preheated mineral oil at 750C and stirred over night at 250 rpm to evaporate the water
phase. Two surfactants were used. Tween20 was used in the water phase and spam80
was used in the oil phase. After overnight stirring, the oil was decanted. This was done
in two phases, first at low speed (1,000 rpm) centrifugation and then at high speed
(4,500 rpm) centrifugation. The fibrin microspheres were washed by ethanol, hexane
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and acetone and then air dried. The Rab18 containing fibrin microspheres were then
dispersed in fibrinogen solution (60 mg/ml) and the eNOS lipoplexes were dispersed in
thrombin solution (4 IU). The two solutions were mixed just before being applied on the
wound where they formed a gel. In the eNOS in fibrin treatment group, eNOS
lipoplexes (10 µg) were mixed in a thrombin solution (4 IU) and mixed with fibrinogen
solution (60 mg/ml) before being applied immediately on the wound. The fibrin alone
treatment consisted of fibrin microspheres (FM) added to a fibrinogen (60 mg/ml) and
thrombin (4 IU) solution which was applied on the wound. Lipoplexes treatment had
only Rab18 and eNOS lipoplexes without fibrin scaffold. The “no treatment” group
where the wounds were left untreated acted as a control.
5.2.2 In Vivo Model
The ability of fibrin-in-fibrin system to deliver genes of interest in vivo was
investigated. An alloxan induced hyperglycemic rabbit ear ulcer model was utilized for
this purpose. New Zealand white rabbits (3-3.5 kg) were used in the study. The protocol
was approved by the ethics committee of the National University of Ireland, Galway,
and the study was conducted under a license granted by the Department of Health and
Children, Dublin, Ireland. Rabbits were housed in individual cages with a 12-hour
light/dark cycle under controlled temperature and humidity conditions. Rabbits were fed
a standard chow diet and had access to water ad libitum.
5.2.3 Induction of Hyperglycemia
Rabbits were sedated with a subcutaneous injection of 1 ml/kg acepromazine. Hair was
shaved off at the back of the ears, and an anesthetic cream (EMLA, AstraZeneca, USA)
was rubbed into the back of the ear and left in situ for 20 minutes. Alloxan (150 mg/kg)
(Sigma–Aldrich, Ireland) in 30 ml saline solution was prepared and administered via an
ear vein using a butterfly syringe, at a flow rate of 1.5 ml/min. Alloxan is known to
cause necrosis of pancreatic islets, thereby inducing hyperglycemia51. After treatment,
water containing one tablespoon of glucose per liter was given to the rabbits for a 48
hour period, to avoid possible hypoglycemia. Blood glucose readings were taken daily,
using blood glucose test strips and meter (Accu-Chek test advantage meter, Accu-Chek
test strips advantage II, Roche Diagnostics, United Kingdom). Food and water intakes
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were monitored daily. Hyperglycemia was confirmed if blood glucose readings were in
the range of 20–28 mmol/l. Insulin treatment was not required to control hyperglycemia
in any animals.
5.2.4 Surgical Procedure
Four weeks post-alloxan treatment; rabbits were anesthetized using an intramuscular
injection of 0.1 ml/kg xylazine and 0.12 ml/kg ketamine. This is half dose anesthesia, as
full dose may prove fatal under hyperglycemic conditions. Four “6 mm” punch biopsy
wounds were created in each ear, using sterile disposable 6 mm diameter punch biopsies
(Panvet, Ireland), exposing bare cartilage. Each wound was treated with one of five
randomized treatment groups (Table 5.1). Wounds were covered with a polyurethane
dressing (Opsite™, Smith and Nephew Ltd) until day 7 (n = 8) and day 14 (n = 8).
At days 7 and 14, rabbits were euthanized. At necropsy, ears were surgically removed
and the wounds (using a ruler with clear markings) were photographed using a digital
camera. The wounds were dissected across the center-line in a predetermined axis. One
half of the ear was fixed in formalin for histological and immunohistochemical analysis,
in order that a cross-section of the wound could be analyzed. The other half was stored
in RNA later at - 800C for further analysis.
5.2.5 Wound Closure Measurements
Digital images of wounds were analyzed for wound closure using image processing
software (Image J, NIH). The scale of measurement was set using the known distance in
the image. The mean diameter of each wound was measured by averaging the diameter
at four predetermined axes. The wound closure was then measured by using the
following equation:
 Do  Di 
Percent closure %C  
  100
 Do 

Where Di = Diameter of the wound at day of sacrifice
D0 = Diameter of wound at day zero
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Table 5.1: Randomized treatment groups applied on the wounds in alloxan
induced rabbit ear ulcer model of compromised wound healing
Treatment group
1
2

3

4

5

7 days (N)

14 days (N)

8

8

8

8

8

8

8

8

8

8

No treatment control
Fibrin gel with fibrin
microspheres alone
Fibrin-in-fibrin system,
carrying eNOS and Rab18
Fibrin-lipoplex system,
carrying eNOS
Lipoplexes carrying eNOS
and Rab18
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5.2.6 Histology and Immunohistochemistry
Formalin fixed paraffin embedded sections were cut at 5 mm thickness. Six consecutive
sections were saved from the block, as soon as the tissue was reached in the block. This
ensured that all sections were saved at the cross-section of the wound. Six more sections
were taken, three each at 100 µm intervals from the surface. Slides were stained with H
& E stains using standard protocol. The criteria for identification of inflammatory cells
and blood vessels were set at 400X magnification in the beginning for consistency.
Identification of blood vessels was confirmed by immunohistochemistry with
endothelial cell marker CD31 using standard protocol. Briefly, enzymatic antigen
retrieval was carried out at 370C using 1X proteinase K (20 mg/ml, Sigma–Aldrich)
solution in TE buffer (50 mM Tris Base, 1 mM EDTA, pH 8.0, Sigma–Aldrich).
Primary antibody used was monoclonal mouse anti-CD31 (DakoCytomation, Dublin,
Ireland) (1:30 in 0.01 M PBS containing 1% BSA, 0.1% cold fish skin gelatin), with an
incubation time of 90 min at room temperature. Blocking buffer was added to three
slides as negative control. Endogenous peroxidase was blocked with 3% hydrogen
peroxide (Sigma–Aldrich). Secondary goat anti-mouse IgG (1:100 in 0.01 M PBS,
DakoCytomation, Ireland) was applied for 45 min at room temperature, followed by
streptavidin–avidin biotin complex HRP (DakoCytomation, Ireland), and developed
using DAB chromagen (Sigma–Aldrich, Ireland) and counterstained with filtered Harris
hematoxylin solution.
Identification of macrophages was confirmed by immunohistochemistry using a
standard protocol. Briefly, enzymatic antigen retrieval was carried out at 370C using 1X
proteinase K (20 mg/ml, Sigma–Aldrich) solution in TE buffer (50 mM Tris Base, 1
mM EDTA, pH 8.0, Sigma–Aldrich). Primary antibody used was mouse monoclonal
anti-rabbit macrophage clone Ram11 (Dako, Dublin, Ireland) (1:100 in 0.01 M PBS
containing 1% BSA, 0.1% cold fish skin gelatin), with an overnight incubation at
4°C.Blocking buffer was added to three slides as negative control. Endogenous
peroxidase was blocked with 3% hydrogen peroxide (Sigma–Aldrich). Biotinylated
secondary anti-mouse horse radish peroxidase conjugated antibody (Calbiochem) was
applied for 40 min at room temperature. Following rinsing the staining was developed
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using DAB chromagen (Sigma–Aldrich, Ireland) and counterstained with filtered Harris
hematoxylin solution.
5.2.7 Stereology
Six fields of view of H & E stained slides were captured at 400X magnification. The
volume fraction of inflammatory cells was measured using a 192-point grid. The
surface density and length density of blood vessels were measured using a cycloidal line
grid.
5.2.7.1 Inflammation
Volume fraction (VV) is a relative parameter best estimated by point counting52. The
number of neutrophil and macrophage cell nuclei intersecting grid points was counted
(PP). This number was divided by the total number of grid points for each field of view
(PT), and a cumulative volume fraction of inflammatory cells calculated for the six
fields of view on each section.

P 

P
 

Vv  

p

T

5.2.7.2 Angiogenesis
Since skin is a stratified organ and vertical sections of known orientation were saved,
isotropy was emulated through use of cycloidal test lines of known radii and distance32.
A cycloidal grid of 40 microns radius was overlaid on each field of view so that
underlying cartilage of the ear section was always parallel to the major grid axis. The
grid consisted of six test lines, each comprising 10 cycloid arcs. Therefore, the total
length (LT) of cycloid arcs was 2400 mm. The number of times a blood vessel
intersected (I) an arc was counted, and the following standard equation was used to
measure the surface density (SV)

SV  2 

I
LT
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Length density of blood vessels was measured by rotating each captured field of view
by 90 degrees. The cycloidal grid was placed in the same orientation as described
above, so that the underlying cartilage layer was perpendicular to the major grid axis.
The grid now consisted of eight test lines, each comprising eight cycloid arcs of radius
40 microns. The total length of test line (LT) was therefore 2560 mm. The number of
intersections between blood vessels (IL) and test line was counted, and the length
density (Lv) of blood vessels was calculated using the following equation, where TS is
the thickness of the section.
LT =

2  IL 
TS

Also, radial diffusion distance (Rdiff) between the blood vessels was calculated using
following equation:
Rdiff =

1

  Lv

This distance is critical to determine the efficiency of new blood vessels as it measures
the zone of diffusion around blood vessels.
5.3 Results
5.3.1 Wound Closure
The wound closure is determined as described in the methods section. At day 7 postsurgery, Rab18-eNOStreated groups showed 43% wound closure while eNOS and
fibrin treated groups showed 41% wound closure. The control and lipoplexes treated
groups showed 26% and 27% mean wound closure respectively. However, these
differences were not statistically significant. At day 14 post-surgery, the Rab18-eNOS
treatment showed a 92% mean wound closure which was significantly enhanced over
the mean wound closure in treatment groups of lipoplexes alone (40%) and no treatment
control (61%) (Figure 5.1).
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Figure 5.1: Wound closure measurements in a rabbit ear ulcer at day 7 and day
14. No significant differences were found at day 7 while at day 14, the fibrin-infibrin treatment group with Rab18 and eNOS was found to significantly enhance
wound closure relative to lipoplexes alone and control “no treatment” groups. *
represents statistical significance by one way ANOVA (n = 8, p < 0.05)
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5.3.2 Stereology
It is important to look histologically at angiogenesis and inflammation. The sections
were stained by H & E stains. Figure 5.2 shows representative pictures of H & E
staining for the various treatments. Stereological methods were used for quantification.
As described in methods section, angiogenesis was quantified by calculating surface
density, length density and radial diffusion distance. Inflammation was quantified by
calculating volume fraction of inflammatory cells.
5.3.2.1 Angiogenesis
Representative images of CD31 immunostaining for detection of endothelial cells is
shown in Figure 5.3. The results of surface density analysis of blood vessels are
depicted in Figure 5.4. At day 7 post-surgery, Rab18-eNOS treatment on average
resulted in 58% and 56% increase in surface density of blood vessels over that seen in
control and lipoplexes treated groups respectively while eNOS treatment resulted in
55% and 53% increase over that seen in control and lipoplexes treated groups
respectively. At day14 post-surgery, surface density of blood vessels was 35% higher in
Rab18-eNOS treated group than that in lipoplexes and fibrin treated groups while 41%
higher than that in control group. The surface density of blood vessels was not
statistically different between Rab18-eNOS treatment and eNOS alone treatment at both
time points.
The length density and radial diffusion distance parameters determine the functional
efficiency of the blood vessels rather than just the number of blood vessels in surface
density measurement. At day 7 post-surgery, the length density of blood vessels in
Rab18-eNOS treated group was 20%, 41%, 58% and 62% higher than that in eNOS
treated, fibrin treated, lipoplexes treated and control groups respectively (Figure 5.5 A).
In parallel, the mean radial diffusion distance in Rab18-eNOS treated group (0.011mm)
was significantly decreased compared to that seen in eNOS treated, fibrin treated,
lipoplexes treated and control groups by 12%, 26%, 38% and 41% respectively (Figure
5.5 B).
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Figure 5.2: Representative images of H & E staining. The scale bars represent 50
µm.
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Figure 5.3: CD31 immunostaining showing endothelial cells (stained as brown
cells) lining the blood vessels in various treatments at day 7 and 14. Hematoxylin
was used for counterstaining. The scale bars represent 50 µm.
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*

Figure 5.4: Surface density of blood vessels in wounds. At day 14 post-surgery, the
surface density in Rab18-eNOS treatment group was significantly higher than
fibrin, lipoplexes and no treatment control. * represents statistical significance by
one way ANOVA (n = 8, p < 0.05).
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A

B

Figure 5.5: Length density (A) and radial diffusion distance (B) in the wounds. At
day 14 post-surgery, addition of RAB18 to eNOS enhances the length density and
reduces radial diffusion distance compared to eNOS alone, fibrin, control and
lipoplexes alone treatment. * represents statistical significance by one way
ANOVA (n = 8, p < 0.05).
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At day 14 post-surgery, while the significant differences between Rab18-eNOS treated
and fibrin treated, lipoplexes treated and control groups were still maintained, Rab18eNOS treated group showed significant increase (39%) in length density and significant
decrease (22%) in radial diffusion distance compared to eNOS treated group suggesting
that the addition of Rab18 to eNOS aids in increasing the functional blood vessels.
There were no significant differences between the results of control and lipoplexes
alone. However, fibrin had effect on its own. The significantly higher surface density
(34%) and length density (35%) of blood vessels at day 7 in fibrin alone treated group
compared to control group (Figure 5.4 & 5.5 A) suggest the ingenious angiogenic effect
of fibrin on its own.
5.3.2.2 Inflammation
Representative images showing immunostaining for macrophages in various treatments
at day 7 and 14 are shown in Figure 5.6. Inflammatory reaction to various treatments
was quantified by measuring the volume fraction of inflammatory cells namely the
macrophages and neutrophils. The results of volume fraction of inflammatory cells are
depicted in Figure 5.7. At day 7 post-surgery, no significant differences were observed
between the treatments although there was a trend towards increased inflammation in all
fibrin containing treatments. By day 14 post-surgery, Rab18-eNOS treated group
showed 58% reduction in volume fraction of inflammatory cells while there was no
reduction in inflammation in control and lipoplexes treated groups. At day 14 postsurgery, Rab18-eNOS showed significantly lower volume fraction of inflammatory
cells compared to eNOS treated, fibrin treated, lipoplexes treated and control groups by
42%, 43%, 47% and 50% respectively.
5.3.3 Relationship between Wound Healing Parameters
Pearson’s correlations were obtained in order to compare how different healing
parameters correlated in the different treatment groups (Table 5.2). The radial diffusion
distance, which indicates state of perfusion, was negatively correlated with the percent
epithelialization, length density of blood vessels and inflammation in the Rab18-eNOS
treated group while the percent epithelialization in the Rab18-eNOS treated group was
positively correlated with inflammation.
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Figure 5.6: Ram11 immunostaining for macrophages (stained as brown cells) in
various treatments at day 7 and 14. Hematoxylin was used for counterstaining.
The scale bars represent 50 µm.
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Figure 5.7: Volume fraction of inflammatory cells in the wounds. The addition of
Rab18 to eNOS reduces inflammatory reaction significantly compared to all other
treatments at day 14 post-surgery. * represents statistical significance by one way
ANOVA (n = 8, p < 0.05).
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Table 5.2: Pearson’s correlations between the wound healing parameters

W

I

Rab18-eNOS
S
L

I

0.23

S

-0.47

0.05

L

0.26

0.68

0.41

R

-0.22

-0.75*

-0.38

-0.99*

E

0.01

0.84*

0.08

0.69

I

Fibrin
S
L

W

R

W

I

eNOS
S

L

R

-0.34

I

0.03

S

0.50

0.07

L

0.17

0.64

0.27

R

-0.12

-0.61

-0.24

-0.99*

E

0.10

0.10

0.60

0.49

W

I

-0.78*

R

-0.78

-0.26

-0.47

-0.58

0.73*

0.48

0.55

-0.67

-0.98*

0.20

-0.43

0.21

0.39

W

I

Lipoplexes
S
L

-0.36

R

-0.06

Control
S
L

I

-0.44

S

-0.11

0.22

L

-0.15

0.08

0.48

R

0.03

-0.07

-0.38

-0.97*

E

0.39

0.09

0.48

-0.30

-0.53

-0.22

-0.66

-0.17

-0.83

0.94

0.34

0.74*

-0.94

-0.97*

0.17

-0.41

0.29

0.22

-0.14

R

0.28

Note: W = Wound closure, I = volume fraction of inflammatory cells, S = Surface
density of blood vessels, L = Length density of blood vessels, R = radial diffusion
distance
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In the eNOS treated group, the length density of blood vessels was positively correlated
to surface density and negatively correlated with the radial diffusion distance. In
lipoplexes treated group, increase in inflammation was positively correlated with the
increase in radial diffusion distance. In the control treatment and fibrin treated control,
apart from the negative correlation between radial diffusion distance and length density,
no other significant correlations were found.
5.4 Discussion
Chronic wound healing is a complex pathological phenomenon involving a number of
molecular pathways, manifested in gross disruption of all the phases of wound healing.
Thus, it can be easily construed that the therapeutic benefit following single gene
therapy would be modest at best. Therefore it is logical to appreciate the need for
multiple gene therapy promoting normalization of various pathological aspects of
diabetic wound healing. To investigate the potential of multiple gene therapy in tissue
repair, a number of studies have been performed. A study showed synergistic effect of
combination of PDGF and IGF-1 delivery over and above separate individual
delivery53. Another study found that a combination of PDGF and FGF-2 delivery led to
higher DNA content in the wounds than PDGF or FGF-2 delivered individually54.
Combination, of KGF and IGF-1, also showed beneficial effects resulting in increased
re-epithelialization, increased proliferation and decreased apoptosis compared to single
gene constructs55. Also, simultaneous delivery of VEGF-A and FGF-4 genes led to
significantly faster wound closure, increased granulation tissue formation, vascularity
and dermal matrix deposition56. Beneficial effects of multiple gene therapy have been
observed in other repair systems such as bone repair. IGF-1 and IL-6 have been shown
independently to stimulate OP-1 action in synergistic fashion in primary cultures of rat
osteoblastic cells leading to enhanced alkaline phosphatase activity and bone nodule
formation57 58. FGF-2 plus BMP-2 combination enhances osteoinductive capacity59.
Another aspect to consider in multiple gene therapy is the dynamic nature of wound
healing with overlapping yet phasic manner of gene regulation orchestrated in the
normal progression of wound healing. From this display of gene expression, it can be
construed that the simultaneous delivery of multiple genes does not mimic the
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physiological process and may not be as rewarding as multiple gene delivery in a
controlled manner so as to create a sequential, dynamic, or spatiotemporal pattern of
gene delivery and expression thereby. To achieve this goal, tissue engineered scaffolds,
are being employed in a number of ways. Current emphasis is on the design of 3D
tissue engineered constructs capable of delivering bioactive molecules at different
release profiles creating desirable expression patterns. Some of the common strategies
are: entrapment of growth factors or gene complexes in 3D constructs by immobilizing
them through covalent or electrostatic bonding or through biomolecular interactions;
use of crosslinked materials with regions of variable crosslinking; incorporation of
particulate systems having different degradation profile within 3D scaffolds; preloading
the

particles/spheres

with

different

genes

and

compartmentalizing

these

particles/spheres within 3D constructs.
In light of these considerations, this study was designed for a treatment with multiple
genes in a dynamically controlled manner. Steps towards development of treatment
involved choice of genes to target the reduced angiogenesis and increased inflammation
and proteolysis and utilization of fibrin-in-fibrin temporal release system, capable of
delivering genes in a dynamically controlled manner. In this study, proangiogenic gene
eNOS was used. Previously, therapeutic benefit of eNOS delivery to increase functional
angiogenesis has been shown in the same animal model as used in this study32. While
the previous study used adenoviral carrier, the non-viral carrier employed in this study
can be considered as an advantage in terms of its superior safety profile. It is interesting
to note that the results at day 7 post-surgery show significantly higher surface density in
eNOS treated group compared to groups treated with fibrin, lipoplexes alone and
control, suggesting that the therapeutic effect of eNOS is not compromised by the use of
a non-viral carrier.
The Rab18 gene was employed as secretory control molecule to reduce inflammation
and proteolysis. Rab18 gene complexes were encapsulated in fibrin microspheres which
were embedded in fibrin gel that carried eNOS gene complexes. This fibrin-in-fibrin
system was employed for dynamic release of two genes (Figure 5.8).
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Figure 5.8: Schematic showing differentially degrading fibrin-in-fibrin system for
dynamic controlled delivery of two therapeutic genes, eNOS in fibrin scaffold and
Rab18 in fibrin microspheres embedded in fibrin scaffold. This system can be
adjusted to the need by varying the degradation profile of the components to suit
particular therapeutic need. The use of non-viral gene carriers within this system
complements the therapeutic effect.
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Previously, the fibrin microspheres have been shown to degrade with a release profile
different to that of fibrin gel50. Although, the delivery system was not designed for
purely sequential delivery, the peaks of eNOS and Rab18 release will be dynamically
separated in space and time. Considering the secretory control function of Rab18, there
was apprehension that the delivery of two genes can result in detrimental effects on the
paracrine functions of eNOS or NO. Comparable results of surface density of blood
vessels in eNOS treated and Rab18-eNOS treated group suggests that addition of Rab18
to eNOS gene therapy, by employing fibrin-in-fibrin system, did not have a negative
effect on the angiogenic function of eNOS. Rather, Rab18-eNOS resulted in more
functional angiogenesis, evident from higher length density and reduced radial diffusion
distance in Rab18-eNOS treated group compared eNOS treated at day 14 post-surgery.
Pearson’s coefficient of correlations between healing parameters in Rab18-eNOS
treated group revealed many complex interactions. A decrease in radial diffusion
distance correlated with increase in percent epithelialization. This negative correlation
between radial diffusion distance and percent epithelialization was significant. Yet,
even when radial diffusion distance in the Rab18-eNOS treated group was significantly
reduced compared to all other treatments; the percent epithelialization did not show any
significant differences. There are few possible explanations based on the observations in
the study. For the power of study to be close to 80%, high “n” number is required for
percent epithelialization calculations. In addition, there was positive correlation of
percent epithelialization with inflammation in the Rab18-eNOS treated group where the
inflammation was significantly lower compared to all other groups. Although, ideally
all correlations are expected to be significant from the treatment, considering no
significant correlations in control group suggests that the Rab18-eNOS treatment leads
to more correlated parameters, a step towards normalization of wound healing.
While the mechanism of the beneficial effect of Rab18-eNOS is not completely
understood, the concomitant reduction of inflammation, manifested as significantly
lower volume of inflammatory cells, is likely to have an effect. Although all the fibrin
containing treatments showed some trend towards increase in the volume fraction of
inflammatory cells at day 7, the Rab18-eNOS treatment showed significantly lower
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inflammatory cell infiltration at day 14 compared to all other treatments. As a direct
result of reduced inflammation and increased functional angiogenesis following Rab18eNOS treatment, the percent wound closure was significantly increased at day 14. Thus,
proposed secretory control function of Rab18 can be thought to have played a beneficial
effect. One of the limitations of the current study is the difficulty in corroborating this
notion with molecular studies at mRNA level. In order to identify molecular
interactions, given the dynamic nature of the delivery system, more than two time
points are required. The current study was designed for feasibility assessment and for
assessment at molecular a more mechanistic study needs to be designed.
In summary, addition of Rab18 to eNOS treatment, via fibrin-in-fibrin system, enhances
wound closure, increases functional angiogenesis and reduces inflammation. This action
of Rab18 can be attributed to its negative regulation of secretion of pro-inflammatory
cytokines as hypothesized. Thus, the beneficial effect of combined Rab18-eNOS
treatment, using the dynamically controlled fibrin-in-fibrin gene delivery system, on
wound healing can thus be exploited for treatment of diabetic wounds.
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Summary and Future Directions
6.1 Introduction
With almost epidemic growth in incidence of diabetes worldwide in recent years, the
chronic non-healing leg and foot ulcers have emerged as a major challenge medically,
economically and socially. The current rigorous medical and surgical regimens aiming
to aid healing process have met with only modest success to lower the amputation rate.
Since the chronic nature of diabetic wound healing is multifactorial, development of a
gene delivery system capable of delivering multiple therapeutic genes in a
spatiotemporally controlled manner addressing the pathological disarray is required.
However, the gene regulation in chronic wound healing is not completely understood.
Hence, a molecular approach should be taken to unwind the effects of hyperglycemia at
genetic level. The overall goal in this project was normalization of chronic wound
healing by developing a fibrin based gene delivery system with controlled release.
6.2 Summary
6.2.1 Phase I – Fibrin-lipoplex System
The objective of phase I (Chapter 2) was to assess the feasibility of a fibrin gel to
deliver lipoplexes that encode multiple genes. This was achieved by assessing the in
vitro release profile of lipoplexes from the fibrin gel, qualitative study of biomolecular
interaction between components of fibrin gel and lipofectin to discern the mechanism
for the controlled release and finally assessing the functional viability of released
lipoplexes by investigating the in vitro and in vivo transfection efficiency of the
lipoplexes released from fibrin gel. Fibrin-lipoplex system was successfully fabricated
for simultaneous delivery of multiple genes in phase I of this project. The combinatorial
approach taken was based on the complementary improvement provided through
embedding the lipoplexes in highly concentrated fibrin gel (at fibrinogen concentration
of 60 mg/ml and thrombin concentration of 4 IU). Although, by adjusting fibrinogen
and thrombin concentrations, the release profile of the bioactive molecules embedded
within fibrin gel can be altered, in this study the choice of fibrin component
concentration was dictated by the fact that the intended in vivo use and future clinical
use of the combined fibrin-lipoplex system treatment require almost immediate gelling
on the wound.
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The results of release study suggest that there is some biomolecular interaction between
components of fibrin-lipoplex system which accounts for encapsulating the lipoplexes
within the system and allowing release only after enzymatic dissolution. The surface
plasmon resonance study confirmed at least qualitatively that this biomolecular
interaction exists between fibrinogen and lipofectin. Further to this, the concern of
functional viability of lipoplexes embedded in the fibrin was addressed through in vitro
transfection study and in vivo study with simultaneous delivery of two reporter genes.
The delivery at day 7 post-surgery of both the reporter genes in the in vivo study
suggested that the fibrin-lipoplex system, at the concentrations used for instant gelling,
is functionally suitable.
6.2.2 Phase II – Fibrin Microspheres
In order to emulate the dynamic control in the delivery system and to extend the loading
capacity of the system, the phase II (Chapter 3) of this project was focused on
development of a more compact scaffold in the form of fibrin microspheres. Since these
microspheres were fabricated using fibrin, the delivery system remained similar to
fibrin-lipoplex system. Additionally, the lipoplexes can be embedded in the gel and
microspheres. It was for the first time that fibrin microspheres were being used for gene
delivery.
Some modifications were made to the routine preheated-oil in water emulsion method
in order to fabricate fibrin microspheres embedding lipoplexes. In order to protect DNA
from being exposed to the high temperature at which fibrin microspheres were
fabricated, the biomolecular interaction between in the fibrinogen and lipofectin was
exploited. The lipoplexes were first mixed with fibrinogen before addition of thrombin.
This gave extra protection to the lipoplexes. Addition of two surfactants, one for oil
phase and other for water phase of the emulsion ensured formation of emulsion rapidly
again aiding the stability of lipoplexes and DNA. This addition of two surfactants along
with overnight stirring also aided fabrication of the desired micron sized spheres.
After confirming the encapsulation through fluorescence studies, the fibrin
microspheres were subjected to in vivo evaluation for functional stability of
encapsulated lipoplexes. eNOS used as model therapeutic molecule was also a relevant
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molecule for future use in compromised wound healing. There was a significant
increase in the mRNA levels of eNOS and subsequent increase in angiogenesis 7 days
after the delivery of fibrin microspheres. Then the release profiles of fibrin gel and
fibrin microspheres were compared and significant differences were observed in the
degradation rates. Based on this differential degradation, a fibrin in fibrin system was
designed which will embed fibrin microspheres carrying one therapeutic gene
complexes in fibrin gel which also carried another therapeutic gene complexes. Thus,
dynamic controlled delivery of therapeutic genes was envisioned through fibrin-infibrin system.
6.2.3 Phase III – Gene Expression Analysis
Having developed the fibrin-in-fibrin system, phase III (Chapter 4) was focused on
molecular expression analysis during in vitro scratch wound healing in primary human
keratinocytes under the hyperglycemia. This analysis was done to identify a suitable
therapeutic gene which will complement another therapeutic gene eNOS. eNOS was
chosen because reduced angiogenesis is well established pathology in diabetic wound
healing1

2

and eNOS delivery has been shown to be therapeutically beneficial3. A

detailed rationale for use of eNOS is described in chapter 5. To fathom the other
therapeutic gene, the differential regulation of gene expression was investigated in
wounded primary human keratinocytes grown in normal and high glucose conditions.
Gene regulation was studied by microarray analysis following a meticulously designed
in vitro wound healing experiment. The in vitro wound model comprised of multiple
predetermined scratch wounds designed to ensure that more than 50% cells take part in
wound healing was thus suitable for molecular studies. The migration of cells was
significantly affected in high glucose in confirmation with previous findings and hence
the gene expression pattern that microarray analysis revealed was more reliable. As
detailed in chapter, thousands of genes were found to be dysregulated in wound healing
under high glucose conditions. Rab18 was chosen as potential target (Chapter 4, section
4.4.1) in the light of its secretory control function and hypersecretory profile diabetic
wound healing which includes proinflammatory cytokines like TNF-α, IL-1β and
proteolytic enzymes like MMP-2 and MMP-9.
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6.2.4 Phase IV – Fibrin-in-fibrin System
In phase IV (Chapter 5), an in vivo feasibility study was performed to investigate the
beneficial effect of Rab18 gene complexes delivered with eNOS gene complexes
through the dynamically controlled fibrin-in-fibrin system in an alloxan induced rabbit
ear ulcer model of compromised wound healing. The effect of the treatment on wound
healing was investigated stereologically by quantification of parameters such as percent
wound closure, volume fraction of inflammatory cells, surface and length density of
blood vessels and radial diffusion distance. Comparisons were made between Rab18eNOS treatment and eNOS alone and also control treatments such as lipoplexes alone,
fibrin alone and no treatment control. Rab18-eNOS treatment showed highest wound
closure at day 14 post-surgery with reduction in inflammation and increased functional
angiogenesis. These beneficial effects of Rab18-eNOS treatment may be considered to
be due to the combination of proangiogenic effect of eNOS and secretion control by
Rab18. The possible role of Rab18 in secretion control is depicted in Figure 6.1. The
most salient findings of the project are depicted in the Figure 6.2. This list is not
comprehensive however is “at a glance” schematic.
6.3 Limitations
6.3.1 Phase I
The fibrin lipoplex system developed in phase I has at least two major limitations which
need to be dealt with for its further investigation for delivery therapeutic genes leading
to normalization of compromised wound healing. One limitation is the loading capacity
of the system. Since the practical application of the system is dependent on gelling time,
the amount of lipoplexes the system can carry are intuitively limited as adding more
will result in dilution and thereby longer gelling time. Another limitation is more
mechanistic in nature. The simultaneous delivery of multiple genes is not always
beneficial as in normal physiological repair/regeneration following an injury the key
genes are not simultaneously overexpressed; rather there appears to be innate dynamic
control over the gene expression patterns. In view of this fact, a number of scaffold
based non-viral gene delivery systems have employed various strategies to create
spatiotemporal pattern4.
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Figure 6.1: Schematic showing the proposed effect of Rab18 delivery on secretion
control
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Figure 6.2: Schematic showing salient milestones achieved during the project. The
each of the four phases resulted in a number of important findings. Only the most
important ones are listed in this schematic.
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The fibrin-lipoplex system is affinity based but the biomolecular studies in this research
have only been done qualitatively and with the particular liposomes used in the study. A
thorough understanding of interactions between liposomes and the scaffold with
quantification and investigating exact binding sites might pave the way towards
fathoming the release mechanisms and adding additional levels of control.
6.3.2 Phase II
In order to increase the loading capacity of fibrin-lipoplex system and to give an
opportunity for dynamic control, phase II was focused on fibrin microspheres.
Although, fibrin microspheres, encapsulating lipoplexes, fabricated by the method
developed in phase II were successful to maintain the functional integrity of the DNA,
probably due to affinity between the fibrinogen and lipofectin; the high temperature
used in the fabrication protocol may limit its use in a non-affinity based systems and
further research in alternative methods using lower temperature may be performed.
6.3.3 Phase III
The target discovery route taken in the phase III resulted in many interesting findings
with a number of up- and down-regulated genes. For practical reasons, one best
candidate from amongst the downregulated genes (i.e. Rab18) was chosen. One
limitation of the experimental design can be the fact that wounding was performed
under only hyperglycemia as the salient defining feature of diabetes. It can be argued
that since hyperglycemia does not represent the complete complexity of the diabetic
pathology, it is oversimplification. However, hyperglycemia has been reported to cause
significant compromisation in wound healing by hampering proliferation and migration
of keratinocytes5-11. In phase III experiments (Chapter 4, section 4.3.2), similar
compromisation was observed in the wounded keratinocytes grown in hyperglycemic
conditions. Thus, the relevance of the model is established. Moreover, beneficial effect
on the wound healing observed following the gene delivery of Rab18-eNOS (Chapter 5)
reinforces the validity of the in vitro model. Nevertheless, it is admitted that assessment
of gene regulation in samples from diabetic patients matched for confounding factors or
in vitro experimental design using different cells affected by diabetes in an environment
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simulating more closely the complex biochemical pathology of diabetes (discussed in
section 6.5.1) can be rewarding.
6.3.4 Phase IV
In phase IV, an alloxan induced rabbit ear ulcer of compromised wound healing was
utilized. This model has been validated previously for compromised wound healing12.
However, since it is chemically induced hyperglycemia for one week, an animal model
representing chronicity of diabetes and including other aspects of diabetes such as
ischemia will be more appropriate. Efforts have been made to create a long term
diabetic rabbit model by maintaining hyperglycemia for one year13. Induction of
ischemia by ligating the artery supplying rabbit ear along with induction of
hyperglycemia makes the model more close to the diabetic scenario. This can create a
new animal model better suited for wound healing experiments. However, stability of
the model and validation for compromised healing will be required. Also, to recreate the
pathology of diabetes at molecular level, research is needed for development of a
genetic model of rabbit. Although there are genetic models available in other species
such as db/db mice, rabbit ear ulcer model is ideal for quantification of various
parameters by stereological analysis while all the back ulcer models suffer from major
disadvantage of wound contraction. The back ulcer models also lack a reference plane
which is required for quantification purpose whereas the ear ulcer model provides the
cartilage as a perfect reference plane. Hence, it will be worth performing research on
development of genetic model of diabetes in rabbit.
Another challenge was the evaluation of effects of gene therapy at molecular level.
Although the fibrin microspheres and the fibrin gel have been shown to degrade at
different rates (Chapter 3, section 3.3.4), the peaks in their release profiles were not
expected to be distinctly sequential; rather presence of multiple peaks with dynamic
spatiotemporal distribution is more likely. The current study, however, was designed for
investigating the feasibility of Rab18-eNOS gene therapy via fibrin in fibrin study for
normalization of or at least improvement in the compromised wound healing.
Therefore, the time points chosen for this study were suitable to evaluate and quantify
the wound healing parameters. However, in order to investigate the effects of Rab18222
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eNOS gene therapy at molecular level, a more mechanistic study with more time points
will be required and probably in an animal model is validated for the molecular changes
consistent with diabetes.
6.4 Conclusions
The conclusions derived from the research performed in the current project can be
summarized as follows:
6.4.1 Phase I
The objective of this phase was to assess the feasibility of a fibrin gel to deliver
lipoplexes that encode multiple genes.
Conclusions:


In vitro release study showed that lipoplexes were held within the fibrin gel with
very minimal release up to 144 hours and upon plasmin dilution of the fibrin gel,
the DNA plasmid in the complexes was intact.



There exists a biomolecular interaction between fibrinogen and lipofectin (the
commercially available liposomes used in the study).



The lipoplexes released from the fibrin gel remained viable and showed
successful in vitro transfection of mouse fibroblast cells.



The fibrin lipoplex system successfully delivered two reporter genes in vivo in a
rabbit ear ulcer model with significant transfection evident at 7 days postsurgery.



This study, for the first time, showed the feasibility of fibrin-lipoplex system to
deliver multiple genes up to 7 days.

6.4.2 Phase II
The objective of this phase was to develop fibrin-in-fibrin (fibrin microspheres in fibrin
gel) gene delivery system for increased DNA carrying capacity with respect to gelation
time and temporal control.
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Conclusions:


Fibrin microspheres encapsulating lipoplexes were successfully fabricated
without any degradation of DNA.



The lipoplexes, carrying model therapeutic gene eNOS, encapsulated within the
fibrin microspheres remained functionally integral in vivo as shown by induction
of angiogenesis at 7 days post-surgery in a pilot study performed using an
alloxan induced ear ulcer model of compromised wound healing.



Fibrin microspheres degraded at a significantly slower rate than fibrin gel
enabling the design of fibrin in fibrin (fibrin microspheres in fibrin gel) release
system.



This study, for the first time, showed the feasibility of fibrin microspheres for
gene delivery.

6.4.3 Phase III
The objective of this phase was to assess the differential gene regulation in human
keratinocytes grown in high and normal glucose conditions during an in vitro assay of
multiple scratch wounds.
Conclusions:


Primary cultures of human keratinocytes were established under normal (6 mM)
and high glucose (25 mM) conditions.



An in vitro wound model of multiple scratch wounds was developed which
allowed almost 40-50% of cells to take part in the healing of scratch wounds.



The migration of keratinocytes was significantly slower in high glucose
compared to that in normal glucose conditions.



Microarray performed on the RNA isolated from wounded human keratinocytes
grown under normal and high glucose conditions with non-wounded
keratinocytes as controls revealed differential gene regulation during wound
healing under hyperglycemia with a number of genes up- and down- regulated.



Of the number of downregulated genes, Rab18 was chosen for further
investigation for its proposed secretory control action which is complementary
to proangiogenic effect of eNOS.
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This was the first study showing the differential regulation of gene expression in
wounded keratinocytes under hyperglycemic conditions.

6.4.4 Phase IV
The objective of this phase was to evaluate the efficiency of fibrin-in-fibrin system
encoding eNOS and Rab18 genes to promote wound healing in an alloxan induced
hyperglycemic rabbit ear ulcer model of compromised wound healing.
Conclusions:


Fibrin-in-fibrin system encoding Rab18-eNOS resulted in enhanced wound
closure, reduced inflammation, increased surface density and length density of
blood vessels and decreased radial diffusion distance at day 14 compared to
control group.



Pearson’s coefficients of correlation confirmed that percent epithelialization is
negatively correlated with radial diffusion distance in the group treated with
fibrin-in-fibrin system encoding Rab18-eNOS.



This study, for the first time, showed therapeutic effect of fibrin based non-viral
gene delivery system with proangiogenic and secretory control genes in a
preclinical model of compromised wound healing.

6.5 Future Directions
The assessment done in various phases of the study has spanned through efforts to
unleash the pathological disarray at molecular level in compromised wound healing and
identifying novel gene target/targets, and then developing a flexible gene delivery
system capable of delivering multiple genes in a controlled manner and then
investigating the system in preclinical model with successful enhancement of wound
healing. Each aspect of study can be further investigated by addressing the limitations in
the current study and by further analysis of various avenues made available through this
work. The major future directions, the current project can take, are summarized
schematically in Figure 6.3.
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Figure 6.3: Schematic depicting possible future directions of the project. Schematic
is arranged in a tree-like format. The roots of the tree represent the basic
themes/aspects on which the research in this project was based. The main stem of
the tree shows the phases of the project. The text beside the red arrows feeding
into the stem shows the plausible lines in which each phase can progress. The
center blob of leaves represents the major achievement of the project in the
treatment of wounds compromised due to exposure to hyperglycemia. The blobs
on the periphery represent the possibility of applying the research in this project
to other diseases or carry forward the main theme of the project in different
etiopathological set up. This is by no means a comprehensive depiction, rather only
the most direct and important aspects are represented. The details are discussed in
section 6.5.
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6.5.1 Unleashing the Pathological Disarray at Molecular Level
In this research, differential regulation of gene expression in primary human
keratinocytes during wound healing in hyperglycemic conditions was assessed. The
next steps of this aspect of research work are (a) Assessment of gene regulation in
complex environment (b) Assessment of gene regulation in fibroblasts, macrophages,
and/or endothelial cells (c) Assessment of gene regulation in human diabetic patients.
6.5.1.1 Assessment of Gene Regulation in Complex Environment
Current project looked at the effect of most prominent pathological factor in diabetes,
namely hyperglycemia. As a further step, a more complex environment which takes into
account other pathological factors such as ischemia can be employed. Thus the
differential regulation of gene expression will be assessed in a more complex in vitro
environment resembling clinical diabetes more closely by use of combination of factors
such as hyperglycemia and ischemia. For this purpose, primary human keratinocytes
can be grown in high and normal glucose conditions while correspondingly growing
them in low oxygen levels. Various combinations of hyperglycemia and ischemia can
be investigated to take into account the range of levels seen in clinics.
6.5.1.2 Assessment of Gene Regulation in Fibroblasts, Macrophages, and/or
Endothelial Cells
The current project investigated effect of hyperglycemia on keratinocytes. However,
other wound healing cells such as fibroblasts, macrophages and/or endothelial cells can
be investigated for a similar study at molecular level to unravel the differential gene
regulation in these cells, either individually or collectively. All these cells are known to
be dysfunctional in diabetic set up. Although research to date has identified
dysfunctional aspects of fibroblasts/macrophages/endothelial cells in diabetes, but a
comprehensive study investigating the differential gene regulation during wound
healing in hyperglycemic or combined hyperglycemic and ischemic environments
remains to be done. Also, the crosstalk between dysfunctional cells can be assessed
through co-culture systems. Finally, all the molecular effects of diabetes-like conditions
on these different cells can be collated and a multiple gene therapy targeting different
cells can be envisioned. The current fibrin-in-fibrin system is capable of multiple gene
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delivery with controlled release. It also provides opportunity to functionalize the
liposomal carriers involved in the fibrin in fibrin system to target the specific cells if
deemed necessary. The prospects on that theme of further developing the delivery
system are discussed in section 6.5.3.
6.5.1.3 Assessment of Gene Regulation in Human Diabetic Patients
The pathological disarray can be further unraveled by moving the investigation from
pure in vitro systems to in vivo diseased states in human patients with compromised
wounds. In vitro systems look at the effects of discrete defined factors on different
relevant cells, while in vivo studies reveal the complexity accounting for various aspects
of the diabetic wound healing. Cells can be isolated from chronic wounds of diabetic
patients matched for confounding factors such as age, sex, ethnic background,
socioeconomic status and other medical conditions including hypertension, obesity and
any endocrinal disorders. Due to the complexity involved, very large sample size, in
order of few thousands, will be required to derive some conclusion with acceptable
level of statistical significance. For this reason and also due to ethical issues in
procuring human samples, assessment of gene regulation in human diabetic patients
could not done in the current study.
6.5.2 Identification of Novel Gene Targets
The microarray study performed in this research provided an enormous amount of data.
This data can be analyzed further to unravel newer molecular targets. In the current
project, one of the downregulated genes, Rab18 was used. In fact, there were other
downregulated genes independent of eNOS pathway. These downregulated genes can
also be investigated. Also, the microarray performed in the current project revealed
many upregulated genes as well. These upregulated genes can also be investigated.
6.5.2.1 Investigation of Downregulated Genes
One potential target among the downregulated genes is a gene sequence highly
homologous to MAGUK. This was one of the validated genes downregulated in
hyperglycemic wounded keratinocytes. The MAGUKs (membrane-associated guanylate
kinase homologs) are a family of proteins that act as molecular scaffolds for signaling
pathway components at the plasma membrane of animal cells14. The MAGUK family
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regulates tight junction assembly and cell adhesion by connecting transmembrane
proteins with the cytoskeleton15. Actually, the presence of a multiple protein-protein
interaction domains allows them to perform dual functions of structural organization of
junctional complex and signal transduction16. A member of MAGUK family has been
shown to interact with c-Src in cells to its activity which involves regulation of cell
proliferation, migration cell activation17. Thus, using the fibrin-in-fibrin system
researched in this project could be employed to deliver the MAGUK sequence and
eNOS as a controlled release dual gene delivery system.
6.5.2.2 Investigation of Upregulated Genes
Another avenue is to study upregulated genes. These can provide very promising ways
to normalize compromised wound healing. The upregulated genes can be knocked
down by using RNA interference (RNAi)18. One such promising upregulated gene
found in microarray analysis is TNFAIP6. This is a gene coding for a secretory protein
induced by proinflammatory cytokines such as TNF-α and IL-1. Studies have shown
high levels of TNF-α in diabetic wounds and have postulated its role in impairment of
wound healing19 20. Anti-TNF-α treatment has shown to restore the skin impairment due
to diabetes in a mouse model21. Thus, it can be hypothesized that diabetic wound
healing can be normalized by knocking down TNF-α induced TNFAIP6 found to be
upregulated in wounded hyperglycemic keratinocytes. This treatment holds promise of
inhibiting the inflammatory actions of TNF-α and address the problem of chronic
inflammation in diabetic wound healing.
6.5.3 Gene Delivery System
The fibrin-in-fibrin gene delivery system developed in this research is an interesting and
flexible system. Each component of the system can serve as a basis for future
development of the system. The full potential of a combined liposome-scaffold
approach remains to be investigated as research to date has mainly focused on providing
proof of concepts. It is anticipated that the future of a combined liposome-scaffold
approach would be centered on two goals: making optimal use of the progress in
individual fields and the understanding derived thereof, and utilizing and manipulating
interactions between the liposomes and the scaffold material as depicted in Figure 6.4.
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Figure 6.4: Schematic illustration of potential future developments of tissueengineered scaffold-mediated liposomal delivery. Breakthroughs in the near future
will most likely be based on the full utilization and application of recent advances
in individual biomaterials, including stimuli-responsive materials, shape memory
polymers, and interactive polymers. Advancements in liposome technology, such as
the development of stimuli-responsive and functionalized formulations, will also
contribute to further progress together with the advent of innovative release
strategies.
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In particular, the versatility of liposomes has not yet been tested in the context of their
inclusion into tissue engineered scaffolds. The recent advances in liposomal gene
delivery are yet to be applied in the combined approach. A recent study has already
pointed out the need for focusing research on designing lipoplexes with the aim to
increase the cellular internalization of DNA for enhancing gene delivery from scaffold
surface22. It is therefore highly likely that the successful application of combination
therapy will depend on advances in liposomal gene delivery with regard to targeted
delivery, enhanced intracellular trafficking and nuclear localization. The combined
strategy can also be approached from the scaffold using so called “smart” biomaterials,
such as stimuli-responsive polymers, or polymers that are cell interactive and based on
“click” chemistry. Shape memory polymers can be micropatterned with lipoplexes, then
compacted for ease of handling and for reaching the injury site, and upon implantation
will return to their original shape containing micropatterned lipoplexes. This approach
can be particular useful in areas of nerve regeneration, surgical sutures23 and vascular
stenting24

25

. In situ gelling systems with lower critical solution temperature at body

temperature can be employed to carry lipoplexes, which after application to wounds
will form a gel and subsequently release lipoplexes in a sustained manner. Also,
research in the field of whole tissue organ regeneration can be geared up through
micropatterned lipoplexes in 3-D scaffolds for the creation of a highly controlled spatiotemporal gene expression, mimicking the natural embryonic development. Also, newer
more effective polymeric carriers with better safety profiles can replace the liposomes
in the system. Also, the successful gene delivery by fibrin in fibrin system can be
employed in other diseases such as other forms of chronic ulcers like venous ulcers,
neuropathic ulcers.
Taking forward the concept of differential degradation and two component scaffold
system, a new delivery system – the ECM-in-fibrin system has been conceptualized.
This ECM-in-fibrin can be designed in a patterned fashion. Based on similar theme as
fibrin in fibrin system, ECM-in-fibrin system can be utilized to deliver multiple genes in
a controlled manner. ECM in this system will be produced from wound healing cells
like fibroblasts or stem cells like MSCs grown in specific culture conditions and
specific geometrical constraints. It is hypothesized that such conditions and constraints
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will allow cells to produce large amounts of ECM while cells themselves will
eventually die, forming material which will be a cell-derived ECM without living cells.
This material will be used as raw material for developing ECM spheres (or particles of
different shapes and sizes), carrying therapeutic gene/genes of interest complexed with
non-viral gene carriers. These ECM spheres/particles will be embedded in fibrin gel
(which will also contain gene complexes), in a predesigned patterned fashion so as to
create expression patterns for optimal therapeutic benefit. For example, it can
potentially be investigated in the same disease set up and with same set of therapeutic
genes, as has the fibrin in fibrin system been in current project. The ECM
microspheres/particles can incorporate Rab18 gene complexes and these ECM
spheres/particles can then be embedded in fibrin gel that carries a complementary
therapeutic gene, namely eNOS. The combined effect of two genes and the ECM in
fibrin system itself can be exploited for chronic/compromised wound healing.
6.5.4 Exploring the Secretory Control Approach
The journey of secretory vesicles to plasma membrane and subsequent exocytosis is
essential for normal cellular function in various cell types. Using pancreatic exocrine
cells, George Palade portrayed the pathway of secretory proteins through the cells in his
classical experiments26. Thereafter, the secretory pathway has been studied in a number
of cell types including pancreatic β cells27-31, due to involvement in diabetes mellitus,
and platelets32-35 and neutrophils36-39 which play a pivotal role in physiological and
pathological immune responses. A wide variety of other cells such as neuroendocrine
and endocrine cells such as neurons40-42 (secreting neurotransmitters), pituitary cells43
and adrenal medullary cells44 (or their tumor counterpart PC12 cells45) and specialized
exocrine cells such as G cells in gastric mucosa46, goblet cells47

48

in intestines and

lungs, juxtaglomerular cells49 in kidney, type II alveolar cells50 in lungs and also some
very specialized cells like sperms and eggs have very intricately regulated secretory
functions. Even cells such as endothelial cells51, fibroblasts52 and keratinocytes53 exhibit
significant secretory functions.
Thus, regulated secretion of bioactive molecules is an important physiological
phenomenon and hence it is not very surprising that a number of diseases have a
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secretory dysfunction at the root of their pathology. This is why understanding the
secretory pathway and exploiting the knowledge to rectify the pathology can be
rewarding. The current project explored an outlook of diabetic wound healing as
hypersecretory pathology and developed a gene therapy addressing this problem based
on the finding of downregulated secretory control molecule from Rab family, the
Rab18. Now, this approach can be further explored potentially in numerous ways. Quite
logically, the same fibrin-in-fibrin delivery system used here can be explored to link
secretory control therapy with appropriate gene/genes in a controlled way in many other
diseases which pose hypersecretory pathology such as neurosecretory disorders.
Other Rab proteins (60 known in humans54) can also be explored for potential use in
secretory control therapy. Rab proteins localized to distinct characteristic organelles55
and along with their effectors regulate intracellular vesicle dynamics, from vesicle
formation, tethering, docking and fusion with the correct target membrane56-59. Rab
proteins function as molecular switches with gaunosine triphosphate (GTP) bound “on”
state and “off” state upon GTP hydrolysis60. Rab3 isoforms, Rab4 and Rab27 isoforms
are the most studied ones61-66 and recently Rab1867, Rab4368, Rab3469 and others are
being attributed with very important and specific functions. On account of these core
organizational and transport functions, dysfunction or reduced synthesis of Rab proteins
insinuate severe pathological conditions70 and thus gene therapy of Rabs offer unique
therapeutic potential. Other very important molecules involved in secretory pathway are
SNAREs, NSFs and α-SNAP, Sec1 proteins and Ca2+ binding proteins. These molecules
can also be explored for therapeutic purposes.
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A. List of Reagents / Compounds Used
Table A.1: List of compounds and reagents used in this study
Material
Agarose
Ampicillin
Bovine serum albumin
DMEM
DMSO
Eosin
Ethanol
Fetal bovine serum
Fish gelatin
Formaldehyde
Glutaraldehyde
Glycerol
Goat serum
Hank’s balanced salt
solution
Hematoxylin
Kanamycin
LB agar
LB broth
L-Glutamine
Masson’s trichrome
reagents
Penicillin-streptomycin
Phosphate buffered saline
Potassium ferrocyanide /
ferricyanide
RNAse away
Sodium carbonate /
bicarbonate
Spam80
TBE buffer
Tris hydrochloride
Triton® X-100
Trypsin
Tween 20
Xylene
Anti-CD31
Anti-mouse IgG Biotin
Anti-rabbit IgG HRP

Supplier
Sigma-Aldrich Ireland Ltd.,
Dublin, Ireland

Dako Diagnostics Ltd, Dublin,
Ireland
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Anti-rabbit Ram11
Amine coupling kit
Getting starter kit
HBS-EP buffer
Sensor chip CM3
Sodium acetate pH4.5
Giga prep plasmid kit
RNeasy® kit
dNTP mix: (200μl, 10mM)
ImProm-II™ reverse
transcriptase
Luciferase assay system
Nuclease-free water
Oligo (dT) primers
PCR core system I
Random primer (20μg)
Tissue RuptorTM
Label IT® Cy™5 labeling
kit
6000 Nano LabChip® kit
XL1-Blue supercompetent
cells
Anti-endothelial nitric oxide
synthase antibody
Primers
Anti-βGal
Fast SYBR® green master
mix mini-pack
MicroAmp® fast optical 96well reaction plate
MicroAmp® optical
adhesive film
Biotinylated anti-mouse
horse radish peroxidase
conjugated antibody

BiaCore Life Sciences,
GE Healthcare Ltd., UK

Qiagen, West Sussex, United
Kingdom
Promega, Dublin, Ireland

Mirus Bio, Madison, WI, USA
Agilent Technologies, Dublin,
Ireland
BD Biosciences, UK
MWG Biotech, UK
Abcam plc., UK
Applied Biosciences,
Warrington, United Kingdom

Calbiochem, UK

B. Fibrin-lipoplex System Fabrication
1. Fibrinogen protein solution and thrombin concentrate are kindly gifted by Baxter
Healthcare Corporation, Vienna (Tisseel®).
2. Prepare the product according to product insert instructions.
3. Provided in the 2ml kit is:


Fibrinogen protein concentrate – approximately 120 mg/ml
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Thrombin concentrate – 4 IU (500 IU also provided but not needed)



Aprotinin – 3000 KIU



Calcium chloride – 40mM



2ml syringe (x4)



Y-shaped syringe applicator

4. Baxter Ireland kindly donated a specifically designed incubator, which
incorporated a magnetic stirrer.
5. Switch on the device. It will heat up to 370C.
6. Immediately prior to use, pre-heat fibrinogen solution and aprotinin solution
provided to 37°C for ten minutes.
7. Place the mixture on the magnetic stirrer at 37°C for a further eight minutes, until
the solution becomes clear.
8. Dilute the fibrinogen solution with fibrinogen dilution solution (kindly donated
by Baxter Healthcare, Vienna) to a concentration of 60mg/ml.
9. Draw up the calcium chloride solution with a 2ml syringe and add to the
thrombin solution. This will make the thrombin solution (4IU).
10. Keep this solution at 37°C until it is needed.
11. Perform large scale plasmid preparations utilizing the Gigaprep kits (Qiagen) as
explained in section E.
12. Prior to scaffold fabrication, prepare the lipoplexes using lipofectin (Invitrogen)
and plasmid DNA, encoding either green fluorescent protein for the in vitro
transfection study or β-galactosidase and firefly luciferase for the in vivo study.
13. To prepare lipoplexes, gently mix the DNA solution and lipofectin solution in 1:
10 w/w ratio. Incubate the mix at room temperature for 20 min before use.
14. Gently mix the lipoplexes with 100 µl thrombin solution by inversion. Do not
vortex.
15. For in vitro study, this thrombin solution containing lipoplexes is mixed with 100
µl fibrinogen solution in wells of 24 well plate.
16. For in vivo study, deliver 100 µl of thrombin solution containing lipoplexes and
100 µl of fibrinogen solution simultaneously to the wound and allow
polymerizing on the wound.
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C. Fibrin-in-fibrin System Fabrication
This system essentially has fibrin microspheres embedded in fibrin gel-lipoplex
system. There are two major steps involved in fabrication of this system: fibrin
microspheres fabrication and then embedding them in the fibrin gel-lipoplex system.
Fabrication of Fibrin Microspheres by Modified ‘Water in Preheated Oil’ Emulsion
1. Mix fibrinogen solution (20 mg/ml) and thrombin solution (4 IU) containing
lipoplexes (carrying 10 µg of Rab18 plasmid DNA).
2. Prior to formation of the gel, while it was still in liquid phase, pour the solution
drop wise into a pre-heated mineral oil at 750C and stir over night at 250 rpm to
evaporate the water phase.
3. Use two surfactants. Tween20 in the water phase (just before mixing fibrinogen
and thrombin) and spam80 in the oil phase (before preheating).
4. After overnight stirring, decant the oil.
5. First centrifuge at low speed (1000 rpm) and then at high speed (4500 rpm).
6. Wash fibrin microspheres by ethanol, hexane and acetone and then air dry.
Embedding Fibrin Microspheres in Fibrin Gel – Lipoplex System
1. Disperse fibrin microspheres containing RAB18 complexes in fibrinogen solution
(60 mg/ml) and disperse the eNOS lipoplexes in thrombin solution (4 IU).
2. Apply the two solutions to the wound where the gel is formed. Thus, fibrin in
fibrin system is formed.
D. Cell Culture
Thawing Cells
1. Wear protective gloves and face shield and remove tube containing cells from
liquid nitrogen cylinder.
2. Thaw the contents of tube by rubbing in palm or in waterbath at 370C.
3. Transfer the contents of the tube in 15 ml falcon tube containing 10ml of
appropriate media.
4. Centrifuge the tube at 1500rpm for five minutes.
5. Remove the supernatant and discard.
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6. Add 1ml of pre-warmed media with gentle aspiration to homogeneously
distribute cells.
7. Count cells using hemocytometer.
8. Transfer 1ml of cells (of known cell density) to a new T75 flask or as
appropriate.
9. Add 9ml or appropriate amount of culture media.
10. Label the flask with name, date and cell type.
11. Place the flask in an incubator set at 370C and 5% CO2.
12. Refresh media every 2-3 days or as per requirement.
Culturing Cells
1. Monitor cells using bright light microscope.
2. If cells are starting to float or media changes color, take off old media and rinse
the cells using DPBS.
3. Add fresh appropriate culture media.
4. Monitor cells for confluence.
5. When they are ready to split (70-80 % confluent), take off the media.
6. Rinse cells using 10ml DPBS, and pour off DPBS.
7. Add 5 ml of trypsin/EDTA and either incubate at 37°C or room temperature (for
primary keratinocytes) for five minutes.
8. When trypsin starts to lift cells from the flask, tap the bottom of flask and bring
cells to the corner.
9. Use cell scraper if needed (for primary keratinocytes).
10. Add 5 ml of serum containing media to halt the action of trypsin.
11. Rinse the bottom of the flask with this solution several times.
12. Transfer the contents in 15 ml tube and centrifuge the tube at 1500rpm for five
minutes.
13. Discard the supernatant and resuspend the cell pellet in 3ml or appropriate
amount of fresh culture media.
14. Count the cells using hemocytometer.
15. Plate the cells (with known density) in three new flasks (or two flasks for primary
keratinocytes) with sufficient appropriate culture media.
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Counting Cells
1. Trypsinize cells as above.
2. Add equal amount of serum containing media, aspirate several times and transfer
the cell suspension to a new tube.
3. Ensure the hemocytometer is clean using 70% ethanol.
4. Take 10μl of cell suspension and add 10μl of trypan blue.
5. Take 20μl of this solution and add 10μl to each side of the hemocytometer under
the cover slip.
6. Allow the sample to be drawn out of the pipette by capillary action, the fluid
should run to the edges of the grooves only.
7. Focus on the grid lines of the hemocytometer using the 10X objective of the
microscope.
8. Focus on one set of 16 corner square as indicated by the circle in Figure D.1.
9. Count the number of cells in this area of 16 squares.
10. Count only healthy cells unstained by trypan blue.
11. Count cells that are within the square and any positioned on the right hand or
bottom boundary line.
12. Dead cells stained blue with trypan blue can be counted separately for a viability
count.
13. Move the hemocytometer to another set of 16 corner squares and carry on
counting until all 4 sets of 16 corner squares are counted.
14. Get the average count and then multiply by two to adjust for the 1:2 dilution in
trypan blue.
15. This is equivalent to number of cells x 104 /ml.
16. Finally total number of cells can be obtained by multiplying the above number by
the volume of cell suspension.
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Figure D.1: Gridlines on hemocytometer.
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Plating Cells for In Vitro Transfection Study
1. Pre-heat culture media for 30 minutes in a 37°C water bath.
2. One confluent T75 flask is needed for each 24 well plate.
3. Place one 22mm diameter cover slip in each well.
4. Trypsinize cells as above.
5. Add 3ml of media and aspirate several times as above.
6. Transfer 500μl of cells suspension to each of the six wells across the plate.
7. Overlay every well with 1ml of media, and incubate 37°C overnight.
8. After 24 hours, cells should be 70-80% confluent and ready for transfection .
Transfecting Cells
1. Defrost samples of collected elution samples from the fibrin-lipoplex system and
samples from digested fibrin lipoplex system at different time points.
2. Prepare lipoplexes freshly with 1ug plasmid DNA as positive control.
3. Take 24 well plate cultured cells from incubator and remove media.
4. Rinse cells with DPBS, and add 1ml of media.
5. Add the contents of one collected sample vial to each well, ensuring to label lid
of plate adequately.
6. Incubate plates at 37°C for 48 hours.
7. Cells are ready for analysis by fluorescent microscopy.
Freezing Cells
1. Trypsinize cells as above and centrifuge to form cell pellet.
2. Resuspend the pellet in adequate amount of freezing medium (40% FBS + 10%
DMSO + 50% media for 3T3 and serum free freezing medium, Cryo-SFM,
bought from Promocell for primary keratinocytes) so as to make a cell suspension
of 1x106 cells per ml.
3. Pipette up and down several times gently to ensure homogenous suspension.
4. Transfer 1 ml of cell suspension to each freezing vial, giving the 1x106 cells per
vial.
5. Label each tube with date, cell line, passage number and initials.
6. Transfer the vials to -800C freezer overnight and then to liquid nitrogen.
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7. Ensure that sufficient amount of liquid nitrogen is maintained in the tank.
E. Plasmid DNA Expansion
LB Agar Plates
1. Add 7.5 g agar per 500 ml media in a 1 L flask.
2. Cover the flask with foil and sterilize by autoclaving.
3. When removed allow it to cool until it can be handled comfortably. Obviously,
do not cool down too much or else it will start to solidify.
4. Prepare Bunsen burner and plates.
5. Remove the foil covering the flask with the LB agar.
6. Run the top across the Bunsen flame.
7. Add antibiotics. Mix well by swirling. Typical antibiotic final concentrations:


Kanamycin 30-50 μg/ml or



Ampicillin 100 μg/ml

8. Pour into the plates in close vicinity to the flame.
9. Let plates set at room temperature.
10. Label the plates with date and antibiotic used and username, seal each plate with
paraffin film and store in cold room (4 – 80C).
Transformation
1. Turn on the water bath and set the temperature to 420C.
2. Take out the plates for transformation and place at room temperature to warm up.
3. Fill ice in the ice box.
4. Take 1 µg of plasmid DNA which is needs to be expanded in a tube. Label the
tube.
5. Label another tube as control.
6. Take one tube of XL1Blue (bacteria) from box in -800C freezer and thaw on ice.
7. When thawed add 50 µl bacteria to each tube.
8. Mix by flicking.
9. Leave on ice for 2 min.
10. Place the tubes in waterbath initially set to 420C for 45 sec.
11. Place the tubes on ice again for 2 min.
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12. Repeat the process of heat shock for couple times more.
13. Add 1 ml autoclaved LB broth (without antibiotic) to each tube.
14. Tape up-right on shaker (200 rpm, 370C) for 1 hour.
15. Prepare plates, Bunsen burner, spreader, 70% ethanol.
16. The optical density of the LB broth will change indicating bacterial growth.
17. Add 100 µl of inoculum in previously prepared LB agar plates containing
appropriate antibiotics depending on the plasmid DNA.
18. Take out the spreader from 70% ethanol and burn off quickly in flame. Let it cool
off. Touch off edge of LB agar before spreading.
19. Spread the inoculum over the plate.
20. Finish spreading all the plates and let them sit at room temperature for 10 min.
21. Put in incubator at 370C with upside down.
22. Take out of the incubator in 8 -10 hr when colonies of bacteria are obvious but
still separate and not merged. These plates can be stored up to 4 weeks for further
use.
Plasmid Expansion by Giga Prep
P1, P2, P3, Buffer FWB2, Buffer ER, Buffer QN, and Buffer TE are all supplied in
Giga Prep Kit (Qiagen). Things to do before starting:
 Add the provided RNase A solution to Buffer P1 before use. Use one
vial of RNase A per bottle of Buffer P1.
 Check Buffer P2 for SDS precipitation due to low storage temperatures.
If necessary, dissolve the SDS by warming to 37°C.
 Pre-chill Buffer P3 at 4°C.
Giga Prep (as per Instructions Given in Qiagen Plasmid Purification Handbook)
1. Prepare LB media (2L; 25g/L) and sterilize by autoclaving. Add appropriate
antibiotic.
2. Pick up a single colony from a freshly streaked plate selected on appropriate
antibiotic.
3. Inoculate a started culture. Use 50 ml tubes for this purpose. Incubate 8 hr in
upright position at 370C with vigorous shaking at 200 rpm.
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4. Pour 5-10 ml of started culture in 2L of LB media (autoclaved and containing
appropriate antibiotic).
5. Incubate at 370C with continuous shaking at 200 rpm for 12-16 hrs.
6. Harvest the bacterial cells by centrifugation at 6000 x g for 15 min at 4°C. If
needed, freeze the cell pellets at this stage for continuing protocol later.
7. Resuspend the bacterial pellet in 125 ml of Buffer P1 (RNase A added to it). Use
a 1L bottle to allow proper mixing of the lysis buffer.
8. Add 125 ml of Buffer P2, mix thoroughly by vigorous inversion for 4–6 times,
and incubate at room temperature for 5 min. Do not vortex.
9. Add 125 ml of chilled Buffer P3, mix immediately and thoroughly by vigorous
inversion for 4–6 times, and incubate on ice for 30 min. A fluffy white material
should be formed and the lysate should become less viscous.
10. Centrifuge at 20,000 x g for 30 min at 4°C and promptly remove supernatant
containing plasmid DNA.
11. Centrifuge the supernatant again at 20,000 x g for 15 min at 4°C and promptly
remove supernatant containing plasmid DNA. At this stage, 75 µl of cleared
lysate supernatant can be removed and saved for analysis.
12. Equilibrate a QIAGEN-tip 10000 by applying 75 ml Buffer QBT, and allow the
column to empty by gravity flow.
13. Apply the supernatant from step 11 to the QIAGEN-tip and allow it to enter the
resin by gravity flow.
14. Wash the QIAGEN-tip with 2 x 30 ml Buffer QC. Allow Buffer QC to move
through the QIAGEN-tip by gravity flow.
15. Elute DNA with 15 ml Buffer QF. Collect the eluate in a 50 ml tube.
16. Precipitate DNA by adding 10.5 ml room-temperature isopropanol to the eluted
DNA. Mix and centrifuge immediately at 15,000 x g for 30 min at 4°C.
Carefully decant the supernatant.
17. Wash DNA pellet with 5 ml of room-temperature 70% ethanol, and centrifuge at
15,000 x g for 10 min. Carefully decant the supernatant without disturbing the
pellet.
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18. Air-dry the pellet for 5–10 min, and redissolve the DNA in a suitable volume of
TE buffer. While redissolving, rinse the walls of the tube to collect all DNA.
19. Determine the yield by UV spectrophotometry at 260 nm.
F. Picogreen Assay
The assay was performed according to the instructions supplied with the kit (QuantiT™ PicoGreen® dsDNA kit, Invitrogen). The standard curve and experimental
protocol are described below.
Preparing the Assay Buffer
1. Prepare a 1X TE working solution by diluting the concentrated buffer (supplied
with the kit) 20-fold with sterile, distilled, DNase-free water.
Preparing the Assay Reagent
1. Prepare an aqueous working solution of the Quant-iT™ PicoGreen® reagent by
making a 200-fold dilution of the concentrated solution in 1X TE buffer.
2. For best results, use this solution within a few hours of its preparation and
protect from light by covering with tin foil.
3. Handle with care as this reagent binds with DNA. Although there is no data
available, still it should be considered as mutagen and hence appropriate care
should be taken.
DNA Standard Curve
Following points must be considered while preparing standard curves
 For making standard curve, use same or similar dsDNA as in the
experimental samples.
 Treat the dsDNA solution for standard curve in same way as the
experimental samples are treated.
 Prepare the dsDNA solution for standard curve with same level of
compounds present in the experimental samples as these samples may
have confounding effects on the fluorescence reading.
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 To minimize photo bleaching effects, keep the time for fluorescence
measurement constant for all samples.
Depending on the anticipated levels in the samples, either high range (1 ng/ml to 1
μg/ml) or low range (25 pg/ml to 25 ng/ml) standard curves or both must be
prepared.
1. Follow the protocol in Table F1 for high range standard curve.
2. After making these dilutions, mix well and incubate for 2 to 5 min at room
temperature. Make sure that the solutions are protected from light.
3. For microplate reader, use 200 μl from each dilution.
4. Measure the sample fluorescence using a fluorescence microplate reader and
standard fluorescein wavelengths (excitation ~480 nm, emission ~520 nm).
5. Adjust the gain in the reader to accommodate highest fluorescence signals.
6. Subtract the fluorescence value of the reagent blank from that of each of the
samples.
7. Use corrected data to generate a standard curve of fluorescence versus DNA
concentration.
8. For low range standard curve from 25 pg/ml to 25 ng/ml, prepare a 40-fold
dilution of the 2 μg/ml DNA solution to yield a 50 ng/ml DNA stock solution.
9. Follow protocol in Table F2 for the making the low range standard curve.
10. Continue as in steps 2 to 4.
11. Adjust the gain in the reader to accommodate the lowest fluorescence signals
12. Continue with steps 6 and 7.
Sample Analysis
1. Dilute the experimental samples with known suitable dilution factor to a final
volume of 100 μl.
2. Add 100 μl of the aqueous working solution of the Quant-iT™ PicoGreen®
reagent to each sample.
3. Incubate for 2 to 5 minutes at room temperature, protected from light.
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Table F1: Protocol for preparing high range standard curve
Volume of TE/buffer in Volume

of

2 Volume

of Final

DNA

experimental samples

μg/ml

DNA Diluted Reagent Concentration

(μl)

Stock (μl)

(μl)

0

1000

1000

1 μg/ml

900

100

1000

100 ng/ml

990

10

1000

10 ng/ml

999

1

1000

1 ng/mL

1000

0

1000

blank

Table F2: Protocol for preparing low range standard curve
Volume of TE/buffer in Volume of 50 Volume
DNA Diluted

of Final

experimental samples

ng/ml

(μl)

Stock (μl)

Reagent (μl)

0

1000

1000

1 μg/ml

900

100

1000

100 ng/ml

990

10

1000

10 ng/ml

999

1

1000

1 ng/mL

1000

0

1000

blank
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4. Measure the fluorescence of the sample using instrument parameters that
correspond to those used when generating standard curve.
5. Subtract the fluorescence value of the reagent blank from that of each of the
samples.
6. Determine the DNA concentration of the sample from the standard curve
generated in DNA standard curve. The assay may be repeated using a different
dilution of the sample to confirm the quantitation results.
G. Gel Electrophoresis
Materials Needed


Agarose



TAE buffer



6X sample loading buffer



DNA ladder standard



Electrophoresis chamber



Power supply



Gel casting tray and combs



SYBR® Safe DNA gel stain



Staining tray



Gloves



Pipette and tips

Recipes
TAE Buffer
4.84 g Tris Base
1.14 ml Glacial Acetic Acid
2 ml 0.5M EDTA (pH 8.0)
Bring the total volume up to 1L with water
Preparing Agarose Gel
1. Measure 0.7g of agarose powder and add it to 500 ml conical flask.
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2. Add 100 ml of TAE buffer to the flask (depending on the number of samples
and size of casting tray available, total volume of the gel may vary).
3. Melt the agarose in microwave until the solution becomes clear. Generally it
takes around 1 min. Care should be taken not to over boil the solution as it may
boil out of the flask.
4. Let the solution cool to about 50-55°C by swirling occasionally for even
cooling.
5. Add 10 µl of SYBR® Safe DNA gel stain to the solution and mix by swirling.
6. Place appropriate combs in the casting tray at appropriate position.
7. Pour the solution in the gel casting tray. Make sure that the ends of the tray are
sealed properly.
8. Allow the gel to cast in the tray until it is solid. It should generally take around
30 min.
9. Pull out the comb carefully.
10. Place the gel in the electrophoresis chamber and add enough TAE buffer so that
the level of buffer is at least 2-3 mm over the gel.
Loading Gel
11. Note down the order in which samples will be loaded in the gel.
12. On a paraffin film, add 8 µl of each DNA sample one beside the other in the
sequence the samples will be loaded. Use separate pipette tip each time. Add 2
µl of loading dye to each sample.
13. Using a fresh loading tip, mix each sample with the loading dye and load the
sample in the appropriate well.
14. Pipette 10 l of the DNA ladder standard in at least one of the wells.
15. If there are empty wells load them with loading dye appropriately diluted in TE.
Running Gel
16. Place the lid on the gel box and connect the electrodes correctly (Red to positive
and black to negative).
17. Turn on the power supply and set voltage to 100 volts.
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18. Check to make sure that current is running through the buffer. This can be
confirmed by presence bubbles forming on each electrode.
19. Check that the direction of the current is correct. This can be checked by
observing the direction of movement of the blue loading dye after about couple
of minutes of running the gel.
20. Let the gel run until the blue dye reaches the end of the gel. This generally
would take 30-45 min.
21. Turn off the power supply and disconnect all the wires.
22. Remove the lid of electrophoresis chamber and using gloves carefully remove
the gel with the tray.
Examining the Gel
23. Place the gel onto the transilluminator and ensure that the safety door of the
darkroom cabinet is shut securely.
24. Select SYBR safe filter. The transilluminator should turn on automatically.
25. Observe the image of gel on the computer screen. The image may be adjusted by
opening or closing the aperture, or by increasing or decreasing the exposure
time.
26. Once satisfied with the adjustments, click “capture” to capture image. At this
stage, changes can be made such as cropping the image for new area of interest
or enhance by adjusting brightness/contrast etc. Save the image/s.
27. Switch off the darkroom.
28. Remove the gel from the transilluminator, wrap in a tissue paper, discard in
appropriate waste bin and wipe dry the transilluminator.
H. Fluorescent Microscopy
Fluorescent microscopy was used for in vitro transfection study. The cells were
grown on glass coverslips (Thermanox™) in 24-well plate. This makes it easier to
place the coverslip on glass slide for viewing under microscope.
1. At appropriate time point, remove the media from the cells.
2. Gently wash the coverslips with hank’s balanced salt solution.
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3. Add 500 µl of 4% paraformaldehyde. Note that it takes time for
paraformaldehyde to dissolve in PBS so stirring on magnetic hot plate is
required. It is wise to prepare the solution a night before the actual experiment
4. Incubate at room temperature for 15 min to allow fixation.
5. After fixation, remove paraformaldehyde solution and gently wash 2-3 times
with PBS.
6. Place the coverslip on the glass slide with cell surface facing the slide. Place a
drop of glycerol or DPX (A mixture of distyrene, a plasticizer, and xylene) in
the center of glass slide before placing the coverslip.
7. Seal the edges of the glass coverslip with nail polish to prevent the samples from
drying out.
8. Focus the cells under microscope with bright field and take snaps.
9. With the same field of view, now change the filter to FITC (green) filter to see
green fluorescence from GFP. The bright light should be turned off at this stage.
10. Presence of green fluorescence confirms transfection and comparison with the
bright field images confirm that fluorescence is from cells.
I. Surface Plasmon Resonance
The surface plasmon resonance studies were performed to qualitatively assess
biomolecular interaction between fibrinogen and lipofectin. Please note that
quantification of the interaction remains to be done.
Preparation of Instrument (Biacore 2000)
1. Set the instrument temperature to 25°C.
2. Dock a clean maintenance chip.
3. Place distilled water bottle into BiaCore 2000 unit, and insert tube into lid and
prime.
4. Then run DESORB.
5. Prime 2X with water.
6. Undock existing maintenance chip, and dock new CM3 chip.
7. Place HBS-EP bottle into BiaCore 2000 unit, and insert tube into lid
8. Prime the system with HBS-EP buffer.
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Immobilization
1. Solutions required


EDC 0.1 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide in water



NHS 0.1 M N-hydroxysuccinimide in water



Ethanolamine 1 M ethanolamine-HCl pH 8.5



Fibrinogen 60 mg/ml

2. Mix 35μl of 0.1M NHS with 35μl of 0.1M EDC, and add mixture to a tube and
place in tube rack.
3. Dilute fibrinogen in sodium acetate pH 4.0 to 60 mg/ml.
4. Place a tube containing 70μl of 1M ethanolamine-HCl, pH 8.5 in tube rack.
5. Set up the commands to carry out the following injections


EDC/NHS – Over all four flow cells (Fc), inject at a rate of 5μl/min for 7
min.



Fibrinogen – Immobilize on Fc 2 and 4 only: Inject at a rate 5μl/min for
7 min.



Ethanolamine – Over all Fc, inject at a rate of 5μl/min for 7 min.

Binding Study
1. Prepare lipofectin solution of high (0.5 mg/ml) and low (0.05 mg/ml)
concentrations in 10 mM HEPES pH 7.4.
2. Inject high concentration solution over Fc 2 and 4 at a rate of 30 μl/min for 7
min.
3. Repeat the injection to ensure saturation.
4. Regenerate the surface using 10 mM glycine, pH 2.5.
5. Inject low concentration solution of lipofectin over regenerated surface of Fc 2
and 4 at a rate of 30 μl/min for 7 min.
6. Regenerate the surface using 10 mM glycine, pH 2.5.
7. Make sure non-specific binding is got rid of by subtracting response units (RU)
readings of Fc 1 and 3 (reference) from those of Fc 2 and 4 respectively.
8. Measure RU due to binding, by subtracting RU before injection from RU after
injection.
261

Appendices
J. Luciferase Assay
This assay was performed using luciferase assay system (Promega, UK) and
measured by Wallac Multi-label Counter, PerkinElmer. Before starting the
procedure, following care should be taken.


Store the tissue to be assayed immediately after extraction in liquid
nitrogen until assay is done.



Perform the steps in the assay in a walk in cold room. Key is always
keeping the samples chilled.

The assay is performed as follows:
1. Homogenize the tissue sample using Tissue RuptorTM (Promega, UK) in 500 μl
of cell culture lysis buffer.
2. Subject the tissues extracts to three cycles of freeze thaw (3 min in liquid
nitrogen and 3 min at 370C).
3. Centrifuge at 10,000 rpm and 40C in a bench-top microfuge for 10 min.
4. Pipette out 50 μl of the supernatant and mix with 100 μl of luciferase assay

buffer (Promega, UK).
5. Measure the light units immediately using Wallac multi-label counter

(PerkinElmer).
K. Scratch Assay
1. Plate normal human epidermal keratinocytes (NHEK) on 60 mm cell culture
dishes at density of 105 cells/dish.
2. Grow to confluence in keratinocyte growth medium 2 (Promocell) either with
high glucose (25mM) or normal glucose (6.5mM) for 7 days.
3. Create multiple scratch wounds (4 scratch wounds per dish each passing through
the centre of dish and at an angle of 45 degrees) using 200 µl pipette tips on the
confluent monolayer of cells, as shown in Figure K1.
4. Allow the cells to heal the scratch wounds for 36 hours.
5. Conduct all the experiments in triplicate.
6. Take photographs at five predetermined fields of vision using a digital camera.
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7. Calculate the average distance between the edges of the scratch wound using
image analysis software (Image Pro Plus 7.0, Media Cybernetics).
8. Quantify the percentage recovery of scratch wounds.
L. Alloxan Treatment (SOP AF/AP/023)
Alloxan treatment and care of rabbits is carried out according to SOP AF/AP/023/02
and SOP AF/AP/024/02
SOP NO: AF/AP/023
TITLE: Induction of diabetes mellitus in the rabbit
Written by: Dr. Ariella Magee, Clinical Technician
Date: 04-10-2006
1. Introduction
This SOP details the procedure to be followed when creating a rabbit model of
diabetes mellitus by the National center for biomedical engineering science
(NCBES) and Regenerative medicine institute (REMEDI), NUI Galway.
2. Health and Safety
 Wherever there are animals present there exists the potential for animal
allergy to develop.
 Always wear gloves and overcoat/ lab coat when working with alloxan
as it is a harmful chemical. Always weigh alloxan in a fume hood.
3. Procedure
3.1. Preoperative Preparation


The rabbit is restricted from food for 12 hrs prior to the procedure.



The rabbit is weighed.



The rabbit is sedated using Acepromazine 1mg/kg SC and the posterior
surface of his ear shaved using a shaver. Emla® cream is applied and
gently massaged into the skin and left in situ for 20 minutes.



The rabbit is placed in a ‘bunny snuggle’. The Emla® cream is removed
using a tissue and the skin is then sterilized over the area of the
marginal ear vein using betadine.
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Figure K.1: Schematic showing confluent monolayer of primary human
keratinocytes on the left and scratch wounds created on the monolayer shown on
the right. The schematic is not drawn to scale.
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3.2. Alloxan Infusion Preparation
 Alloxan is kept in the fridge @ 4C.
 150mg/kg of Alloxan is carefully weighed into a sterile container using a
weigh boat in an appropriate vacuum hood in the NCBES.
 The alloxan is dissolved in 3 ml of sterile 0.9% normal saline in a sterile
container and drawn up into syringe through a syringe filter. Keep the
solution on ice until used. The solution is then transferred into 50 ml
sterile syringe in which 27 ml of sterile 0.9% normal saline has already
been drawn up to make 30 ml.
3.3. Alloxan Infusion
 A 24 gauge butterfly IV cannula is flushed with saline and the syringe
containing the alloxan is attached to the butterfly needle. Make sure
there are no air bubbles in the tube before inserting butterfly needle
into vein. The butterfly needle is inserted into the marginal ear vein
and secured in place using tape.
 The solution is infused at a rate of 2 ml/minute over 30 minutes.
 Once the infusion is completed the butterfly needle is removed and
pressure is applied over the puncture site using cotton wool.
 The rabbit is then placed back into his cage and given free access to
food.
 A bottle containing 500 ml of water with two spoons of sugar is placed
daily on the cage for 48 hours as alloxan can initially cause
hypoglycemia in the initial 48 hours post infusion.
M. Management of Diabetes Mellitus in Rabbit (SOP AF/AP/024)
SOP NO: AF/AP/024
TITLE: Management of diabetes mellitus in the rabbit
Written by: Dr. Ariella Magee, Clinical Technician
Date: 04-10-2006
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1.

Introduction
This SOP details the procedure to be implemented following induction of
diabetes mellitus in the rabbit model by the Department of Medicine in NUI
Galway.

2. Health and Safety
Wherever there are animals present there exists the potential for animal allergy
to develop.
3.

Assessment of the Rabbit:
 Glucose:
Daily for 9 days
Weekly thereafter until the rabbit is euthanized
Spot glucose assessment if the rabbit appears:


In distress



Withdrawn



Ears flattened



Not eating



Reduced fluid intake

 Weight: Weigh the rabbit twice / week.
 Dietary Intake: Weigh food daily, i.e. check if rabbit ate.
 Apply molasses to front paw of the rabbit if he is not eating well and
treat hyperglycemia.
 Fluid Intake:

Measure fluid intake daily.

 Give 30mls 0.9% normal saline SC (in the scruff) if the rabbit has
reduced fluid intake.
 Treat hyperglycemia if reduced fluid intake.
4. Blood Glucose Evaluation


The rabbit is allowed free access to food and water post induction of
diabetes mellitus. Note that diabetic rabbits will dehydrate easily if not
given free access to water.
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The skin on the posterior surface of the ear is cleansed using betadine.



The glucometer is turned on and a test strip with corresponding number
as displayed on the screen is placed into it.



A needle stick injury is applied to the marginal ear vein and the
resultant blood is collected onto the test strip and a read-out of the
serum glucose level will be given on the screen.

5. Insulin Dosing Regimen:


Give insulin if the rabbit appears to be withdrawn with flattened ears,
has a reduced oral (diet/fluid) intake or has an infection.







The following doses of insulin can be given SC if required


Blood glucose > 24 mmol/L - 2 units of Mixtard



Blood glucose > 30 mmol/L - 4 units of Mixtard



Blood glucose Hi mmol/L - 6 units of Mixtard

Only give insulin if rabbit is:


Not eating



Not drinking



Drinking > 500mls/day



Has infection



Appear very withdrawn; flattened ears

The following doses of insulin should be given SC when rabbit is
about to receive anesthesia:


Blood glucose > 18 mmol/L - 2 units of Mixtard



Blood glucose > 26 mmol/L - 4 units of Mixtard

N. Surgical Procedure
1. After 7 days of hyperglycemia, Anesthetize the rabbit using 0.1ml/kg xylazine
and 0.12 ml/kg ketamine (this is half dose, non-diabetic rabbits receive full
dose) (Figure N.1)
2. Shave hair is from the rabbit ear (Figure N.2).
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Figure N.1: Induction of Anesthesia.

Figure N.2: Shaving the ventral surface of the ear.

Figure N.3: Oxygen and sedation.
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3. Maintain the anesthesia using 2% isofluorane for the duration of surgery (Figure
N.3).
4. Prior to surgery, clean surgical bed with 70% alcohol and lay out surgical drape.
5. Prepare the treatments in hood with all aseptic precautions.
6. Sterilize the following instruments


Scalpel handle



Forceps (fine point and thick point)



Small and large scissors



Other instruments: 6mm diameter punch biopsies (Panvet) are
disposable sterilized.

Scalpel blades (no. 15) are disposable

sterilized.
7. Lay out sterile swabs and surgical drape.
8. Prepare a container of betadine.
9. Scrub up according to GMP, having an assistant open sterile glove packet.
10. Have an assistant open the surgical drape, take it and place over the rabbit
(Figure N.4).
11. Place another drape in the instrument tray.
12. Have the assistant open the sterilized instrument package, punch biopsy and
swab package and drop them into tray, along with scalpel blade.
13. Take the blade and attach it to the handle.
14. Dip swab in betadine and using the wet side, rub the inside of the rabbit ear from
distal to proximal, and turn swab over to dry the ear in the same direction
(Figure N.5).
15. Take the 6mm punch biopsy and depress it gently into ear, taking care that the
underlying cartilage is not cut (Figure N.6).
16. When the dermis has been punctured, use a fine point forceps to pull skin from
punch area (Figure N.7-1 and N.7-2).
17. Use a scalpel blade to aid in removal of dermis from underlying cartilage, until
the 6mm diameter wound has been created (Figure N.8).
18. Repeat to create four wounds on each ear.
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Figure N.4: Draping.

Figure N.5: Cleaning.

Figure N.6: Punch biopsy.
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19. Place wound site avoiding blood vessels with adequate spacing between wounds
for tissue harvesting and to avoid mixing of treatments.
20. Take high quality digital images, with a ruler placed next to the ear with same
settings in the camera each time and keeping the distance from the ear the same
21. Administer treatments as per the predesigned random treatment allotment sheet
(Figure N.9).
22. Protect the treatments from scratching by either suturing the edges of ear
together as shown (Figure N.10 and N.11) or taping together using operfix.
23. Place a collar around the rabbit neck.
24. Place rabbit back in cage, and monitor appearance, food and water intake and
dressings.
O. Necropsy
Euthanisation
1. At day of sacrifice, measure blood glucose level.
2. Anesthetize the rabbit using full dose ketamine (0.3mg/ml) and xylazine
(0.35mg/ml).
3. Once asleep, give 2ml of sodium pentobarbital (Dolethal) to euthanize.
4. When heart beat has stopped, remove rabbit to necropsy room.
Tissue Harvesting
1. Remove rabbit ear.
2. Take high quality digital images, with a ruler placed next to the ear with same.
settings in the camera each time and keeping the distance from the ear the same
3. Cut each wound in two (in LR plane).
4. Formalin fix one half.
5. Place the second half in the RNAlater for RNA isolation and store at -800C.
6. After one hour of formalin fixation, the tissue can be processed by using
overnight processing technique.
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Figure N.7-1: Removal of skin and subcutaneous tissue to expose
cartilage.

Figure N.7-2: Removal of skin and subcutaneous tissue to expose
cartilage.

Figure N.8: Cartilage exposed.
272

Appendices

Figure N.9: Application of treatments.

Figure N.10: Stitching the edges of ear together to avoid scratching.

Figure N.11: Ear after stitching.
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Tissue Processing
1. Transfer tissue to labeled cassettes and place cassettes in slide tray.
2. Place the slide tray in the processing machine (Leica).
3. Choose routine overnight (16 hours) program for the processing.
Embedding
1. After processing, switch on wax unit and cold plate.
2. Fill a plastic mould (Lennox) with melted wax, and transfer tissue to mould,
making sure to orientate wound properly (edge facing down).
3. As wax starts to solidify, ensure tissue is uptight, place labeled cassette (without
lid) on wide base of mould, and cover with wax
4. Transfer to cold plate, until ready to keep in fridge.
5. Keep at 4C at least overnight, to ensure adequate embedding.
Sectioning
1. Preheat water bath for 10 min.
2. Mount block on microtome.
3. Make sure to put on safety lock.
4. Set trim to 20 microns and cut to 5 microns.
5. Bring blade unit back behind block (approx. 4 mm), and line up block.
6. Advance blade until it meets block, and set function to trim.
7. Turn off safety lock and start to move block.
8. Trim block until it reaches tissue, and start to collect sections.
9. Change setting to cut (5 microns), and slowly raise and lower block.
10. Try to get six consecutive sections, and transfer to water bath.
11. Lift end of sections with a forceps and remove from blade with a pencil tip.
12. Gently place on top of cold water, and separate each section with tweezers.
13. Have slides labeled, and collect six sections.
14. Trim for 200 um and repeat sectioning.
15. Trim for 200 um once again and repeat sectioning.
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P. Staining
Following are the protocols for the staining with formalin fixed, paraffin embedded
(FFPE) samples. The fresh frozen samples do not need rehydration and dehydration
steps. All the steps involving xylene and DPX must be done under chemical hood
with protective equipments.
Haematoxylin and Eosin
1. Place slides in oven for 600C for 2 hours.
2. Bring slides to water.
3. Xylene for 10 minutes, then 5 min


100% Alcohol – 3 min



95% Alcohol – 3 min



70% Alcohol – 3 min

4. Stain slides in Mayer’s hematoxylin for 10 min.
5. Dip slides in tap water for 5 min.
6. Dip slides in acid alcohol for 10-15 seconds (here precaution must be taken not
to remove too much of hematoxylin. If in doubt, check in microscope at this
stage and if repeat the step 3 and reduce time in step 5).
7. Soak slides in tap water for 3 min (it is in this step the slides develop violet color
of hematoxylin, so don’t be impatient at stage 3).
8. Stain slides in eosin for 5 min.
9. Soak slides in tap water for 3 min.
10. Dehydrate slides in the following series of solutions:


70% alcohol 5 min



90% alcohol 5 min



100% alcohol 5 min

11. Clear in xylene and mount slides using DPX and coverslips.
Q. Immunohistochemistry
β-Galactosidase
1. Bring slides to water:


Xylene for 10 minutes, then 5 min
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100% Alcohol – 3 min



95% Alcohol – 3 min



70% Alcohol – 3 min

2. Rinse in distilled water.
3. Draw a circle around tissue with PAP tissue blocker pen (Sigma Aldrich).
4. Add 100µl of Proteinase-K 1X solution to each section. Leave for 20 min at
37°C.
5. Take out of incubator and cool for 10 min.
6. Rinse twice in PBST for three minutes each.
7. Block with 100µl of normal blocking buffer for 30 min (in humidity chamber)
8. Tap off blocking buffer.
9. Add 50µl primary mouse anti βGal (AbCam Ab116) 1:100 in primary dilution
buffer. Leave for two hours at room temperature (or overnight at 40C).
10. Rinse 2 to 3 min in PBST.
11. Block with 3% H2O2 (2ml 30% H2O2 + 18ml water) for 10 min.
12. Rinse 2 to 3 min in PBST.
13. Add 50µl of secondary biotin conjugated anti-mouse IgG (Dako) 1:100 in
secondary dilution buffer for 1 hour at room temperature.
14. Rinse 2 to 3 min in PBST.
15. Add 50µl of streptavidin AB Complex HRP (Dako) for 30 min. Make freshly
just 30 min prior for mixing reaction to occur: In 5ml of PBS (0.01M), add 1
drop of solution A and 1 drop of solution B).
16. Rinse 2 to 3 min in PBST and add DAB Chromagen (1mg/ml in PBS, Sigma)
for 4 - 8 min. Activate the DAB prior to use with 3µl of H2O2. Rinse twice in
PBST.
17. Counterstain in Mayer’s hematoxylin for 30 sec and wash under running water
for 3 min.
18. Dehydrate:


70% Alcohol – 3 min



95% Alcohol – 3min



100% Alcohol – 3min
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Clear in xylene and mount with DPX

CD31
1. Bring slides to water (frozen sections do not need this step):


Xylene for 10 minutes, then 5 min



100% Alcohol – 3 min



95% Alcohol – 3 min



70% Alcohol – 3 min

2. Rinse in distilled water.
3. Draw around tissue with PAP tissue blocker pen (Lennox).
4. Add 100μl of Proteinase-K 1X solution to each section. Leave for 20 min at
37°C. Take out of incubator and cool for 10 min.
5. Rinse twice in PBST for three minutes each.
6. Block with 100μl of normal blocking buffer for 30 min (in humidity chamber).
7. Tap off blocking buffer.
8. Add 50μl primary mouse anti CD31 (DakoCytomation) 1:30 in primary dilution
buffer. Leave for one hour at room temperature (or overnight at 4ºC).
9. Rinse 2x3 min in PBST. Block with 3% H2O2 (2ml 30% H2O2 + 18ml water)
for 10 min.
10. Rinse 2x3 min in PBST and add 50μl of secondary biotin conjugated anti-mouse
IgG (Dako) 1:100 in secondary dilution buffer for 1 hour at room temperature.
11. Rinse 2x3mins in PBST, and add 50μl of streptavidin AB Complex HRP (Dako)
for 20 min. (Make 30 min prior for mixing reaction to occur: In 5ml of PBS,
add 1 drop of solution A and 1 drop of solution B).
12. Rinse 2x3 min in PBST and add DAB Chromagen (1mg/ml in PBS, Sigma) for
3 min. Activate the DAB prior to use with 3μl of H2O2. Rinse twice in PBS.
13. Counterstain in hematoxylin for 30 sec, and wash under running water for 5
min.
14. Dehydrate (frozen sections do not need this step):


70% Alcohol – 3 min



95% Alcohol – 3 min



100% Alcohol – 3 min
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Clear in xylene and mount with DPX

Ram11
1. Bring slides to water (frozen sections do not need this step):


Xylene for 10 minutes, then 5 min



100% Alcohol – 3 min



95% Alcohol – 3 min



70% Alcohol – 3 min

2. Rinse in distilled water.
3. Draw around tissue with PAP tissue blocker pen (Lennox).
4. Add 100μl of Proteinase-K 1X solution to each section. Leave for 20 min at
37°C. Take out of incubator and cool for 10 min.
5. Rinse twice in PBST for three minutes each.
6. Block with 100μl of normal blocking buffer for 30 min (in humidity chamber).
7. Tap off blocking buffer.
8. Add 50μl primary mouse monoclonal anti-rabbit macrophage clone Ram11
(Dako, Dublin, Ireland) 1:100 in primary dilution buffer. Leave for overnight at
4ºC.
9. Rinse 2x3 min in PBST. Block with 3% H2O2 (2ml 30% H2O2 + 18ml water)
for ten minutes.
10. Rinse 2x3 min in PBST and add 50μl of secondary biotinylated anti-mouse
horse radish peroxidase conjugated antibody (Calbiochem) for 40 min at room
temperature in secondary dilution buffer.
11. Rinse 2x3 min in PBST and add DAB Chromagen (1mg/ml in PBS, Sigma) for
3 min. Activate the DAB prior to use with 3μl of H2O2. Rinse twice in PBS.
12. Counterstain in hematoxylin for 30 sec, and wash under running water for 5
min.
13. Dehydrate (frozen sections do not need this step):


70% Alcohol – 3 min



95% Alcohol – 3 min



100% Alcohol – 3 min
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Clear in xylene and mount with DPX

Reagents for Histology and Immunohistochemistry
1. 1% Acid Alcohol
2ml HCL
198ml IMS
2. Phosphotungstic / Phosphomolybdic acid (make fresh every use)
50ml of 5% Phosphotungstic acid
50ml of 5% Phosphomolybdic acid
100ml of distilled water
3. 1X PBS (0.01M) – 500ml
0.54g Na2HPO4
0.16g NaH2PO4
4.5g NaCl
in 500 ml distilled water, bring to pH 7.2
4. 1X PBST (0.01M, 0.05% Tween) – 500ml
0.54g Na2HPO4
0.16g NaH2PO4
4.5g NaCl
in 500 ml distilled water, bring to pH 7.2
Add 250μl of Tween 20
5. Proteinase K 1x Working Solution (20μg/ml) – 20ml
Proteinase K 20x stock solution - 1ml
TE Buffer, pH 8.0 - 19ml
Aliquot and store at -20°C
6. Proteinase K 20x Stock Solution (400μg/ml) - 10ml
Proteinase K - 4mg
TE buffer, pH8.0 - 10ml
Aliquot and store at -20°C
7. TE Buffer (50mM Tris Base, 1mM EDTA, pH8.0) – 100ml
Tris Base 0.61g
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EDTA 0.037g
Distilled Water 100ml
Store at room temperature
8. Normal Blocking Serum – 10ml
2% goat serum (blocking) - 0.2ml
1%BSA (stabilizer) - 0.1ml
0.1% cold fish skin gelatin (blocking) - 0.01ml
0.1% Triton X-100 (penetration enhancer) - 0.01ml
0.05% Tween 20 (detergent and surface tension reducer) - 5μl
0.05% sodium azide (preservative) - 5mg
0.01M PBS, pH 7.2 – 10ml
Mix well and store at 4 ºC.
9. Primary Antibody Dilution Buffer – 10ml
1%BSA (stabilizer) - 0.1ml
0.1% cold fish skin gelatin (blocking) - 0.01ml
0.05% sodium azide (preservative) - 5mg
0.01M PBS, pH 7.2
10. Secondary Antibody Dilution Buffer –
0.05% sodium azide (preservative) 5mg
0.01M PBS, pH 7.2
R. Stereology
1. Place stained slide under bright field light.
2. Capture an image at 1.25X objective.
3. Align the slide using 10X objective, so that the cartilage is parallel to the
viewing frame.
4. Identify one of the wounds edges, by the change in thickness of epithelium,
the change in collagen (blue) density), the change in cellularity, and the lack
of skin appendages.
5. Capture an image using the 40X objective.
6. Move the stage, so that each section of the wounded area is viewed.
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7. Capture a further 5 images at random within the wounded area.
Wound Volume and Closure
1. Using image analysis software (Image Pro), calibrate each image at 1.25X
magnification.
2. Using the line command, trace the base of the wound from edge to edge
along the cartilage. This is the diameter of the wound at day of sacrifice (Di).
3. Repeat the procedure for the day zero wound. This is D0 and will be used for
all further calculations regarding wound closure.
4. Using image analysis, measure the thickness of the wound, by drawing lines
perpendicular to the cartilage layer.
5. Create six measurements across the width of the wound, and get the average
value for thickness (t).


The volume of the wound is calculated by: V = Ai X t



Percent closure (%C) is measured by: (D0 – Di / D0) X 100

Epithelialisation
1. Calibrate each image at 1.25X magnification.
2. Using image analysis, measure the distance between two encroaching
sections of epithelium. This value is Ei.
3. The epithelial gap at day zero (E0) is equal to the same value as measured for
the wound diameter at day zero.


Percent epithelialization (%E) is measured by: (E0 – Ei / E0) X 100

Volume Fraction of Inflammatory Cells
1. Open each image separately in Image Pro®.
2. For each image, choose the ‘grid mask’ command.
3. In the pop-up window, set the type of grid, grid size and margins to be used.
4. To determine volume fraction, choose a line grid with 40X40 pixel spacing,
and margins of 20 pixels.
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5. Make sure that the cell type or object of interest is not bigger than the area
enclosed by four grid points.
6. Click ‘apply’ and the grid will overlay the image.
7. Use the ‘measurements’ command to count intersections between the cell
type of interest (inflammatory cells) and the grid intersections.
8. In an excel sheet, type in the number of intersections for each field of view.
9. Also record the number of grid points which hit the tissue of interest.
10. When the number of intersections and grid points has been counted for the
six fields of view from one section, calculate the cumulative volume
fraction, using the following equation:
Vv 

P
P

P

T

Where PP is the total number of cell/ grid point intersections, and PT
is the total number of grid points in the reference space for the six fields
of view.
Surface Density of Blood Vessels
1. Choose a ‘cycloid’ grid in the command box.
2. Calibrate all images for this measurement. A microscope slide with
markings of known dimensions has been captured in Image Pro® previously,
with images at every objective and saved on the computer.
3. Open the calibration folder.
4. Select the appropriate objective lens folder, and open an image.
5. Scroll down ‘measurements’ toolbar, and select ‘calibration wizard’.
6. In the pop-up menu, select ‘set calibration’.
7. Choose the objective lens, and measure the size of the circle on the open
image.
8. In the next command, enter the actual measurement of the circle (given in
the name of the image).
9. Save this calibration, in your working folder.
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10. When Image Pro® is re-opened, it is important to open this calibration file
every time.
11. Go to ‘measurements,’ and ‘open.’ Open the calibration file.
12. Next, go to ‘measurements’ and ‘set system’.
13. To measure surface density, place a cycloid grid on the field of view of
interest.
14. Choose a radius of 20µm and a spacing of 40µm.
15. Set margins at 20µm.
16. Overlay the grid, as described for volume fraction.
17. Ensure that the image is aligned, so that the cartilage layer is parallel to the
major (x-axis) of the grid.
18. As the length of a cycloid arc is twice the height, each arc is 40µm.
19. Count the number of arcs on the reference space, and multiply by 40, to give
the total length of test line.
20. Count the number of intersections between blood vessels and the test line,
and calculate surface density according to the following equation.
SV  2 

I
LT

Where I is the number of intersections and LT is the total length of test line.
Again, a cumulative surface area for the six fields of view must be
calculated.
Length Density of Blood Vessels
1. Rotate each image by 90 degrees, so that the cartilage lies along a y-axis.
2. Apply the same grid as in surface density.
3. The cartilage is now perpendicular to the major axis of the grid.
4. Count the intersections between blood vessels and cycloid arcs and use the
following equation to calculate length density.

Lv 

(2  I L )
TS
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Where IL is the number of intersections per unit of test line and Ts is the
thickness of the section.
S. RNA Isolation
1. Homogenize cells with 1 ml Trizol/Tri-reagent by incubating at room
temperature for 1min and then pipetting.
2. For wound tissue, cut the wound tissue using sterile scalpel, add 1 ml
Trizol/Tri-reagent and then homogenize using Tissue Ruptor™ probes
(Qiagen, United Kingdom).
3. Use fresh probe for each sample. The probes can be sterilized by autoclaving
and can be reused later.
4. Incubate the homogenate at room temperature for 5 min to complete
dissociation.
5. At this stage, samples can be stored at -800C and the protocol can be
proceeded at a later stage.
6. Thaw the frozen samples.
7. Add 200 µl of chloroform to 1 ml of Trizol.
8. Shake vigorously by inversion several times.
9. Incubate at room temperature for 15 min.
10. Centrifuge at 12 000 g for 15 min at 40C.
11. Following centrifugation, phase separation takes place creating three distinct
layers: Lower phenol chloroform layer, middle interphase, upper translucent
aqueous phase.
12. Remove translucent aqueous phase (~650 µl) and add in a fresh tube.
13. Add one volume (~700 µl) of 70% ethanol slowly and carefully mix by
inversion.
14. Apply the sample (700 µl at a time) to RNeasy® mini spin column (Qiagen),
centrifuge for 15s at 8000 g and discard follow through.
15. Add 350 µl of RW1 buffer to center of column, centrifuge for 15s at 8 000g,
discard follow through.
16. Add 10µl DNase stock solution to 70 µl Buffer RDD and add the DNase
incubation mix directly onto the RNeasy column. Incubate at RT for 15 min.
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17. Add 350 µl of RW1 buffer to center of column, centrifuge for 15s at 8 000g,
discard flow-through.
18. Transfer column to new 2ml collection tube.
19. Add 500 µl RPE to the centre of column, centrifuge for 15s at 8 000 g,
discard flow-through.
20. Add 500 µl of RPE buffer to the centre of column, centrifuge for 15s at
8 000g, discard flow-through, centrifuge for a further 2 minutes at 8 000g.
21. Transfer column to new 1.5 ml tube , add 10 µl RNase-free water onto the
column, incubate at RT for 1 min, centrifuge for 1 minute at 8 000g.
22. Add a further 10 µl RNase-free water onto the column, incubate at RT for 1
min, centrifuge for 1 minute at 8000 g.
23. Take back the 10 µl of eluate and add again onto the column, incubate at RT
for 1 min, centrifuge for 1 minute at 8000 g.
24. Determine the concentration at the NanoDrop and freeze at -80°C.
T. RNA Integrity
The integrity of RNA is checked using Agilent 2100 Bioanalyzer and Agilent
RNA 6000 Nano kit according to the protocol given in Agilent RNA 6000 Nano
Kit Guide.
Equipment Needed
1. Chip priming station (supplied with the Agilent 2100 Bioanalyzer )
2. IKA vortex mixer (supplied with the Agilent 2100 Bioanalyzer )
3. 16-pin bayonet electrode cartridge (supplied with the Agilent 2100
Bioanalyzer )
4. RNase AWAY® (Sigma) for electrode decontamination
5. RNase-free water
6. Pipettes (10 μl and 1000 μl) with compatible tips (RNase-free, no filter tips,
no autoclaved tips)
7. 1.5 ml microcentrifuge tubes (RNase-free)
8. Microcentrifuge (1300 g)
9. Heating block or water bath for ladder/sample denaturation
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Before Beginning
1. Replace the syringe at the chip priming station with each new DNA kit.
2. Adjust the base plate of the chip priming station.
3. Adjust the syringe clip at the chip priming station.
4. Decontaminate the electrodes using RNase decontamination protocol with
RNase AWAY in electrode cleaner.
5. Adjust the bioanalyzer’s chip selector.
6. Set up the vortex mixer.
7. Bring all reagents, except RNA and ladder to room temperature for 30 min
before use. Protect the dye concentrate from light while bringing it to room
temperature.
8. Finally, make sure that the software is started before loading the chip.
Preparing Gel
1. Place 550 μl of Agilent RNA 6000 Nano gel matrix into the top receptacle of
a spin filter.
2. Centrifuge for 10 min at 4000 rpm.
3. Aliquot 65 μl filtered gel into 0.5 ml RNase-free microfuge tubes that are
included in the kit. Store the aliquots at 4 °C and use them within one month
of preparation.
Preparing Gel-dye Mix
1. Vortex RNA 6000 Nano dye concentrate for 10 seconds and spin down.
2. Add 1 μl of RNA 6000 Nano dye concentrate to a 65 μl aliquot of filtered
gel.
3. Cap the tube, vortex thoroughly and visually inspect proper mixing of gel
and dye. Store the dye concentrate at 4 °C in the dark again.
4. Spin tube for 10 minutes at room temperature at 14000 rpm. Use prepared
gel-dye mix within one day.
Loading Gel-dye Mix, Marker, Samples and Ladder
1. Place a new RNA nano chip on the chip priming station.
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2. Pipette 9 μl of the gel-dye mix at the bottom of the well marked “G” for the
gel dye mix.
3. Pressurize using the plunger exactly for 30 sec.
4. Pipette 9 μl of the gel-dye mix in each of the marked wells.
5. Pipette 5 μl of the RNA 6000 Nano marker into the well marked with the
ladder symbol and each of the 12 sample wells. Do not leave any well
empty, even if samples are less than 12.
6. To minimize secondary structure, heat denature (70°C, 2 minutes) the
samples before loading on the chip. The ladder is heat denatured and
aliquoted upon arrival.
7. Pipette 1 μl of the RNA ladder into the well marked with the ladder symbol
8. Pipette 1 μl of each sample into each of the 12 sample wells. Pipette 1 μl of
buffer in which samples are diluted in each of the unused wells if any.
9. Place the chip horizontally in the adapter of the IKA vortex mixer and vortex
at 2000 rpm for 60 sec, taking to avoid liquid spills.
Inserting Chip, Starting Run and Cleaning Up After Run
1. Open the lid of Agilent 2100 Bioanalyser and Check that the electrode
cartridge is inserted properly and the chip selector is in position.
2. Clean electrodes on the Agilent 2100 Bioanalyser using RNAzap for 1min
and RNAse free water for 1 min.
3. Place the chip carefully into the receptacle.
4. Carefully close the lid. The electrodes in the cartridge fit into the wells of the
chip. At this stage the software should indicate that chip is inserted and lid is
closed.
5. Select proper assay (eukaryotic RNA program), give name and start the run.
6. After the run is finished, remove the chip and discard according to good
laboratory practice. Data is saved automatically. Check the RNA integrity
number (RIN).
7. To clean the electrode, place the electrode cleaner in the Bioanalyser, close
the lid and keep it closed for 10 sec, open the lid, wait another 10 sec for
water to evaporate.
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U. Microarray
1. For isolation of RNA, homogenize cells by Trizol and then phase separate in
chloroform and isolate RNA using RNeasy® Micro Kit (Qiagen), following
the manufacturer’s protocol.
2. Check the quantity of RNA isolated spectrophotometrically using a
NanoDrop.
3. Check the quality using Agilent RNA 6000 Nano Chips and Agilent 2100
Bioanalyser.
4. Perform microarrays on three biological replicates using GeneChip Human
Genome U133 Plus 2.0 Array (Affymetrix) (this was done at Karolinska
Biomic Center, Stockholm). Following protocol was followed.
5. Convert 2 µg of total RNA to cDNA and clean up.
6. Synthesize the Biotin labeled cRNA.
7. Remove unincorporated NTPs and assess the quality using Agilent 2100
bioanalyzer.
8. For generating unlabeled cRNA, use 100ng of total RNA for cDNA
synthesis. This cRNA was then cleaned up and reverse transcribed in the
second cycle first strand cDNA synthesis, double-stranded cDNA cleaned
up, amplified and labeled. The newly synthesized biotin labeled cRNA was
cleaned removing unincorporated NTPs and quality assessed.
9. Fragment 25µg of cRNA generated in the in vitro transcription (IVT)
reaction using 5X fragmentation buffer and RNase-free water. The
fragmentation reaction was carried out at 94°C for 35 min to generate 35200 base fragments for hybridization. Quality was assessed at this stage.
10. Prior to hybridization, calculate the adjusted cRNA yield for total RNA
carryover in the IVT reaction.
11. Add 15µg of fragmented cRNA made up into a hybridization cocktail to
HG-U133 Plus 2.0 array, then hybridize for 16hrs at 45°C, wash and stain on
fluidics station.
12. Once completed, scan the samples using GeneChip® Scanner 3000. The
results were obtained as CEL files.
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13. Pre-process the CEL files, which store the results of the intensity
calculations on the pixel values of probes as the first order data analysis for
the background correction using Robust Multichip Averaging (RMA)
algorithm using Affymetrix GeneChip® Operating Software (GCOS).
14. Create a virtual replicate as a mean for further normalization, aiming at
estimation of overall average of the gene expression and estimation of fold
change later in the analysis, by non-linear polynomial curve fitting, using
convergence of the replicates (OriginPro 8 SRO computer software v8.0724,
OriginLab Corporation, One Roundhouse Plaza, Northampton MA 01060).
15. Scale the data points of replicates to the polynomial curve fitted value for
each treatment separately.
16. Normalize the background corrected data by per-chip, per-gene and the
global

median

polishing

normalization

method

using

GeneSpring

bioinformatics software (GeneSpring GX 7.3.1, Silicon Genetics, Redwood
City, CA). Statistical analysis was based on significance analysis of
microarrays algorithm implementing multiple t-test, considering false
discovery rate (FDR) estimate using R-Bioconductor integrated module.
17. Convert the estimated Q-values, as a measure of significance to P-Values for
the ease of reading.
18. Generate list of genes for expression profiles by using gene filtering on
normalized intensity followed by fold changes >2-fold and P-Value of <
0.05. Annotation provided by Affymetrix was extended using DAVID.
19. Generate functional clustering of lists of differentially expressed genes by
comparing them against the ontology terms for molecular function, cellular
composition and biological processes using Gene Ontology databases (GO),
the Medical Subject Heading Terms Database) (MeSH) and KEGG
PATHWAY Database. The examples of pathways dysregulated in the
hyperglycemic wounded keratinocytes are depicted in Figure U1.
20. For validating the microarray data, perform real time PCR. The isolated
RNA was first reverse transcribed using ImProm-II™ Reverse Transcription
System (Promega). The cDNA thus obtained was then used for real time
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PCR reaction (ABI StepOnePlus™ Real-Time PCR System, software v2.1)
with specific designed primers and Fast SYBR® Green Master Mix (Applied
Biosystems), under standard conditions.
V. cDNA Synthesis
This is reverse transcription of RNA to cDNA. This cDNA is then used for real
time PCR.
Preparation before Reverse Transcription


Clean the work surface and spray RNAse away.



Wipe dry all the pipettes and gloves with RNAse away.



Use sterile nuclease free tubes which are pre-chilled on ice.



Use 1µg of RNA template and 0.5 µg of oligo dT primers and random
primers.



Denature the target RNA and primers by incubation at 70°C for 5 min.



Quick-chill on ice for 5 min.

Recipe for Reverse Transcription Reaction Mix
1. Begin with highest volume.
2. Add the reverse transcriptase enzyme at the last.
3. Prepare the reaction mix on ice and keep on ice until incubation.
4. Follow Table V.1 for volumes.
5. After combining all components, vortex gently to mix.
6. After mixing, place the tube with reaction mix into the reverse transcription
machine and run the program as detailed in Table V.2.
7. After reaction is complete proceed with polymerase chain reaction (PCR) or
store cDNA at -20°C for future use.
W. PCR
1. Dilute cDNA template so as to obtain a final concentration of 20ng per well.
2. Make sure that the cDNA concentration must not exceed 100ng/reaction and
10% of the final volume.
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(B)

2.2*
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2.2*

293
Figure U1. Examples of pathways dysregulated in hyperglycemic wounded keratinocytes. (A) TGF-β pathway, (B) Wnt

0.05).
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Signaling pathway and (C) G13 signaling pathway. The sources are mentioned in the images. * denotes significance (n=3, p <
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Table V.1: Reaction components and quantities required for a single
reverse transcriptase reaction
Component

Volume

per Final

Reaction (in µl)

Concentration

Nuclease free water

5.6

ImProm-IITM 5X reaction buffer

4

1X

MgCl2, 25mM

2.4

3mM

dNTP mix (10mMeach dNTP)

1

0.5mM

Recombinant Rnasin ribonuclease inhibitor 1
ImProm-IITM reverse transcriptase

1

Final volume reaction mix

15

1U/µl

Table V.2: Program
Step

Temperature

Time

Annealing

25°C

5 min

Extension

42°C

60 min

Heat inactivation reverse 70°C

15 min

transcriptase
End

4°C

Forever
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3. Add the components listed in Table W.1 to prepare master mix.
4. For a triplicate reaction, add cDNA template in triplicate and also add a
negative control by replacing cDNA with nuclease free water.
5. Mix well the master mix by pipetting and add to each well to obtain final
volume of 25µl.
6. Add the plastic cover provided by supplier on the PCR plate.
7. Centrifuge 1 minute at 1400 rpm.
8. Place the plate in the machine.
9. Open the step one software and enter the details to map the plate on the
software.
10. Choose Sybr Green filter for each well.
11. Choose the endogenous control from the plate and enter in the software.
12. Set up the steps in accordance to the gene and melting temperature (Tm) of
the primers. A general program is detailed in Table W.2.
X. Scanning Electron Microscopy
1. Spray the fibrin microspheres samples (before and after degradation with
0.1 N NaOH) on to the black carbon tab on the metal stub.
2. Let them air dry for 24 hr.
3. Gold coat the dried samples at 25mA.
4. Insert the gold coated samples in the vacuum chamber of the microscope at
appropriate height of the stub and start imaging.
Y. Transmission Electron Microscopy
1. Resuspend fibrin microspheres in water and film a formvar carbon coated
grid with this fibrin microspheres suspension.
2. Make sure to film on shiny surface of the grid.
3. Leave the filmed grid on a bloating paper to absorb extra moisture.
4. Let the filmed grid sit for 5 min.
5. Load the filmed grid, with shiny surface up, in the vacuum chamber.
6. Image with standard settings.
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Table W.1: Polymerase chain reaction components
Component

Volume

per Final

Reaction (in µl)
2X Quantifast SYBR Green PCR master 12.5

Concentration
1.5mM

mix
Forward, pmol

0.25

1 µM

Reverse, pmol

0.25

1 µM

Template DNA

1.49

100ng/reaction

Nuclease water (to bring volume to 25 µl ) 10.51
Final volume

1U/µl

25

Table W.2: Typical real time PCR program
Step

Temperature Time

Ramp Rate

No. of
Cycles

Initial step

50°C

2 min

Maximal/fast

1

PCR initial activation step

95°C

5 min

mode

1

Denaturation

95°C

10 sec

Maximal/fast

35

Annealing/Extension

60°C

30 sec

mode

Denaturation

95°C

15 sec

Maximal/fast

Annealing/Extension

60°C

20 sec

mode

Final denaturation

95°C

15 sec

Two step cycling

Final step
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