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Abstract 

Critical limb ischemia (CLI) is severe impairment of the microcirculation resulting in 

inflammation, ischaemic pain, non-healing ulcers and gangrene. Over 20% of patients 

have no option but to undergo a major limb amputation. Therefore, the need to develop 

new therapies is urgent. To this end, there are three important aspects to be taken in 

account: 1) to have a preclinical model that would mimic as closely as possible the 

pathological events associated to CLI; 2) to understand the molecular basis of the 

pathological events, 3) to provide extracellular matrix inputs to the damaged tissue to 

stimulate the formation of new blood vessels.  

In the light of these considerations, this thesis has contributed to the field with a 

multidisciplinary approach. Firstly, a severe model of CLI was established and 

characterized in a wildtype mouse. The blood-flow recovery was severely impaired and 

histopathological features associated with ischemia - necrosis, inflammation, and 

spontaneous angiogenic response -were present. Secondly, this model was adopted to 

study the glycoenvironment modifications provoked by the ischemic insult. Among the 

biomolecules involved in the ischemic regeneration, glycans remain the least explored, 

despite their critical functional and structural roles. Although the role of glycans in 

mediating these pathological events has been reported, changes in the glycosignature 

following muscle ischemia remains poorly understood. Distinctive N-glycosylation 

modifications- increase of mannosidic species, alteration of sialylation type balance and 

reduction of hybrid and bisected glycans were identified. These modifications identified 

can serve as molecular targets and used when designing new therapeutic strategies. 

Finally, an Elastin-like hydrogel was tested for its potential modulation of the post-

ischemic remodelling. Elastin is a natural protein present in the ECM that regulates 

specific cell pathways and mediates cell activities such as differentiation. Recently, 

Elastin-like recombinamers (ELRs) have demonstrated an angiogenic potential both in 

vitro and in vivo. The administration of an elastin-like recombinamers (ELRs) hydrogel 

was able to stimulate angiogenesis in a severe model of CLI. The hydrogel also induced 

the remodelling of ECM components towards the healthy state. N-glycosylation 

modulation were reported which suggested, in particular, the role of mannosylation and 

sialylation in mediating the healing effect.  
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This study suggests that the ELRs hydrogel is a promising clinical candidate for the 

treatment of CLI, and identifies glycosylation alterations as potential new therapeutic 

targets. 

 

 Critical Limb Ischemia (CLI) is a severe blockage of the blood vessels which markedly 

reduces blood flow to the legs and has progressed to the point of severe pain and even 

skin ulcers or sores. In this thesis, an animal model of CLI was developed and 

charcterized.  This model has been used in the analysis of the sugar signature in ischemic 

tissues in the limb. The elastin-like recombinamer (ELR) hydrogel was also tested using 

the model and was shown to have a positive effect on the development of blood new 

blood vessels of the ischemic limb. The sugar studies were useful to gain a deep insight 

of the molecular mechanisms occurring at the different stages of the ischemia-reperfusion 

process and the effect of the ELR hydrogel.  
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1 Introduction 

1.1 Peripheral Arterial Disease 

Cardiovascular disease (CVD) has long been the leading cause of death worldwide. In 

2013, CVD accounted for 31% of all deaths, representing a 41.7% increase since 1990. 

Among the conditions classified as CVD, myocardial infarction (MI) and peripheral 

artery disease (PAD) are associated with significant morbidity and mortality. In the 

United States alone, approximately 8.5 million individuals are afflicted by PAD, and an 

estimated 660.000 individuals experience a new MI and 305.000 have recurrent MI 

annually [1-4]. 

Peripheral arterial diseases (PADs) are a subcategory of CVD that is characterized by the 

obstruction of blood flow in non-cardiac, non-intracranial arteries, most frequently as a 

consequence of atherosclerosis. The atherosclerotic lesion results from a chronic 

inflammatory process that starts with the deposition of fatty acids, cholesterol, fibrin and 

cellular waste debris in the intimal layer of the artery. The subsequent accumulation of 

monocytes and macrophages which is involved in the formation of a necrotic plaque 

causes the arterial wall rupture. Once the plaque is exposed to the bloodstream, it has a 

high potential to cause occlusion of the blood circulation (Figure 1. 1) [5, 6]. The blood 

flow blockage leads to deprivation of oxygen and nutrients, resulting in inflammation and 

tissue necrosis. Other causes associated with PADs are embolism, thrombus formation, 

vasculitis or other non-inflammatory arteriopathies while common risk factors are 

hypertension, smoking, sedentary life-style, diabetes, high cholesterol and old age [7]. 

1.1.1 Critical Limb Ischemia (CLI) 

Critical limb ischemia (CLI) is a manifestation of PAD that occurs with the occlusion of 

arteries of the lower extremities [8]. With an estimated yearly incidence of 500 to 1000 

new cases per million individuals in Western society, it is ever increasing in concert with 

the increase in cardiovascular risk factors: CLI also imposes a substantial burden on 

patients, healthcare providers, and resources [9]. Mortality rates as high as 20% within 

six months of diagnosis and exceeding 50% at five years have been reported for CLI, 

whereas one‐year mortality rates in non-revascularizable, so‐called “no‐option CLI 

patients” range from 20% to 40%. 
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The symptoms of CLI patients are pain at rest, intermittent claudication in the early 

stages, non-healing ulcers and gangrene at the later stages. The Fontaine score is used in 

classifying the severity of CLI in clinical stages. The stages range from the first 

asymptomatic stage, through the intermittent claudication stage to the final stage: pain at 

rest, ulceration and gangrene (Table 1. 1). 

1.1.2 Clinical Management and Current Treatment for CLI 

In addition to pain relief and wound healing, CLI treatments aim at obtaining 

revascularization of the lower limb. Simultaneous treatments are often required for the 

control of cardiovascular risk factors and glycemia. Revascularization strategies currently 

in use involve surgical intervention through endovascular techniques or bypass (Figure 

1.1). Factors such as the extent of the lesion, comorbidities, the presence of multiple 

arteries occlusion and  the presence of foot ulcer determine the decision towards a certain 

procedure [10].  

Endovascular procedures aim at removing the occlusion by opening the artery and are 

considered minimally invasive. Endovascular procedures are implemented when the 

arterial occlusion occurs under the groin area. In general, these are performed with a 

puncture of the groin that allows access to the arterial segment of interest, under local 

anaesthesia. Some of the endovascular procedures include: 

• Angioplasty, the insertion a small balloon in the artery. The balloon is inflated using 

a saline solution to liberate the artery. 

• Cryoplasty, the balloon is inflated using nitrous oxide that freezes the plaque, 

arresting its growth and generating minimal scar tissue. 

• Stents, metal mesh tubes that act as scaffolds that are inserted in the artery and left 

in place. Stents can be self-expanding when they open upon release or balloon-

expanded when an angioplasty balloon is used to open them. 

• Laser atherectomy, where the plaque is treated with a laser probe. 

• Directional atherectomy, the occlusion is physically removed using a rotating cutting 

blade introduced with a catheter. 

If the arterial occlusion is not suitable for endovascular procedures, patients are treated 

with bypass surgery. Bypass is a segment of a vein from a patient or an external graft that 

is attached laterally to the occluded portion to ensure that the blood flow will bypass it.  
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Stage I No symptoms 

Stage II Intermittent claudication 

Stage IIa Without pain on resting, but with claudication at a distance greater than 

200 metres 

Stage IIb 

 

Without pain on resting, but with a claudication distance less than 200 

metres 

Stage III Nocturnal and / or resting pain 

Stage IV Necrosis (death of tissue) and/ or gangrene in the limb 

Table 1. 1: Fontaine classification of CLI stages. 
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Bypass interventions are mainly used in patients presenting healthy autologous vascular 

grafts. Both endovascular procedures and bypass surgeries are indicated if the patient is 

effected by a major localized occlusion. However, “no option patients” are those with 

multiple co-morbidities and occlusions in smaller arteries and therefore are not eligible 

or fail revascularization, and will undergo primary limb amputation [1]. Therefore the 

development of a new treatment to address this clinical need is urgently required. 

1.1.3 Pathophysiology of CLI 

The pathophysiology of CLI, caused by the reduction of blood supply, leads to a complex 

pathophysiological scenario involving hypoxia, oxidative stress, macro- and 

microvascular dysfunctions, inflammation and muscle fiber degeneration. Progressive 

alterations not only involve the skeletal muscle but also skin, bone and nerves [11, 12]. 

The skeletal muscle is the tissue most vulnerable to the ischemic insult as, within an 

interval of two hours, the muscle vasculature is severely impaired and, after six hours, the 

damage to the muscle fibers is irreversible [13]. The consequent muscle degeneration 

starts with disruption of the myofiber sarcolemma, followed by an increase in 

permeability that leads to cell death and necrosis. The breakdown products of the muscle 

fiber initiate the inflammatory response at the interface between the dead and damaged 

muscles (Figure 1. 1). 

Specifically, circulating inflammatory cells such as neutrophils and macrophages are 

activated and recruited at the site of the injury where they phagocytose cells debris. 

Inflammatory cell infiltration and fiber necrosis represent the major histopathological 

features associated with muscle degeneration following ischemia. Another feature is the 

occurrence of arteriogenesis and angiogenesis as a response to the ischemic insult [14, 

15]. However, the spontaneous vessel growth reaction remains inadequate to provide 

sufficient blood perfusion to the ischemic limb. In fact, the ischemic environment alters 

the structure and the function of endothelial cells which are crucial in maintaining the 

integrity and stability of the blood vessel [14, 16]. Endothelial cell dysfunction can cause 

abnormal activation of platelets and leukocyte adhesion which contributes toward 

formation of microthrombi within the sprouting capillaries. Nutrients and oxygen 

exchange is impaired at capillary level, and this contributes to their destabilization. 
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Figure 1. 1 Schematic representation of the pathological scenario of CLI and the 

current treatments. CLI arises when occlusion of arteries of the lower limb occurs, 

mostly probably due to the formation of the atherosclerotic plaque in the arterial wall. 

The resulting reduction in blood flow and the consequent lack of oxygen and nutrients 

cause the necrosis of skeletal muscle. The damaged muscle fibers present inflammatory 

cell infiltration at the necrotic segments. The damage triggers the differentiation of the 

satellite cells, present in the intact segments, into myoblasts that starts a responsive 

regeneration process. Current treatments are based on revascularization strategies 

involving surgical intervention through bypass or endovascular techniques (stents and 

balloons). 
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1.1.3.1 Inflammation in CLI 

Inflammation is one of the most prominent pathological events in CLI [17]. Inflammation 

is a fundamental pathological process that occurs in response to an injury that can be 

caused by a physical, chemical, or biological agent. It generally involves a complex series 

of cellular and molecular reactions that starts in blood vessels and continue in tissues at 

the injury site [18]. Thus inflammatory response is characterized by an infiltration of 

lymphocytes, mononuclear cells/macrophages, and granulocytes into the injured tissue 

and by the secretion of various pro-inflammatory cytokines that orchestrate the 

inflammatory process. Key regulators of the process are the cellular adhesion molecules 

(CAMs) that are present both on the endothelial cells wall and also on the membrane of 

the inflammatory cells. Among CAMs, selectins and integrins are the major protagonists 

of this interaction and are well established markers of inflammation.  

In CLI, the inflammatory response is triggered by the damage to skeletal fibers  and their 

degradation products attract in situ phagocytes [13]. The hypoxic environment also 

contributes to generate and sustain the inflammatory response [19]. The absence of 

oxygen activates the hypoxia-inducible factors (HIFs) gene expression which is one of 

the major regulators of several aspects of inflammation including the modulation of 

myeloid cell activities [20].   

Specifically, HIF-1α promotes the motility, recruitment and aggregation of myeloid cells 

in inflamed tissues by increasing the generation of ATP and also inhibits apoptosis of 

neutrophils, prolonging their survival [21, 22]. Furthermore, HIF-1α coordinates the 

induction of toll-like receptors (TLRs) signalling which amplifies the nuclear factor κB 

(NF-κB) pathway that plays a central role in the generation of an inflammatory response. 

Indeed, NF-κB pathway can promote phagocytosis, leukocyte recruitment, and adaptive 

immunity [23] and can also determine the secretion of pro-inflammatory cytokines such 

as tumor necrosis factor alpha (TNF-α), or interferon (IFN)-γ and chemokines such as 

interleukin (IL)-8, monocyte chemo-attractant protein (MCP)-1, potentiating the 

inflammatory reaction [24]. Other pro-inflammatory cytokines such as interleukins IL-1, 

IL-6 are secreted and are considered to be markers of CLI [25-28]. All these cytokines 

are part of the ischemic inflammasome and everyone of them has a specific role in 

mediating the events occurring in the ischemic-induced inflammation [27, 28].  
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TNF-α has been extensively characterized for its pro-inflammatory nature in in vivo models 

of disease and in in vitro models of inflammatory tissue injury [29-32]. TNF-α is a key 

cytokine which mediates several inflammatory events both in myocardial and limb 

ischemic tissue. TNF-α is responsible for leukocyte adhesion to the endothelium through 

upregulating the expression of adhesion molecules such as selectins and CAMs and also 

through increasing vascular permeability that facilitates blood cell extravasation [29-32]. 

High levels of TNF-α have been observed in tissue and serum in CLI patients [26, 28, 

33]. 

IL-1 is another pro-inflammatory cytokine, secreted by mononuclear cells, that acts in 

upregulating neutrophil adhesion molecules on the endothelium and also stimulates the 

proliferation of macrophages, neutrophils, lymphocytes B and T [34]. IL-1 also induces 

the synthesis of nitric oxide synthase (NOS), an important inflammatory mediator. As a 

result of these events, inflammation is increased. IL-1 has been shown to be a marker of 

the PAD pathological progression [35].  

IL-6 is another inflammatory cytokine found upregulated in CLI patients and considered 

to be a reliable prognosis predictor [27]. IL-6 is synthesized by several cells including the 

inflammatory infiltrating repertoire, fibroblast and endothelial cells. IL-6 exhibits its pro-

inflammatory function through several processes: for example, it stimulates the 

production of other cytokines like MCP-1 and IL-8 by macrophages and endothelial cells 

[36]. IL-6 stimulates the secretion of the so-called acute-phase proteins C-reactive protein 

(CRP), fibrinogen production, the release of complement factors and the production of 

serum amyloid A [37, 38].  

Other important molecules that have been found as CLI markers and indicators of disease 

progression are the matrix metalloproteinases (MMPs). All of these mediators have an 

important role during the inflammatory process and the tissue remodelling phase that 

occur during ischemic disease [39].   

MMPs is a family of enzymes that are responsible for the proteolysis of many 

extracellular matrix (ECM) components including collagen, fibronectin and laminin [40]. 

During the inflammatory process, MMPs are released by various inflammatory cells such 

as, leukocytes and macrophages, and the consequent ECM degradation facilitates their 

invasion [41]. 
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CAMs are crucial in mediating the leukocyte recruitment at the injured site. This process 

is initiated by selectins. Among CAMs, selectins have been detected to be increased in 

the plasma of patients with PADs and are recognized as markers of the disease [42]. 

Selectins are adhesion molecules present both on the endothelium and on several blood 

cells such as granulocytes, monocytes and lymphocytes [43]. Selectins mediate leukocyte 

recruitment, specifically during the initial steps of capture and subsequent rolling on the 

endothelial wall [44, 45]. The selectins on the endothelial cells are not expressed in 

healthy conditions while, during inflammation, inflammatory cytokines such as TNF-α 

and IL-1β stimulate their transcription and their presentation on the luminal endothelial 

cell membrane [46-48]. Therefore, selectins are important players in exacerbating the 

pathological context of ischemia. 

The inflammation process during ischemia is complex and a deeper understanding of the 

intricate interactions and connections between the variety of cellular and molecular 

players involved is essential for the clinical purpose of down- regulating inflammation in 

CLI ischemia patients.  

1.1.3.2 Angiogenesis and Vascular Dysfunction in CLI 

Angiogenesis, the development of new blood vessels from existing capillaries, is marked 

by the migration of dormant endothelial cells that get interconnected by VE-cadherin to 

form sprouting tubes that become covered by pericytes [49]. The angiogenic process is 

finely regulated by a variety of molecules including pro-angionic cytokines such as 

vascular endothelial growth factors A (VEGFA), fibroblast growth factors (FGFs): FGF1 

and FGF2, angiopoietin (ANG)-1, and platelet- derived growth factor (PDGF) and 

adhesion molecules such as integrins αvβ3, α5β1 [49, 50]. After the ischemic injury, the 

body tries to compensate for the reduction of blood supply by inducing angiogenesis and 

vascular remodelling [15, 51].  

The mechanisms that regulate the ischemia-induced angiogenic response are several and 

they are influenced by the ischemic pathological context that includes hypoxia, oxidative 

stress, inflammation and the alteration in hemodynamic forces in the capillaries [52, 53]. 

One of the best-known molecular mechanisms behind the ischemia-induced blood vessel 

growth is triggered by the lack of oxygen and involves the up-regulation of HIF-1 and 

HIF-2. The latter growth factors induce the expression of genes encoding for angiogenic 
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growth factors including vascular endothelial growth factors A (VEGFA), its receptor 

VEGFR1, nitric oxide (NO), and erythropoietin (EPO), stroma-derived factor 1 (SDF-1), 

ANG-2, platelet-derived growth factor (PDGF-BB), and stem cell factor (SCF) [54-57]. 

Furthermore, other proangiogenic factors upregulated by the hypoxic stimulus via NF-κB 

pathway are IL-6, cyclooxygenase (COX)-2, TNF-α, macrophage inflammatory protein 

2 (MIP-2), intercellular adhesion molecule (ICAM), vascular cell adhesion molecule 

(VCAM), IL-8, chemokine (C-Cmotif) ligand 5 (CCL5) and inducible nitric oxide 

synthase (iNOS) [53]. 

Several other important mechanisms involve the various types of inflammatory cells that 

accumulate at the ischemic tissue where they are active in mediating vascular remodelling 

in CLI [20]. In particular, the myeloid cells such as monocytes and macrophages are well-

documented as influencing the sprouting of new blood vessels during inflammation in 

many ways. Monocytes and macrophages can both act in a paracrine manner, secreting 

pro-angiogenic growth factors and can also cause the degradation of the ECM upon 

secretion of MMPs and other proteolytic enzymes. This event allows endothelial cell 

migration to form new capillaries. 

In particular, monocytes are able to induce angiogenesis with a paracrine secretion of pro-

angiogenic growth factors such as bFGF and VEGF family [20]. Monocytes also release 

MMP-9 that mediates the formation of new capillary branches [58].  

Macrophages also favour the formation of new capillaries, promoting the fusion of 

endothelial cells [59]. Macrophages are broadly divided into two subpopulations: M1 

with pro-inflammatory properties, and M2 that exhibit anti-inflammatory effects, 

promoting tissue repair [60]. These two subpopulations are not absolute but a spectrum 

of phenotypes. Generally, M1 and M2 macrophages have opposite effects on the 

angiogenenic process. M1 macrophages have a negative influence on angiogenesis since 

they impede proliferation of the endothelial cells [61], while M2 macrophages can 

enhance the secretion of  the angiogenic factor FGF [62].  

Another mechanism that contributes in the ischemia-induced angiogenesis involves the 

shear stress that has a specific role in collateral remodelling [63-66]. Indeed, the reduction 

of blood flow determines changes in the hemodynamic forces (pressure and flow rate) 

occurring in collateral vessels. The increase of shear stress is sensed by the integrins on 
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endothelial cells, activating cytoskeleton remodelling. In particular, αvβ3 integrins were 

found to be increased on collateral endothelium, immediately after ischemia [64]. The 

mechanotransduction through integrins leads to the transcription of ANG-1 [63], an 

important pro-angiogenic growth factor, and also activates Rho kinase signalling [66]. 

RhoA specifically modulates expanding collateral vessels by regulating actin-

cytoskeleton movements, in the endothelial and smooth muscle cells [65, 66].  

Despite these mechanisms of compensation, the spontaneous angiogenic response is not 

able to re-establish an adequate revascularization and blood supply to the ischemic tissue.   

The reason for this is that ischemia causes dramatic vasculature dysfunction [67]. One of 

the mechanisms behind this dysfunction involves TNF-α signalling which destabilizes 

adherens junctions and consequently increases the endothelial permeability [68]. 

Specifically, this occurs through the reduction of the expression of vascular endothelial-

cadherin, key components of the junctions and the increase in generation of mitochondrial 

reactive oxygen species (ROS) in endothelial cells [69-71].   

Indeed, in CLI patients, arterioles are vasodilated and tend to be unresponsive to stimuli, 

with a consequent formation of oedema [16]. Arterioles that present oedema compromise 

the supply of oxygen and nutrients to capillaries and contribute to their destabilization. 

Endothelial cell dysfunction can also cause abnormal activation of leukocyte and platelets 

and contribute towards the formation of microthrombi within the forming capillaries.  

Therefore further investigation of these mechanisms is urgently required to design a 

therapy that can potentiate the innate angiogenic response to reach clinical efficacy. 

1.1.3.3 Skeletal Muscle Damage and Regeneration in CLI 

The skeletal muscle is a tissue that is most vulnerable to the ischemia reperfusion damage. 

The alterations reported in the skeletal muscle of CLI patients include muscle fiber 

apoptosis, atrophy, necrosis and the switching from oxidative type I to glycolytic type II 

fibers [13]. Furthermore, muscle fibers undergo denervation, mitochondrial DNA damage 

and aberrant myosin heavy chain production [72-74]. Several molecular and cellular 

mechanisms are involved in these pathological events. Specifically, hypoxia, oxidative 

stress and the inflammatory environment play a key role in the mechanisms that lead to 

muscle damage.  
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Hypoxia is a stimulus that induces an increase of TLRs on both immune and non-immune 

cells. TLRs are well-known key regulators of apoptosis and play a large part in ischemia-

induced cell damage [75]. In the skeletal muscle TLRs 1–9 isoforms are present [75, 76]. 

TLRs 2, 4, 6, 8, and 9 have been shown to be upregulated in response to freeze-induced 

skeletal muscle damage. Furthermore, TLRs 2, 4, and 6 have been found upregulated in 

muscle biopsies obtained from patients with CLI [76]. 

Besides activating the extrinsic apoptosis pathway, the activation of TLRs triggers the 

release of various pro-inflammatory cytokines including TNF-α, IL-6 [76]. In particular, 

the latter inflammatory cytokines not only regulate the inflammatory cells but are also 

involved in mediating in the skeletal muscle damage. It has been reported that TNF-α and 

IL-6 levels are increased in CLI. These factors induce skeletal muscle proteolysis and 

correlate with the decreased strength of muscle mass in elderly patients [77-79]. 

Furthermore, TNF-α has been observed to induce apoptosis of myocytes [80]. Other 

inflammatory markers that have been reported to be high in CLI patients, such as (CRP, 

IL-6, and VCAM-1), were correlated with a shrunken calf [25]. In addition,  IL-6 and 

soluble VCAM-1 were associated with the deposition of adipose tissue in the calf muscle 

of rats [17]. This evidence suggests the role of the inflammatory response in sustaining 

and exacerbating the initial muscle damage caused by the ischemic insult.  

Another mechanism involved in the skeletal loss is that of oxidative stress. ROS generated 

during ischemia [24, 72, 81] represent another factor able to induce the secretion of TNF-

α by an activation of p38 mitogen activated kinase (MAPK), and therefore contributes to 

the TNF-α dependent apoptosis [82, 83]. Additionally, the ROS species can cause an 

intracytosolic accumulation of Ca2+ that consequently leads to the production of calcium 

pyrophosphate complexes and the formation of uric acid that contributes to DNA damage 

and disruption to the cell membrane [84, 85]. 

While recent advances in regenerative medicine aimed at stimulating angiogenesis have 

made progress, little is known about the degeneration of the skeletal muscle in CLI [86-

88]. Therefore, further investigation of the mechanism of tissue damage-regeneration in 

the ischemic muscles is needed to identify therapeutic targets that are able to induce and 

potentiate the regeneration of the muscle fibers. 
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It is well documented that the skeletal muscle is able to build up a spontaneous 

regeneration response due to the presence of the resident muscle stem cells, also known 

as satellite cells [89, 90]. In a healthy muscle, Pax7+ satellite cells are in a quiescent state 

and localized in the basal lamina adjacent to the sarcolemma of the myofibers. After 

injury, satellite cells re-enter the cell cycle and differentiate into the committed progenitor 

myocytes that proliferate and fuse with each other or to existing damaged fibers to repair 

their structure and restore their function. A part of them also undergoes symmetric self-

renewal to replenish the original stem cell pool in the muscle [91]. The fusion of myocytes 

results in the formation of central nucleated fibers (CNFs) which have nuclei in the centre 

of the cytoplasm, and are generally recognized as regenerated myofibers [92, 93]. The 

presence and the activation of satellite cells and CNFs have been documented in the 

ischemic muscle of rat and mouse models [94, 95], suggesting that the ischemic insult 

can trigger a regenerative response.  

In the healthy adult human muscle, the majority of satellite cells is localized in close 

proximity to capillaries and there is a correlation between the amount of capillaries in 

myofibers and the total number of satellite cells [96]. Furthermore, endothelial cells 

secrete ANG-1 that has been reported to regulate satellite cell behaviour, increasing self-

renewal [97]. These observations suggest that there is a paracrine cross-talk between 

endothelial and satellite cells and that capillaries are a fundamental element of the satellite 

stem cell niche.  

Further insights into the mechanism that activates satellite cells and the interaction with 

their microenvironment occurring in the ischemic limb are needed. Indeed, to address the 

problem of the ischemic muscle damage is a clinical priority, since the muscle represents 

a source of growth factors and mechanical support to the sprouting new blood vessels. 

Equally important, the muscle loss is also thought to be one of the reasons for the 

inefficacy of the current revascularization therapies. 

1.1.4 The Importance of Glycosylation in the Regulation of Molecular Mechanisms 

Understanding the molecular mechanisms underlying the pathological processes of 

diseases is crucial in designing new efficient therapies. For this purpose, an interest in 

studying glycans has grown recently in the scientific community [98]. Glycans are 

biomolecules that highly enrich the cell membrane and the ECM of eukaryotes and they 
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have a crucial role in fine-regulating the complex network of cellular events such as cell 

adhesion, proliferation and differentiation [99]. Their role is fundamental in physiological 

conditions and several glycan alterations also occur in a number of pathological processes 

from genetic diseases to cancer, suggesting that these molecules are important in 

mediating pathological events [100-102]. 

1.1.4.1 Glycosylation and its Complexity  

Glycosylation is a complex post-translational modification (PTM) that allows the 

attachment of glycans to proteins, lipids and other saccharides, and regulates their 

functions [99, 103]. The mammalian glycome has a wide structural heterogeneity and 

variety that results from the combinatorial expression of more than 200 

glycosyltransferase and glycosidase enzymes involved in the synthesis and the 

remodelling [103]. Biosynthesis is not template-driven but regulated by many factors 

including the availability of nucleotide donors and the expression of enzymes [104]. 

Structural diversity of glycans is due to the number and sequences of monosaccharide 

units and to anomeric configuration, position, and differential branching of 

monosaccharides. Additionally, glycan chains have other common modifications: 

derivatization of hydroxyls or amino groups, acylation, sulphation, methylation, and 

phosphorylation [104]. The glycome is dynamic and changes in response to intracellular 

and extracellular signals [102].  

1.1.4.2 The Main Mammalian Glycan Species 

Figure1. 2 illustrates the main mammalian glycan categories: O-glycans, N-glycans, 

GAGs, glycosphingolipids (GSLs), and glycosylphosphatidylinositol (GPI) anchor. O-

glycans and N-glycans are branched and/or linear structures that mainly enrich the 

glycocalyx. N-glycans are linked to asparagine through an N-acetylglucosamine 

(GlcNac) while O-glycans are usually attached to threonine, serine or tyrosine through 

N-acetylgalactosamine (GalNac) and in some cases through mannose (Man) and fucose 

(Fuc) [99, 103]. Both O-glycans and N-branched structures can be highly complex, and 

the addition of branching and terminal sugars is characterized by tissue- or cell lineage–

specificity [99, 105]. In contrast, glycosaminoglycans (GAGs) are linear structures, 

sulphated, negatively charged polysaccharides that enrich the ECM. GAGs are composed 

of disaccharide repeating units: an uronic acid (D-glucoronic acid (D-GlcA) or L-iduronic 

https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwj9sePH5_nKAhVBaRQKHexBDI0QFggpMAE&url=https%3A%2F%2Fwww.allacronyms.com%2F_medical%2FD-GLCA%2FD-glucuronic_acid&usg=AFQjCNEJEtFYQVIYPkw_cYZBpfcXXs1I0A&sig2=lJ2EQxYTVsUCjJrOJlvE5w&bvm=bv.114195076,d.bGs
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acid (IdoA)) and an amino sugar (D-galactosamine (D-GalN) or D-glucosamine (D-

GlcN). GAGs are divided into non-sulphated, the hyaluronic acid (HA) and sulphated: 

chondroitin sulphate (CS), dermatan sulphate (DS), keratan sulphate (KS), heparin (HP) 

and heparan sulphate (HS) [106]. All these GAGs species are linked to proteins through 

a covalent bond to threonine/serine, forming a class of glycoproteins named 

proteoglycans (PGs). The exception is HA which is the only GAG not attached to 

proteins. GSLs are molecules composed of a core of β-linked glucose or galactose 

associated with the ceramide molecule. The initial core can undergo additional extension 

and modification. The GPI anchor is a PTM that anchors the modified protein in the outer 

leaflet of the cell membrane. The GPI is a complex PTM of protein in the outer layer of 

the membrane constituted by a phospholipid molecule, a glycan core and a 

phosphoethanolamine (Etn-P) linker [106]. 

All glycans have a constant core structure that can be modified by the addition of different 

residues at the distant positions. The terminal modifications are usually expressed in a 

lineage-specific manner, while the core structures are conserved in many cell lineages 

and tissue types [99]. The terminals of N-glycans and O-glycans can be modified by 

sialylation, fucosylation, and mannosylation, while GAGs are mainly modified by 

sulphation.  

 Sialic acids are negatively charged glycan units, usually present at the terminal end 

of sugar structures [107]. Sialylation is represented by sialic acid in α-(2, 3)-, α-(2, 

6)-, or α-(2, 8)- linkage to a variety of underlying glycan precursors in mammals. 

The enzymes responsible for these modification are isoforms of sialyltransferases 

specific for the linkage.  

 Mannosylation of glycans is characterized by α-(1, 2)-, α-(1, 3)-, α-(1, 6) -linked 

mannose residues that can form branched structures called a high mannose type 

attached to the N-glycan core structure. Mannose is also found in one of the 

structures of O-glycans (Figure 1. 2). 

 Fucosylation of glycans is characterized by α-(1, 2)-, α (1, 3)-, and α-(1, 4)-linked 

Fuc to linkages terminal and subterminal substituents of N-, O-, and lipid linked 

glycans.  

 Glycan sulphation is a characteristic of the GAGs; however, it is also found among 

other classes of glycans. At least 30 sulphotransferases are responsible for glycan 
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sulphation by utilising 3’-phosphoadenosine 5’- phosphosulphate as a sulphate 

donor from the environment. This provides a wide variety in glycan sulphation 

patterns. 

1.1.4.3 Glycan Biological Functions 

Substantially, glycans can influence protein structure and function, establishing 

intramolecular and intermolecular interactions [105]. Glycans present on proteins can 

stabilize their structure: they act as a shield, protecting the protein surface from the action 

of proteases and preventing aspecific protein-protein interactions [105]. Glycosylation 

also affects the conformation of receptors, their folding, the intracellular trafficking, the 

localization on cell membranes, and the rate of degradation [105, 108]. Glycosylation is 

crucial as well in determining the binding affinity with antigens, cell surface 

proteins/receptors of cells, ECM proteins and other soluble molecules, resulting in the 

mediation of cell-cell interactions and ECM-cell crosstalk [101-103]. These events 

control a complex network of cellular activities such as cell adhesion, proliferation, 

differentiation that occur in physiological and pathological processes [100-102, 109]. An 

example is represented by integrins that are among the most studied receptors for their 

glycosylation and the interactions with the surrounding glyco-environment. Figure 1. 3 

illustrates the interactions of integrins with the glycans that modifies the ECM proteins, 

the GAGs and glycocalyx components that can modulate integrins function during cancer 

progression. 

1.1.4.4 Glycosylation Modifications in Ischemia 

The effect of the ischemia on the skeletal muscle glycoenvironment remains a largely 

unexplored topic. The most studied phenomenon evoked by ischemia is the degradation 

of the endothelial glycocalyx as a feature of microvascular dysfunction [110, 111]. The 

glycocalyx is the combination of PGs, glycoproteins, GSLs, and soluble GAGs on the 

outer leaflet of the plasma membrane of eukaryotic cells that mediates the interactions 

with the external environment [112-114]. 

In particular, the endothelial glycocalyx is an important structural and functional part of 

the vascular barrier since it modulates body fluid homeostasis, controls the inflammatory 

reactions by mediating the adhesion of platelets and leukocytes and capturing circulating 

growth factors and cytokines [115, 116]. The endothelial glycocalyx is predominantly 
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composed by GAGs such as HS, CS and HA, but also by glycoproteins with a bulky O- 

and N-glycan portion [115]. These glycoproteins generally are the CAMs, the selectins 

(E and P), integrins and immunoglobulins, that are involved in mediating the interactions 

with leukocytes and platelets [110]. 

As described in section 1.2.1, the ischemic pathological process is characterized by 

microvascular dysfunction: the consequent oxygen deprivation is accompanied by 

oxidative stress, inflammation with the release of cytokines and chemoattractants, 

leukocyte recruitment and increased vascular permeability at the endothelial surface [67, 

117]. These molecular events not only trigger angiogenesis as a compensatory mechanism 

but also induce a significant alteration to the endothelial glycocalyx [118].  

The loss of components of the endothelial glycocalyx termed shedding can range from 

superficial degradation to complete layer destruction, and  selective cleavage of HS and 

CS or the removal of entire syndecan and glypican core proteins can occur [119]. The 

glycocalyx shedding as a consequence of ischemia/reperfusion has been observed not 

only in rodents such as rats and guinea pigs [120-122], but also in humans: glycocalyx 

perturbation was demonstrated in patients undergoing major vascular surgery with global 

or regional ischemia [123]. The oxidative stress plays an important role in this 

phenomenon: studies showed that the effects of ischemia/reperfusion on the glycocalyx 

could be attenuated by the inhibition of xanthine-oxidoreductase, an endogenous ROS 

generating enzyme found on HS chains in the glycocalyx [124]. In addition, inflammatory 

mediators such as cytokines and chemoattractants were found to contribute to the 

shedding of the glycocalyx in arterioles, capillaries, and venules under different 

experimental models of inflammation [119, 125]. In particular, TNF-α has been shown to 

modulate glycosylation genes in endothelial cells, leading to increased α-(2, 6)-sialylation 

acid and fucosylation and mannosylation on receptor- associated glycans [126]. These 

modifications are crucial in mediating the recruitment of leukocytes on the endothelium. 

Furthermore, during inflammation activated leukocytes secrete enzymes which can 

contribute to the degradation of the glycocalyx [127, 128]. Taken together, these results 

support a role for the endothelial glycocalyx in the pathophysiology of inflammatory 

response associated with ischemia/reperfusion-induced tissue damage.  
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Figure 1. 2 Mammalian glycans on the cell membrane. The main classes of glycans, 

glycosaminoglycans (GAGs), N-glycans, O-glycans, glycosphingolipids, and 

glycosylphosphatidylinositol (GPI) anchor. GAGs, heparin sulphate, chondroitin 

sulphate, hyaluronic acid, dermatan sulphate, and keratin sulphate, are depicted. NS, 2S, 

4S, and 6S represent the sulphation positions on the GAGs chains. Representative 

examples of complex-type N (bi–tri–tetra–antennary) and high-mannose N-glycans are 

illustrated. Also depicted are core 1–4 O-glycans, O-mannose, O-fucose, and O-glucose 

structures. Glycan linkages are identified by the anomeric configuration (α or β) of the 

donor saccharide and by the ring position (1–6) of the acceptor sugar. The GPI anchor 

and examples of glycosphingolipids are also represented. Asn, asparagine; ECM, 

extracellular matrix; Etn–P, a phosphoethanolamine; PI, phosphatidylinositol; Ser, serine; 

Thr, threonine. 
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Figure 1. 3 Integrin–glycans interactions in cancer glyco-microenvironment. A) O-

glycans of the aberrant oncofibronectin (OFn) interact with integrins mediating 

epithelial–mesenchymal transition. B) N-glycans of extracellular matrix (ECM) major 

proteins, such as laminin and collagen, mediate the binding with integrin receptors. C) 

The interaction between GAGs and integrins activates integrins themselves and mediates 

their coupling with growth factor receptors (GFRs). D) The glycocalyx preserves integrin 

conformation maintaining pH. E) Mechanical action of the glycocalyx in mediating 

integrin clustering. F) Carbohydrate–carbohydrate interactions (CCIs) between the 

glycans present on integrins and the glycosphingolipids mediate the formation of 

microdomains that are crucial in signal transduction. ER, endoplasmic reticulum. 
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In a rat model of myocardial ischemia reperfusion (I/R), the quantitative analysis of N-

linked glyco-peptides revealed changes in several ECM and cell surface proteins such as 

integrins αV, α6, α7, and β1, suggesting that the N-glycosylation of these integrins is 

involved in myocardial extracellular remodelling, [129, 130] in turn suggesting a 

mechanism for the failure of collateral angiogenesis in diabetic microangiopathy; in a 

CLI model of diabetic mice, the impaired angiogenesis was due to glycation of 

vitronectin. This event prevents VEGF-induced VEGFR-2 activation by disrupting 

VEGFR-2–αvβ3 integrin cross-talk and consequently leads to the reduction in the 

migration of endothelial cells and capillary outgrowth.   

A recent study also investigated the effect of ischemia on GAGs such as HS and CS in a 

rat model. Ischemia induced changes in HS and CS structure, size and sulphation pattern. 

These structural modifications are correlated with the modulation of GAG abilities to 

bind growth factors and to regulate muscle regeneration [131].  

 Even though glycocalyx shedding has been well-characterized, a complete insight into 

the glycosignature of the ischemic pathological environment is still required. In the 

following paragraphs, the roles of the glycans in inflammation, angiogenesis and muscle 

regeneration, the main pathological features occurring in muscle ischemia, are 

summarized. 

1.1.4.5 Roles of Glycans in Inflammation 

Glycosylation can fine-regulate inflammation in several respects and through several 

mechanisms [132, 133]. One of the key phenomena of the inflammatory process is the 

recruitment of leukocytes from the blood stream to the injured site within the tissue [134]. 

Leukocyte recruitment consists in several steps: the capture of the cells from the 

circulation by the endothelium, the rolling and firm adhesion of the leukocytes on the 

vessel wall and the transmigration of the tissue through endothelial cells. All these events 

are regulated by a complex network that involves adhesion receptors, chemokines, 

cytokines and other regulatory molecules [134]. Glycosylation adds further complexity 

to the control of the whole process of leukocyte recruitment [135, 136]. In particular, the 

interactions with leukocytes and endothelium also involve adhesion proteins like integrins 

that are glycosylated as well as glycan-binding proteins such as selectins, galectins and 

siglecs that are important mediators of the processes [133, 137-140].  
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The capture of leukocytes and rolling along the vessel wall is mainly mediated by 

selectins, in combination with chemokine receptors. These interactions trigger a 

conformational change in integrins on leukocytes that allows them to bind the Ig 

superfamily of adhesion molecules [intercellular adhesion molecule 1 (ICAM-1); 

VCAM-1)] present on the endothelial cells. Selectins are glycan-binding proteins that 

interact with a specific O-glycan epitope (NeuAc-α2, 3-Gal-β1, 4-(Fuc-α1, 3)-GlcNAc) 

named sialyl Lewis x (SLex) that is present on their counter receptors [141]. While O-

glycosylation is a major regulator of the leukocyte capture and rolling stages, N-

glycosylation seems to regulate the firm adhesion stage [142]. In particular, N-

glycosylation of endothelial adhesion molecules ICAM-1 and VCAM-1 modulates their 

conformation and their affinity for the respective counterpart ligands on leukocytes [132].  

ICAM-1, especially, expressed on the endothelium presents eight N-glycosylation sites 

[143] and the extension and complexity of their N-glycans can modulate the binding 

avidity to integrins, αMβ2 (Mac-1) and αLβ2 (LFA-1) on leukocytes. In particular, 

complex α-(2, 6)-sialic acid on ICAM-I seems to be crucial in mediating this interaction 

[144]. In contrast, VCAM-I appears not to require sialylation for the interactions with the 

very late antigen (VLA)-4 ligand on leukocytes [145]. These findings suggest that N-

glycans can differentially modulate the interaction of different endothelium-leukocyte 

proteins and this might depend on the fact that whether neutral or sialylated N-glycans 

can allosterically modulate protein conformation depending on the epitope. Indeed, 

sialylated motifs are known to allosterically regulate integrin-binding to their ligand [108, 

146]. 

 Another molecular mechanism important in the leukocyte glycan-mediated adhesion 

involves Galectins. Galectins are a class of 15 conserved glycan-binding proteins [147] 

that are mainly specific for N-acetyllactosamine (Galβ1,3GlcNAc or Galβ1,4GlcNAc), a 

common disaccharide unit typical of many N- or O-linked glycans [148]. Galectins are 

involved in various biological processes including inflammation [149, 150]. Galectins 

have shown the ability to affect leukocyte-recruitment by various mechanisms. Galectins-

1, -3, -8 and -9 have been observed to differentially affect neutrophil trafficking by 

interacting with lactose residues on endothelial and leukocyte integrins and platelet 

endothelial cell adhesion molecule (PECAM-1), ICAM-2 [151-153].  
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Most of the studies are focused on galectin-3, expressed both on endothelial cells and on 

leukocytes [149, 154, 155]. Galectin-3 regulates rolling and adhesion of eosinophils by 

binding both to VCAM-1 in α4β1 integrin [145]. Rao et al., suggested that galectin-3 may 

associate with α4β1 integrin on the eosinophil cell membrane and improve α4β1 binding 

to VCAM-1.  

Other glycan-binding proteins present on hematopoietic cell surface are important in 

mediating inflammatory processes, the sialic acid–binding Ig-like lectins, siglecs proteins 

[133, 156]. Unlike galectins, siglecs are a family of proteins (14 in humans) that are able 

to recognize a wide spectrum of sialylated structures that can differ in the linkage and the 

number of residues [157]. Specifically, some evidence suggests that siglec-1 and -5 have 

a role in mediating the adhesion of the leukocyte to the endothelium [158, 159]. Indeed, 

recombinant siglec-1 was observed to strongly bind granulocytes and to NK-cells, 

monocytes, B and T-lymphocytes [158], while siglec-5 binds and mediates monocytes 

adhesion to the endothelium by binding P-selectin glycoprotein ligand-1 or von 

Willebrand factor [159]. Furthermore, a recent study identified siglec-5 as a serum marker 

for CLI in diabetic patients [160], suggesting that sialylation can be a mediator in the 

ischemia-mediated inflammation. Overall, these observation highlight the critical role of 

sialylation in mediating several stages of the inflammatory leukocytes trafficking.  

 Moreover, the GAG components of the endothelial glycocalyx also play a major role in 

the regulation of the leucocyte recruitment cascade during inflammation [161]. During 

inflammation, a chemotactic gradient is established that guides leukocytes to the injured 

tissue. Endothelial GAGs, including HS, DS, CS and HP, contribute to this gradient by 

binding the chemokines and presenting them to the leukocytes, and also by preventing 

their dilution and proteolysis [162, 163]. For example, HS has been proved to sequester 

MIP-2/CXCL2, essential for neutrophil rolling end extravasation [164].  

GAGs such as HS and HP can also have a crucial part in mediating the tight adhesion of 

the leukocytes by mediating the crosstalk with other endothelial receptors. For example, 

HSGP such as syndecans modulate integrin-mediated tight adhesion of leukocytes to the 

endothelium. In addition, HA present in the endothelial glycocalyx is another important 

regulator of the leukocyte cascade since its interaction with CD44 receptors on leukocytes 

is a key event in the rolling, the firm adhesion the transmigration and the chemotaxis 

[165].  
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1.1.4.6 Roles of Glycans in Angiogenesis 

The ischemic trauma triggers angiogenesis as a reaction and glycans have also shown a 

regulatory ability in this process: glycans can control vascular biology, regulating the 

signalling of migration, survival of endothelial cells, vascular integrity and permeability 

[166, 167]. This angiogenic regulatory action involves several glycan species (O/N-

glycans and GAGs) and occurs with several mechanisms [166, 168, 169].  

Indeed, a wide variety of genes involved in glycosylation synthesis and remodelling 

(glycosyltransferases and glycosidases) has been shown to be differentially regulated 

during the angiogenesis process, in response to proangiogenic growth factors and 

cytokines [126, 170].  

O-glycosylation highly enriches the endothelial glycocalyx. In particular, mucine type 

core 1 and core 3 (Figure 1. 2) appear to have a crucial role in maintaining blood vessel 

integrity in the brain and the lymph nodes as reviewed by Herzog et al., [171]. 

Additionally, O-fucosylation seems to regulate the angiogenic sprouting through the 

modification and subsequent activation of Notch signalling [172].  

N-glycosylation is also important in mediating angiogenesis. Indeed, proangiogenic 

receptors such as VEGFR, PECAM-I and the proangiogenic integrins αvβ3, α5β1 are 

highly N-glycosylated, and their glycan moieties are involved in regulating ligand binding 

and the consequent activation of signalling [171]. Indeed, sialylation of the VEGF 

receptor has been shown to mediate endothelial cell motility and proliferation. In 

particular, α-(2, 6)-sialic acid on the VEGFR have been shown to be essential in mediating 

the binding to VEGF [171]. α-(2, 6)-sialylation has also been shown to mediate tumor 

angiogenesis by regulating the signal of complex PECAM-VEGFR2-β3 integrin on the 

endothelial cells [173]. These findings indicate the emerging role α-(2, 6)-sialylation in 

endothelial cell proliferation and survival by modulating the cell signal transduction 

and by stabilizing angiogenic molecules. Therefore α-(2, 6)-sialylation represents a new 

target for pro or anti-angiogenesis therapy. 

Another glycan species involved in regulating the angiogenic events are poly-LacNAc 

terminals that represent ligands for galectins. Indeed, changes of the endothelial cell 

surface glycosylation can display or mask specific glycan epitopes regulating the binding 

of galectins. Galectin-1,-3,-8 and 9 showed the ability to control different angiogenic 
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programs by interacting with different receptors and regulating different angiogenic 

pathways [150]. Most of the knowledge in this regard is on tumor-linked angiogenesis 

which is mainly triggered by the hypoxic and inflammatory environment. Croci et al., 

demonstrated that hypoxia can promote N-glycan remodelling that favours galectin 

binding [174]. In particular, they observed increasing β-(1, 6)- N-glycan branched 

structures and polylactose on endothelial cells, which is an epitope for Galectin-1. The 

subsequent galectin-1 binding activates pro-angiogenic pathways, mechanism that has 

been proved to regulate abnormal angiogenesis in chemotherapy refractory tumors. 

 Yet another galectin involved in mediating angiogenesis is galectin-3 which has been 

shown to bind N-glycans present on the proangiogenic integrin 𝛼vβ3 which subsequently 

activates signal pathways that lead to the growth of new blood vessels in the cornea [175]. 

Galectin-3 interaction with N-glycan moieties present not only on αvβ3 integrins but also 

on receptors VEGFR-2 has been observed in the cornea [176]. 

One of the outstanding questions is whether these glycan-related angiogenic mechanisms 

observed in different environments, like tumor angiogenesis for example, have a role also 

in the context of the angiogenesis induced in the muscle ischemia and whether enhancing 

those mechanisms could be beneficial in promoting a therapeutic vascularization. 

Another mechanism involving glycan-mediated angiogenesis is the crosstalk and the 

synergy with angiogenic growth factor receptors and integrins that amplify and propagate 

the intracellular response [177]. GAGs and PGs are important mediators of this crosstalk, 

since they bind angiogenic growth factors such as VEGF [178] and FGF2 [179], they 

present them to their receptors, and protect them from proteolytic targets [168]. In 

particular, HS and CS proteoglycans were shown to be important in mediating 

angiogenesis by regulating the sprouting in vessel induced by VEGFA [180].  

HSPGs play a major role in this context since they bind angiogenic regulating molecules: 

growth factors, inhibitors and receptors creating a complex network of interaction [168]. 

Heparin/HSPGs also bind the pro-angiogenic integrins α5β1 and αvβ3 [181, 182] and this 

interaction can positively or negatively modulate angiogenesis. Medeiros et al.  [183] 

observed in endothelial cells that the interaction of HP with RGD integrins leads to the 

upregulation of HSPGs synthesis, an event associated with the phosphorylation of focal 

adhesion proteins and Ras/Raf/MEK pathways activation, even if the effect of this 
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activation has not yet been investigated [183]. Other evidence shows the involvement of 

syndecan-1, such as syndecans, and perlecans in mediating angiogenesis by mediating 

the crosstalk between both αvβ3 and αvβ5 integrins with the VEGFR receptors in the 

early stage of endothelial cell dissemination [184].  

Because of the activity in regulating angiogenesis, GAG mimetics have been developed 

and used for the purpose of stimulating angiogenesis [185]. 

1.1.4.7 Role of Glycans in the Skeletal Muscle Physiology and Regeneration 

Glycans also play a major role in the skeletal muscle where they are part of sarcolemma 

and ECM and are crucial in many physiological processes such as myogenesis, 

differentiation, regeneration, regulation of conductivity and contraction [186-188]. At 

present, the glycan data on human or mouse muscle are based on lectins and gene 

expression of glycosylation enzymes [189-193]. 

The major glycoproteins associated with the muscle cell membrane are the α-

dystroglycan (α-DG) and integrin α7β1 that bind ECM and transduce forces during 

contractions [194, 195]. The glycosylation of α-DG represents the majority of the 

knowledge on muscle glycosylation. O-mannosylation is a prominent modification of α-

DG and it is crucial for its interaction with laminin. Defects of O-mannosylation cause 

reduced fiber binding to ECM and are associated with neuromuscular disorders [196, 

197], suggesting that O-mannosylation is crucial in the physiology of healthy muscle. In 

contrast, even if the role of integrin glycosylation has been widely studied [109], the 

glycosylation of skeletal muscle integrins and their associated functions need further 

investigation [194]. Both α-DG and integrin α7β1 enrich the sarcolemma domain of the 

neuromuscular junction that transmits signals from nerve to fibers. The neuromuscular 

junction is characterized by the presence of N-acetylgalactosamine (GalNAc) [198]. 

GalNac is a glycan residue that is associated with differentiation and regeneration since 

it has been reported to increase in differentiating myotubes when culturing C2C12 

myoblasts [198]. Furthermore, complex gangliosides synthesized by the Galgt1 enzyme 

have been shown to be associated with muscle regeneration: the knockdown Galgt1 gene 

(which adds the β-(1,4) GalNAc to the gangliosides backbone) in murine models of 

muscle injury has been reported to a decrease in gene expression for the satellite cell 
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marker Pax7 and resulted in less myofiber formation [199], corroborating the evidence 

that GalNAc is a sugar moiety associated with muscle regeneration.  

In addition, GAGs have been documented to be crucial in the regeneration of muscle as 

thoroughly reviewed by Brandan and Gutierrez [188]. In particular, HSPGs and CSPG 

participate in various processes in this context. During the myogenesis and differentiation 

occurring after muscle injury, the expression of different HSPGs and CSPG is dynamic 

and this reflects the complexity of the functions that they assume. 

As part of the satellite cell niche, HSPG and CSPG can regulate their proliferation and 

differentiation [200]. This regulatory action is exhibited by the interaction with various 

growth factors including insulin-like growth factor (IGF), FGF, hepatocyte growth factor 

(HGF) and TGFβ [201, 202].  

Overall, these findings suggest that certain glycan species such as GalNAc and HS and 

CS are important in mediating fiber differentiation and regeneration. Further studies that 

can determine a full glyco-characterization of the differentiating muscle fibers might lead 

to the discovery of the biological mechanisms regulated by these glycan markers. 

Furthermore, a full analysis of the skeletal muscle glycome will provide a deeper insight 

into the structural and functional roles of glycans in muscle homeostasis. 

1.1.5 Conclusions and Future Directions 

A comprehensive and in-depth understanding of the molecular mechanisms underlying 

ischemia, inflammation, angiogenesis and muscle degeneration is essential to design the 

most appropriate treatment for CLI. This section highlights the important aspects of 

glycosylation within the context of inflammation, angiogenesis and muscle physiology/ 

regeneration, key events occurring in the ischemic disease. Alterations of glycosylation 

regulate several aspects of these processes, mediating the binding of the ligand to growth 

factors, the adhesion and the migration of cells. Alteration of O-glycans, N-glycans and 

GAGs is involved in these events, suggesting that targeting specific glycan alterations 

can modulate inflammation, angiogenesis and regeneration and therefore represent a 

potential therapeutic strategy. Further studies comprehensively examining the 

glycosylation of ischemic tissues and patient biopsies are required to establish whether 

the glycosylation can serve as a prognosis predictor factor and a diagnostic tool for CLI. 

Interdisciplinary research efforts incorporating computational and analytical methods are 
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essential to elucidate not only the structural changes of glycosylation but also the causal 

link with the ischemic insult.  

1.2 Biomaterials as the Key of/ to Tissue Regeneration Strategies for CLI  

1.2.1 Current Therapeutic Approaches for CLI 

CLI is a severe disease with very limited therapeutic options for most patients. The lack 

of options for these patients and the necessity to improve the efficacy of gold-standard 

therapies has guided the design and development of regenerative medicine approaches. 

In particular, pro-angiogenic growth factors, nucleic acids and stem or vascular cells have 

been the focus of the emerging therapeutic strategies over recent years. First tested in 

preclinical models, growth factors, gene therapy (plasmid encoding for growth factors or 

microRNA) and stem/vascular cells either alone or in combination have reached clinical 

phase. Several clinical trials have shown their promising effects promoting the formation 

of new blood vessels [203-206]. However, despite the beneficial outcomes, each of these 

approaches continue to present a number of translational challenges and limitations. 

The efficacy of growth factors or recombinant proteins in stimulating angiogenesis is 

limited by their short half-lives. The administration of growth factors have also shown 

adverse effects in preclinical models [207]. Specifically, the administration of FGF-2 

caused hypotension [208], while VEGF caused the formation of leaky blood vessels and 

tissue edema [209].  

Nucleic acid delivery has its own limitations that include poor in vivo transfection efficacy 

and also on the other hand the risk of developing tumors or other vascular aberrations due 

to  persistent overexpression of GFs [210]. Cell therapy using mesenchymal stem cells, 

marrow-derived CD34+ cells, mononuclear cells and endothelial cells has been 

successful in a number of pre-clinical trials. Furthermore, clinical studies with autologous 

stem cells have been successful in reducing the mortality (less than 15%) [211, 212] but 

not in reducing the amputation rates among CLI patients [213, 214].  

Biomaterial systems have emerged as a strategy to overcome the limitations of the 

aforementioned therapies. Indeed, in the last 20 years, biomaterials have been used as 

drug delivery systems and as a supportive matrix for prolonging cell survival in several 

preclinical applications. In the specific case of CLI, various biomaterial systems have 



Introduction 
 

 30   
 

been used both alone and in combination with growth factors, genes and cells in several 

preclinical models where they have been shown to induce tissue regeneration and 

angiogenesis [215-217]. However, despite promising preclinical results, the therapeutic 

efficacy of biomaterial-based for CLI has yet to be validated at the clinical level. Indeed, 

only a gelatin hydrogel/microspheres system with FGF has been shown to improve 

clinical outcomes in patients [218]. This section aims to summarize and review the recent 

advances in the combinatorial and non – biomaterial- based therapy for CLI application. 

1.2.2 Biomaterials Application for CLI 

The ECM is the complex three-dimensional environment that surrounds cells and 

orchestrates normal development and homeostasis of tissues. The ECM is composed of 

various macromolecules such as collagen, elastin and proteoglycans that not only have a 

structural function but also interact with the cells activating regulatory processes [219]. 

Using biomaterial systems attempts to mimic the ECM in damaged tissues. ECM-inspired 

materials, indeed, have the purpose to provide chemical, mechanical and biological inputs 

to cells, stimulating regenerative programs [220]. 

In particular, the biomaterials applied to the ischemic diseases are designed and 

engineered to promote blood reperfusion by encouraging the formation of new blood 

vessels [215]. As such, these biomaterials must modulate cell fate by promoting cell 

adhesion and migration, and provide mechanical support that triggers proliferation signals 

via mechanotransduction.  

Several biomaterials, natural and synthetic, protein or polysaccharide-based and in 

different forms (hydrogels, microparticles, nanoparticles and nanofibers) have been 

investigated for CLI applications. The natural materials tested have been polysaccharide-

based such as alginate, GAGs and chitosan as well as protein- based such as collagen and 

elastin. Synthetic/recombinant materials have also been tested in preclinical models of 

CLI [215-217]. The above mentioned biomaterials have been used both alone and in 

combination with growth factors, nucleic acid and cells in several preclinical models 

where they have shown the ability to induce tissue regeneration and angiogenesis [215-

217].  
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1.2.2.1 Biomaterials in the Combinatorial Strategy 

1.2.2.1.1 Biomaterials and Growth Factors/Cytokines 

Over the past decade, growth factors/cytokines have been among the main protagonists 

of research efforts and clinical trials for CLI. Despite encouraging results, the clinical 

efficacy is limited by the short half-life in the pathologic environment [221]. Furthermore, 

excessive doses of the growth factor can generate some adverse effects. Administration 

of FGF-2 in high dose caused hypotension while VEGF resulted in the formation of leaky 

blood vessels and edema. The combined delivery of FGF-2 and VEGF, instead, was 

associated with a rise of diabetic retinopathy and nephropathy [207]. Moreover, co-

morbidities such as diabetes and hyperlipidemia can reduce the efficacy of growth factors 

[222]. 

The aforementioned limitations suggest that it is essential to improve the efficacy of 

growth factors by prolonging their half-life and controlling the dose. Loading the 

GFs/cytokines in the biomaterial-systems represents a strategy to protect them from 

degradation, to target specifically the ischemic tissue and to achieve a sustained and 

controlled release that is crucial in the development of a mature and stable vascular 

network [223].   

To date, a variety of naturally derived or synthetic materials have been used to deliver 

growth factors in preclinical models of CLI. Alginate, chitosan, collagen, poly-lactic-co-

glycolic acid (PLGA), gelatin, fibrin, dextran, have been adopted in several type of 

formulations - single- component or hybrid composites such as hydrogels, microspheres 

and nanoparticles- and in combination with a wide spectrum of proangiogenic cytokines 

(Table 1. 2). 

The most studied material systems in CLI preclinical models so far have been hydrogels 

composed of alginate. When implanted into a murine CLI model, a HGF loaded-alginate 

hydrogel resulted in increased blood perfusion and arteriole density over that of the HGF 

alone -treated group [224]. The co-delivery of IGF and VEGF from the same hydrogel 

not only improved the vascularization, but also had a beneficial effect on muscle fibers 

both in mouse [223] and rabbit [225] models.  
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In particular, an increase in fiber innervation, regeneration, diameter, limb salvage and 

reduced apoptosis were observed in the mice [223] while an increase of fiber diameter 

was observed in the rabbits [223].  

Alternatively, PLGA microspheres have been incorporated into alginate hydrogel in a 

hybrid system that has been used to deliver human recombinant VEGF alone [226] or in 

combination with other proteins such as ANG-1 [227] and heat-shock protein 27 (HSP27) 

[228]. All of these approaches have improved vessel density in murine CLI models. 

Specifically, the PLGA/alginate/hrVEGF construct was able to increase the number of 

arterioles and to improve limb salvation as well as the PLGA/alginate/hrVEGF+ HSP27 

system. Additionally, PLGA/alginate/hrVEGF+ANG-1 was observed to reduce muscle 

necrosis. An alternative formulation involved the fabrication of alginate microspheres and 

their incorporation in a collagen hydrogel, as a delivery system for the stromal cell-

derived factor-1 (SDF-1) chemokine that directs cell migration and the formation of blood 

vessels [229]. When administered intramuscularly in a mouse CLI ischemia model, this 

formulation induced an increase of capillaries and arterioles as well as an upregulation of 

angiogenic cytokines and the activation of SDF-1 receptors. Collagen has also been used 

in combination with heparin as a FGF-2 delivering hydrogel in a rabbit CLI model where 

it showed an increase in capillary density and an improved oxygen reperfusion [230]. 

FGF-2 has also been loaded in other hybrid composites containing HP. Indeed, chitosan-

HP/FGF-2 [231] and fibrin- HP/FGF-2 [232] hydrogels have both shown angiogenic 

potential in murine models of CLI, as well as the ability to reduce fibrosis and 

inflammation in the case of HP/FGF-2 hydrogel. Finally, a hydrogel made of gelatin has 

also been shown as a promising delivery system for bFGF. Indeed, while a gelatin-bFGF 

hydrogel increased blood perfusion and arterioles in a rabbit [233], a gelatin hydrogel 

loaded not only with bFGF but also with a mix of plasma -isolated GFs obtained similar 

results in a mouse. Gelatin has been tested not only in the form of hydrogel, but also as 

microspheres in a canine model. Gelatin microspheres were shown to prolong the release 

of bFGF [234]. A gelatin hydrogel/microspheres/bFGF system is the only biomaterial 

formulation that has reached clinical application and demonstrated benefits in improving 

CLI patient symptoms [218].  

Other synthetic/recombinant/natural materials have been used in the fabrication of 

microspheres, nanoparticles or nanofibers for delivery GFs and have shown potential in 
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stimulating angiogenesis in animal models. Dextran-PLGA microspheres containing 

VEGF165 were able to restore blood flow in a rat ischemia model [235]. Similarly, 

dextran-gelatin nanoparticles also produced comparable results in a rabbit model [236]. 

PLGA only nanoparticles loaded with FGF-2 have also shown angiogenic potential in a 

murine CLI model [237].  

Another strategy utilized fragmin/protamine microparticles for the release of platelet-rich 

plasma (PRP) or FGF-2 [238, 239]. Indeed, Fujita et al., observed increased collateral 

sprouting and calf blood pressure in a rabbit model of CLI using the PRP -loaded 

fragmin/protamine microparticles [238]. Fragmine/protamine microparticles loaded with 

FGF-2 showed similar results in a mouse model in limb rescue and increased oxygenation 

[239]. Liposomes and high density lipoprotein (HDL) nanodiscs have also been tested in 

combination with growth factors, thanks to their ability to target the cell membrane. 

Liposomes engineered to display a VEGF-mimetic epitope increased blood vessel 

permeability in a mouse model [240], while HDL nanodiscs loaded with substance P 

demonstrated benefits not only in vascularization but also in reduced fibrosis, necrosis 

and apoptosis [241]. Furthermore, gold nanoparticles have been loaded with VEGF and 

demonstrated a sustained release and evoked stable angiogenesis and limb reperfusion 

[24]. Finally, peptide nanofibers have also demonstrated their potential as protein release 

systems. Self-assembled peptide nanofibers RADA16-II were coupled with substance P 

and were shown to recruit cells, promote neovascularization and inhibit apoptosis and 

fibrosis in a murine model [242, 243]. Furthermore, nanofibers engineered with VEGF 

mimetic peptides showed promising results in increasing blood vessel in a murine model 

[244, 245].  

 All these preclinical trials show improved angiogenesis, tissue regeneration of the 

biomaterial-GF system over that of the simple GFs administration, suggesting that the use 

of a biomaterial delivery system is essential in achieving a sustained controlled release of 

growth factors that results in the restoration of stable blood circulation with therapeutic 

relevance. The efficacy of these biomaterial-GFs systems needs to be confirmed and 

validated at the clinical level.  
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1.2.2.1.2 Biomaterials and Gene Therapy 

Gene therapy consists in the administration of nucleic acids, such as DNA, siRNA or 

miRNA with the purpose of introducing/potentiating/inhibiting a specific gene function 

to target a disease. Gene therapy employs the cell encoding apparatus to stably produce 

or suppress active biomolecules, allowing the targeting of specific genetic dysfunction, 

and the avoidance of frequent drug administration. Gene therapy is one of the most 

explored novel therapeutic strategies to promote angiogenesis in CLI patients [246-248]. 

The focus has been predominantly on plasmid DNA (pDNA) encoding pro angiogenic 

growth factors such as VEGF121, 165, FGF-2, and HGFs that have reached the clinical 

experimental stage. The results of these clinical trials demonstrated the safety and the 

potential of these strategies in improving patient symptoms such as ulcers healing, tissue 

oxygenation and limb reperfusion [249]. However, limitations such as restricted 

transgene expression due to poor in vivo transfection efficacy, and the high degradation 

rate, makes it necessary to design and develop more efficient nucleic acid transfer 

systems. 

To address this need, biomaterial-based nucleic acid carriers have been developed and 

tested in preclinical CLI models. The purpose of the biomaterial carriers is to increase 

gene therapy efficacy by protecting the DNA/RNA from degradation by the nucleases 

from uptake from phagocytes, as well as to target specific tissue/cell sites, and to facilitate 

cell internalization [250]. To this end, several materials including elastin, gelatin, heparin 

PLGA, cationic synthetic polymers- mostly in the form of nanoparticles/liposomes, but 

also as hydrogel/microspheres system, have been tested in preclinical CLI models and 

have shown encouraging and promising results (Table 1.3).  

PLGA nanoparticles have been used to deliver VEGF plasmid in a mouse model of CLI, 

resulting in a capillary increase [251]. Similarly, Polydiacetylene-polyethylenimine 

(PDAPEI) synthetic polymer particles carrying VEGF-A as pDNA were able to induce 

an increase of blood perfusion in an ischemic mouse model [252]. pVEGF165 has also 

been delivered with hybrid gelatin-magnetic DNA nanospheres. Indeed, these magnetic 

spheres markedly increased the blood perfusion and vessel density after being 

magnetically directed at the ischemic site in a rabbit CLI model [4]. Furthermore, the 

formulation heparin-polyethylenimine (PEI)-VEGF plasmid has also been proven to 

stimulate the growth of arterioles and capillaries in a mouse ischemia model [253].  
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Apart from VEGF isoforms being the most studied, other GFs- encoding pDNA have 

been examined in combination with liposomes and tested in CLI models. Additionally, 

liposomes are often used to deliver a DNA cargo, thanks to their ability to target and fuse 

with the cell membranes. PEG only [254] and PEG-DOTAP liposomes [255] have been 

used to deliver the pFGF in a mouse model of CLI and both were able to induce an 

increase of blood flow reperfusion. In addition, PEG liposome injection resulted in 

increase an in capillary density [255].   

Most of the formulations tested involved the delivery of one gene only that targets 

angiogenesis. Recently, Dash et al. have used an elastin-based hydrogel/miscrophere 

system for dual gene delivery of eNOS and IL-10, targeting both angiogenesis and 

inflammation [256]. This system was able to induce angiogenesis and attenuate 

inflammation in CLI model, proving the importance of targeting multiple molecular 

pathways in the disease. Indeed, further studies involving the co-delivery of genes that 

target not only angiogenesis and inflammation but also oxidative stress and muscle fiber 

regeneration are required. 

As well as gene delivery, the administration of miRNA has been investigated for 

therapeutic angiogenesis. Indeed, miRNAs have recently been identified as regulators of 

gene expression involved in several angiogenic processes, such as the proliferation and 

the migration of endothelial cells [257]. Among the angiogenesis-related, miRNA-126 

[258-260] and miRNA-132 [261, 262] have been well-described to modulate 

angiogenesis by inhibiting negative regulators and consequently enhancing growth factor 

signalling. Magnetic nanoparticles containing perfluoro-1, 5-crown ether (PFCE), 

detectable with MRI, were used to transfect endothelial cells with miRNA-132 and, when 

injected in a mouse model of CLI, were able to improve limb reperfusion [263]. miRNA-

126 has been complex both with liposomes [264] and PLGA particles [265]. The 

administration of both formulations in a CLI model resulted in improvement of blood 

reperfusion and an increase in capillary numbers. Taken together, this evidence highlights 

the promising role of the biomaterial/miRNA combination in inducing therapeutic 

angiogenesis and offers a sophisticated method of regulation.  

In summary, preclinical trials show the potential of biomaterials as an efficient adjuvant 

of gene therapy for CLI.  



Introduction 
 

 41   
 

 T
a
b

le
 1

. 
3

 C
L

I 
p

re
cl

in
ic

a
l 

tr
ia

ls
 w

it
h

 b
io

m
a
te

ri
a
ls

/n
u

cl
ei

c 
a
ci

d
 s

y
st

em
s.

 



Introduction 
 

 42   
 

 



Introduction 
 

 43   
 

Further investigation on the possible mechanisms and the long term effect of these 

therapies in vivo, assessing toxicity, inflammation and fibrosis, is required before 

proceeding to the clinical phase. 

1.2.2.1.3 Biomaterials for Cell Therapy 

Cell therapy has been shown to be an attractive strategy to stimulate therapeutic 

angiogenesis for a number of reasons [266, 267]. First, transplanted cells can be a stable 

reservoir of multiple pro-angiogenic growth factors that can induce the formation of 

stable vessels. The release of these growth factors and other cytokines can also be 

balanced and physiologically relevant since this release is a consequence of the cell-

response to the pathological environment. Furthermore, stem cells can differentiate into 

vascular cells, providing direct structural support for angiogenesis by integrating into the 

existing vasculature wall [266]. Moreover, the use of autologous cells prevents the 

problem of host immune-rejection [267].  

Somatic stem and progenitor cells including bone marrow mononuclear cells (BMMNCs) 

[268], endothelial progenitor cells (EPCs)[269] and mesenchymal stem cells (MSCs) 

[270] have been investigated in several CLI clinical trials, revealing potential efficacy 

and safety [205]. In particular, the intramuscular administration of BMMNCs markedly 

increased the ankle brachial index and the oxygen pressure, and improved ulcer healing 

[271, 272], while the intra-vascular injection of MSCs was able to improve the rates of 

revascularization and oxygenation [273].  

Despite the encouraging therapeutic effects shown in preclinical and clinical trials, cell 

therapy still presents a number of challenges including the limited cell retention and 

survival after the injection [205]. Indeed, the hypoxic and inflammatory environment of 

CLI does not favour cell survival since it induces apoptosis or clearance by immune cells 

in the early days after administration. Multiple injections do not improve the short half-

life of mononuclear cells in the ischemic muscle and can also cause excessive 

inflammation.   

There are a couple of strategies by which biomaterials can improve the efficacy of stem 

cells: 1) the encapsulation of cells into hydrogel with the purpose of providing ECM clues 

that mimic the cellular niches, protecting them and stimulating their paracrine capacity 

[274, 275]; 2) the use of nanoparticles or liposomes as transfection vectors to genetically 
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manipulate the cells to produce a certain growth factor to be more resistant to apoptosis 

and oxidative stress [217]. 

 1.2.2.1.3.1 Biomaterials Matrices for Cell Encapsulation 

The use of ECM-derived matrices for cell encapsulation has been widely explored in 

recent years. Indeed, these matrices not only protect cells from the host pathological 

environment but also mimic the natural niche that primes proliferation, differentiation 

and secretions of tissue remodelling factors. Therefore, the use of ECM-based matrices 

provides mechanical end structural support and activates cell-signalling through cell-

matrix interactions to guide the vascular assembly. Furthermore, these matrices can be 

used as scaffolds that maintain and stabilize the cell culture before transplantation. 

Several biomaterials/cells systems have been tested in preclinical CLI models and have 

shown promising revascularization effects (Table 1. 3). These materials include HA, 

collagen, gelatin, alginate, specific-peptides or polymer based [276]. The cells 

incorporated are also various: endothelial cells, stem cells of various sources and 

macrophages. Indeed, all of these cells are known to have a role in angiogenesis [52]. The 

first biomaterial/cells system tested in a CLI model was composed of HA and human 

umbilical vein endothelial cells (HUVECs) [277]. This combination showed the ability 

to improve reperfusion and angiogenesis in the limb by prolonging cell retention, 

survival, and by promoting the engrafting of HUVECs into the endothelium.  

The most studied cells in the context of biomaterial encapsulation for CLI application are 

the MSCs. MSCs are multipotent stem cells present in the bone marrow, umbilical cord 

blood and the placenta, and have the ability to differentiate into several types of cells - 

osteoblasts, chondrocytes, cardiomyocytes and endothelial cells- when supported with 

appropriate chemical/biological/physical cues [271, 278-281]. 

MSCs have, indeed, been encapsulated in different biomaterials. An MSC-collagen 

construct was able to induce the formation of mature vessels and oxygen saturation in a 

preclinical model [282]. Another ECM-protein hydrogel such as PEGylated fibrin has 

been used as a support for MSCs in a rat model were it showed an increased number of 

mature blood vessels.  
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Recently, also, synthetic peptide-based small molecular hydrogels have been used in 

combination with MSCs [283, 284]. MSCs have indeed been delivered in a GFFYK 

peptide hydrogel, with therapeutic effects in a mouse CLI model [283]. Specifically, a 

GFFYK peptide hydrogel/MSCs system was able to induce revascularization, 

angiogenesis, and cause a decrease in inflammatory cell infiltration and collagen 

deposition. Furthermore, a hybrid construct made of C- domain of insulin-like growth 

factor-1 (IGF-1C)-chitosan was used to deliver MSCs in a mouse model of CLI, showing 

improved revascularization due to the activation of the VEGFRs pathway [284].  

It is not only ECM/peptide-based hydrogel that has been used to encapsulate stem cells 

but a synthetic hydroxyapatite nanoparticle was also used as a cell carrier and injected in 

a murine ischemic limb in combination with BM-MNCs [285]. The system induced an 

increase of capillaries and arterioles that were correlated with the upregulation of the pro-

angiogenic cytokines VEGF and bFGF [285].  

Recently also, induced pluripotent stem cells (iPSCs) have been encapsulated into a 

biomaterials carrier and have shown angiogenic potential in both a subcutaneous and a 

CLI models. [286, 287]. Among stem cells, iPSCs offer the possibility to reprogram 

pluripotency from adult human cells [288], overcoming the problem of immune-rejection 

and opening for the future a patient-specific therapy. In particular Tan et al., [287] 

delivered induced pluripotent stem cell derived endothelial cells, (iPSCs-ECs) from ECs 

using polycaprolactone (PCL)/gelatin electrospun scaffold and demonstrated angiogenic 

potential in a subcutaneous mouse model. Furthermore, Forster et al., showed that a 

thermoresponsive recombinant protein hydrogel containing the RGD sequence in 

combination with iPSCs-ECs was able to induce an increase in arterioles and capillaries 

density.  

Recently, Ludwisky et al, [276] encapsulated a proangiogenic type of macrophage 

(expressing Tyrosine-protein kinase (Tie-2) receptor for the proangiogenic factor 

Angiopoietin-2) in alginate and demonstrated the beneficial effect on tissue reperfusion 

and vascularization in a mouse CLI model.  

Overall, these studies demonstrate the therapeutic potential of the biomaterials/cells 

constructs for CLI and the ability of biomaterials to support and enhance cell therapy. 

None of these studies, however, investigate the mechanisms of actions. Several types of 
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matrices have been used to encapsulate different types of cells. Comparative studies are 

necessary to select the optimal biomaterials/cell system to obtain therapeutic 

angiogenesis.  

1.2.2.1.3.2 Biomaterial as Transfection Vectors for Engineering Cells 

While hydrogels/ matrices are mostly used to protect and enhance cell paracrine and 

differentiation capacity, nanoparticles or micelles are adopted to transfect and engineer 

the cells to obtain a desired functionality.  

Specifically, nanomaterials are used as nonviral vectors for cell transfection that 

reprogram cells for higher expression of angiogenic factors, increased survival and 

resistance to apoptosis and inflammatory stimuli. In this field, the types of nanomaterials, 

the gene functionality transferred and the recipient type of cells are varied.  

Yang et al. used biodegradable poly (β-aminoester) (PBAE) nanoparticles to transfect 

VEGF165 plasmid into MSCs. These VEGF165 over-expressing cells injected 

intramuscularly in a murine CLI model induced a notable increase in vascular densities 

and, a decrease in muscle necrosis and tissue fibrosis compared to that of the control 

[289]. Similarly, HUVEC cells that were genetically modified with PBAE-VEGF 

plasmid NPs prevented mice from undergoing necrosis and limb loss [290]. 

Additionally, micelles were used to transfect stem cells. For example, poly (ethylene 

glycol)-poly (amino ketal) (PEG-PAK) micelles were used to transfect human adipose-

derived stem cells (hADSCs) with stromal cell-derived factor-1 alpha (SDF-1α) gene. 

SDF-1 is a natural cytokine that mediates the homing of cells in inflammatory conditions 

[291]. The SDF-1 expressing cells were able to induce an increase in revascularization 

and blood perfusion in a murine CLI model [292]. Cells can also be engineered to be 

resistant to oxidative stress. Chitosan nanoparticles conjugated to cells before being 

implanted were able to scavenge reactive ROS present in the ischemic environment and 

thus increase the survival of transplanted cells in a CLI model [293]. 

Cells can be genetically engineered/manipulated not only through the delivery of genes 

but also by using microRNAs (miRNA), noncoding RNAs that negatively regulate the 

translation of messenger RNA (mRNA) into protein for the purpose of inhibiting  target 

genes at the therapeutic level [294]. Nanoparticles also have application as microRNA 
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carriers [263]. Gomes et al. designed multifunctional nanoparticles that can not only 

deliver the pro-survival/angiogenic microRNA (miR132 and miR424) but can also be 

used for cell MRI-tracking in the tissue. These nanoparticles showed 50–90% transfection 

efficiency into endothelial cells. Endothelial cells engineered with NP-miRNAs increased 

not only the cell survival but also, remarkably, the blood perfusion of ischemic mouse 

limb, if compared with the not-transfected cell treatment group.  

Furthermore, a nanoscale material has also been used to direct the cells to the specific 

target zone in the tissue [295]. Magnetic polystyrene-copolymer nanoparticles containing 

iron oxide demonstrated the ability to guide endothelial progenitor cells (EPCs) to 

ischemic tissue when a magnetic field was applied. Furthermore, an increased blood 

reperfusion was also observed [295]. Moreover, EPCs transfected with magnetic 

nanoparticles isolated from the bacteria Magnetospirillum magneticum were recruited at 

the ischemic site and this resulted in improved reperfusion of blood flow [295].  

In summary, this evidence suggests that the use of biomaterials for cell engineering not 

only enhances cell functions such as cell viability, paracrine activity, but can also be used 

for precise cell targeting, and for cell homing and tracking. Nevertheless, further 

comprehensive preclinical investigations as to the safety and cytotoxicity of these 

methods are required. Indeed, most of the aforementioned studies do not examine the 

possible in vivo side effects of these biomaterials carriers nor the long-term effects on 

cellular viability and function.  

 1.2.2.3 Biomaterials  

Only in recent years, the administration of biomaterials as a therapeutic has become 

attractive because of their ease in translation. In particular, ECM-derived/based materials 

have shown regenerating and healing potential in animal models of CLI [216, 296]. 

Indeed, biomaterials alone have shown the capability of repairing the ischemic tissue by 

promoting angiogenesis, revascularization and muscle regeneration [95, 297-299]. 

Specifically, natural materials such as fibrin [298, 299] and decellularized ECM hydrogel 

have been investigated in CLI preclinical models (Table 1. 5).  
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Fibrin has shown an ability to induce revascularization and reperfusion in a rabbit model 

of CLI [298, 299]. In particular, a fibrin sealant was found to induce the formation of 

collateral vessels and capillaries [299]. Furthermore, fibrin particles were able to cause 

[298] an increase in capillary density and recovery of reperfusion in the ischemic legs. 

Additionally, hybrid composites like a fibrin-chitosan hydrogel not only improved the 

blood reperfusion and the capillary formation but also rescued the limb from necrosis and 

amputation in a mouse model [300]. Recently, the administration of a variant of HP found 

in the blood vessel improved blood reperfusion in a CLI mouse model [301]. 

While fibrin or HP were able influence on the vascularization, ECM-derived hydrogel, 

instead, have not only shown the ability to increase reperfusion but also to induce muscle 

remodelling [95]. Indeed, an injectable hydrogel obtained from porcine skeletal muscle 

decellularized ECM showed an increase not only in vascular cells but also in regenerating 

muscle fibers and progenitor cells in a rat model of CLI [297] over that of a collagen 

hydrogel. Recently, this decellurized ECM hydrogel was also compared with human 

umbilical cord ECM hydrogel, and showed a superior ability to improve fiber 

morphology and to activate Pax7+ satellite cells into the muscle regeneration program 

[95]. These results suggest that providing components of ECM is effective in triggering 

a complete regeneration response that involves both capillaries and the skeletal muscle.    

1.2.2.4 Concluding Remarks and Future Directions  

Recently, biomaterials have emerged as undisputed protagonists in tissue engineering 

approaches that aim to induce revascularization and regeneration for CLI applications. 

Increasing numbers of preclinical trials have proved the potential of biomaterials to 

overcome the limitations highlighted in clinical trials in growth factors, gene and cell 

therapy, improving their efficacy. Furthermore, biomaterials alone have shown 

significant angiogenic and regenerating potential in preclinical CLI models. From a 

manufacturing perspective, this approach represents the most economical way to translate 

on a large scale. Nevertheless, several aspects need to be investigated/ addressed before 

moving to the clinical experimentation phase. 

Indeed, most of the studies only targets/investigate the effects of combined or biomaterial 

alone strategies on the revascularization aspect while muscle regeneration, fibrosis and 

inflammation remain poorly explored. Since an intact and functional muscle is important 
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for the efficacy of revascularization therapies, approaches that aim to induce muscle 

regeneration are necessary. Furthermore, the safety and the potential cytotoxicity 

especially of gene and cells-related products need more extensive long-term 

investigation. 

Finally, the need to explore the mechanisms of action of these biomaterials systems also 

remains. Recent advances in high throughput analysis such as genomic, proteomics and 

glycomics can be used to understand the molecular basis of the pro-angiogenic action of 

the biomaterial constructs. Validating the safety and understanding the molecular 

mechanism will only facilitate the clinical experimentation phase.  

1.3 Project Rationale: Elastin-Like Recombinamers (ELR) Injectable Hydrogel for 

the treatment of CLI 

The choice of the optimal biomaterial for a specific clinical condition represents an 

important challenge in the current regenerative medicine approaches. Elastin is one of the 

most abundant components in the ECM of several tissues including the skeletal muscle, 

the arterial wall, the myocardium, skin and cartilage. Elastin is composed of essential 

tropoelastin monomers assembled in elastin fibers by coacervation and crosslinking. 

Elastin is synthetized by several types of cell such as endothelial cells, fibroblast and 

chondrocytes, providing the tissue with elasticity, compliance and durability. Elastin-like 

recombinamers (ELRs) are a class of elastin-mimicking genetically-engineered polymers 

that not only address the issue of the poor availability of natural elastin, but also offer the 

possibility to manipulate the structure by inserting additional bioactive motifs of interest 

[302-304]. For example, it is possible to functionalize ELRs with amino acid sequences 

that improve cell adhesion, material degradation and interaction with specific receptors 

[305, 306]. ELRs have also been shown to be suitable for the fabrication of constructs 

such as hydrogels, microspheres, films and nanocarriers [303]. Several ELR systems have 

demonstrated their ability to interact with cellular components in vitro and in vivo [307-

310]. In particular, ELRs were able to stimulate the aggregation and the sprouting of 

endothelial cells in culture, as well as in capillary formation in subcutaneous murine 

models [307-310]. Nevertheless, ELRs have not so far been tested in a small or large 

model of CLI. 
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1. 4 Overall Hypothesis 

It was hypothesised that in an ischemic condition the alterations of glycans in the 

glycocalyx and ECM occur, and these alteration are associated with the pathological 

events (inflammation, necrosis, and blood flow impairment) in an in vivo disease model 

of CLI. An elastin-like recombinamers (ELR) hydrogel can promote angiogenesis and 

tissue remodeling in the ischemic muscle modulating the glycoenvironment changes and 

protein regulatory pathways. This approach has the possibility to identify new molecular 

targets. This thesis consists of three research phases: I) to establish and characterize a 

severe CLI model in the wildtype mouse (Chapter Two), II) to use this severe model to 

investigate changes in the glycoenvironment provoked by an ischemic insult (Chapter 

Three) and III) to investigate the efficacy of the ELR hydrogel in the severe CLI model, 

evaluating the capacity to induce angiogenesis and tissue remodelling, and also to assess 

glycosylation changes to this response (Chapter Four). 

1.4.1 Phase I (Chapter Two) 

Hypothesis: Double ligation of femoral artery can induce a robust ischemia in wildtype 

mouse and therefore can be adopted as a severe model of CLI. 

Objectives: 

• To assess the impact of the surgical procedure by evaluating recovery of 

endogenous perfusion, ambulatory impairment and extent of necrosis in a 

wildtype mouse model after the double ligation of the femoral artery. 

• To evaluate histologically the extent of the spontaneous angiogenic and 

myoregeneration baseline in explanted muscles. 

• To evaluate the molecular profile changes in the ischemic tissues using Raman 

microspectroscopy. 

1.4.2 Phase II (Chapter Three) 

Hypothesis: The ischemic insult can produce alterations of the glycoenvironment of the 

muscle, especially on N-glycan and GAG modifications. 
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Objectives 

• To compare differences in glycosylation of healthy and ischemic tissues at 

different time-points, using lectin histochemistry.  

• To evaluate specific N-glycan structures and quantity modifications through 

liquid chromatography electrospray ionization tandem mass spectrometry (LC-

ESI MS/MS). 

• To evaluate quantity and proportion of GAGs in the healthy and ischemic tissues 

by 1, 9-dimethyl-methylene blue (DMMB) assay and immuno-histochemistry.  

1.4.3 Phase III (Chapter Four) 

Hypothesis:  ELR hydrogel treatment will promote the formation of new blood vessels 

in an in vivo CLI model through regulating the glycosylation and the proteome signature 

in ischemic tissues. 

Objectives 

• To assess the degree of extracellular remodelling and the molecular signature 

using Raman microspectroscopy. 

• To evaluate the angiogenesis and inflammation in explanted muscle by 

quantifying capillaries and inflammatory cells using stereological methods. 

• To determine the proteome signature of the ELR hydrogel-treated tissue, 

assessing protein expression by LC-ESI MS/MS. 

• To evaluate the response of N-glycans to the injection of the ELR hydrogel using 

a lectin array and LC-ESI MS/MS. 

• To evaluate the GAGs response of by using 1, 9-dimethyl-methylene blue 

(DMMB) assay and immuno-histochemistry.  
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2.1 Introduction 

Critical limb ischemia (CLI) is a manifestation of severe peripheral artery disease (PAD). 

CLI arises due to occlusion of vital blood vessels supplying the lower extremities. Each 

year, 500-1.000 per million cases of CLI are diagnosed in the European and North 

American population [1]. Angioplasty or surgical bypass are the current gold standard 

treatments [2]. However, besides the low survival rates, the prognosis of limb 

preservation is poor, particularly in patients with no‐option CLI where rates of major 

amputation within six‐month have been reported in the range of 10% to 40%. Therefore, 

new therapies for this condition are urgently required.  

In designing new therapies, there are several important requirements. One of these is to 

adopt a preclinical model that will mimic the occlusion of circulation occurring in CLI 

patients as closely as possible. Currently, the occlusion of the femoral artery is thought to 

be the most efficient method [3-6]. Several murine CLI models are available even though 

these present a number of limitations such as early recovery, high mortality, and difficulty 

of reproducibility, depending on the type of surgical variation performed [6].   

In this study, a severe preclinical model of CLI previously developed in our laboratory 

was adopted [5]. It was hypothesized that the double ligation of femoral artery procedure 

will induce robust ischemia in the wildtype mouse and this was investigated at both a 

functional and histological level (Figure 2. 1).  

2.2 Materials and Methods 

2.2.1 Model of CLI 

All animal-related protocols were performed in accordance with national guidelines and 

approved by the Animal Care Research Ethics Committee at the National University of 

Ireland, Galway, and the Health Products Regulatory Authority, Ireland. C57BL/6 mice 

(n=9-10/group) weighing 18-22 g, 12-14 weeks old were anesthetized by intraperitoneal 

administration of ketamine (80 mg/kg) and xylazine (10 mg/kg). Ischemia was induced 

in the left leg of the mice by the double ligation of the femoral artery procedure as 

previously described [5]. Briefly, two separate skin incisions were made on one of the 

lower limbs; the first at the inguinal region, and the second above the knee, to expose the 

femoral neurovascular bundle. The femoral nerve is identified and separated from the 
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vessels. The femoral artery was then carefully dissected from the femoral vein and the 

artery was ligated at two locations: before the profunda femoris and before the saphenous-

popliteal bifurcation.    

2.2.1.1 Blood Perfusion, Ambulation and Necrosis  

Laser-Doppler scanning was performed immediately pre- and post-operatively, and at 

days: 7, 14 and 21 to monitor hind-limb perfusion. Perfusion changes were recorded and 

quantified from the plantar region of the foot. The recovery of blood flow was expressed 

as a ratio of ischemic left leg to that of the non-ischemic right leg. Exclusion criteria were: 

1) a difference of more than 20% of blood perfusion between the two limbs, in the pre-

operative Doppler scan and 2) a perfusion ratio higher than 10% in the operated limb in 

the post-operative Doppler scan. The recovery of ambulation and the development of 

necrosis were semi-quantitatively determined using grading scales based on the gross 

observation of the operated foot.  

Ambulatory Scoring Scale 

0 Flexing the toes to resist traction on the tail similar to that on the non-operated foot 

1 Plantar flexion but not flexion of toes 

2 No dragging foot but no plantar flexion 

3 Dragging the foot 

Necrosis Scoring Scale 

0 Normal toes 

1 Mild redness or cyanosis of tips of toes/nails 

2 Cyanosis of toes and/or mild necrosis of toe/s (toe count) 

3 Severe necrosis  

4 Auto-amputation of distal limb 

2.2.2 Tissue Collection and Preparation 

The animals were sacrificed and the skeletal muscles were collected from both healthy 

and ischemic legs at time points 7, 14 and 21 days. Explanted muscles were preserved for 

histology by incubating in 4% PFA for 48h, infiltrating in 30% sucrose, and embedding 

in Optimal Cutting Temperature (OCT) compound (TISSUE-TEK®; Sakura Finetek 

USA. Inc.). Cryosections were taken at a thickness of 7 μm from four different depths at 

100 μm intervals using a Leica CM1850 cryostat (Leica Microsystems, Germany) set at 
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-22ºC. Standard histology, Raman microspectroscopy measurements, and immuno/lectin 

histochemistry were performed on the tissue sections. Histology sections were stained 

with hematoxylin and eosin (H&E).  

2.2.3 CD31 Staining and Capillary Quantification  

For immunoreactivity assay, sections were washed three times in PBS. The tissue sections 

were blocked with 1% BSA for two hrs to avoid non-specific binding. Anti-mouse 

polyclonal primary antibody specific for CD31/PECAM-1 (Abcam, Ireland) endothelial 

marker was used. Secondary antibody labelled with AlexaFluor® 594 (1:500, Invitrogen, 

Ireland) was applied for one hour at room temperature, followed by nuclear staining with 

DAPI (Life Technologies) and mounting with ProLong® Gold Antifade Mountant (Life 

Technologies). All slides were incubated at 4°C for 24 hours in darkness before imaging 

with a laser confocal microscope (Olympus Fluoview 1000, Olympus America, Center 

Valley, PA, USA).  

Ten confocal images of 20X magnification were obtained from every section and used 

for quantification of CD31 staining (n=6). In the NIH Image program, the fibers in the 

field of view were outlined and the total area was calculated. The number of capillaries 

in the reference space was counted using the ‘Cell Counter’ plugin. The capillary density 

(V) was calculated by dividing the number of capillaries (X) by the total area mm2 

according to Formula 1.  

  Capillary density (V) = X/A                         (Formula 1) 

2.2.4 WGA Lectin Staining and Central Nucleated Fibers (CNFs) Quantification 

Three tissue sections from each mouse (n=6) were used for WGA lectin incubation. 

Lectin histochemistry was carried out as previously described [7]. Briefly, slides were 

washed with Tris-buffered saline supplemented with Ca2+ and Mg2+ (TBS; 20 mM Tris-

HCl, 100 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, pH 7.2) and 0.05% (v/v) Triton X-100 

(TBS-T), then blocked with 2% (w/v) periodate-treated bovine serum albumin (BSA) 

(Sigma-Aldrich) in TBS for one hour. All procedures were performed in darkness and all 

washes (five minutes each) were carried out three times. Sections were washed, then 

incubated with WGA- FITC-conjugated lectins (EY Labs) in TBS for one hour. After 

three washes with TBS-T, the sections were counterstained with a 1:1000 dilution of 
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DAPI for five minutes. The slides were washed in TBS-T before coverslip mounting with 

ProLong® Gold Antifade Mountant (Life Technologies). As stated above, all slides were 

incubated at 4°C in darkness for 24 hours before imaging with a laser confocal 

microscope (Olympus Fluoview 1000, Olympus America, Center Valley, PA, USA).  

Ten confocal WGA images of 20X magnification were used for measuring of the CNFs 

percentage (n=6). Using the Cell Counter plugin, the percentage of CNFs was calculated 

by dividing the number of CNFs by the total number of fibers in the reference space 

according to Formula 2.  

CNFs% = Number of CNFs/ Number of total fibers x 100      (Formula 2) 

2.2.5 Extracellular Matrix Profiling using Raman Microspectroscopy 

Raman micro-spectroscopy analysis was conducted at Department of Women’s Health, 

University of Tubingen, Germany with the assistance of Prof. Katja Schenke-Layland. 

Tissue sections (10 μm thickness) (n=3) on a glass slide were analyzed using a custom-

built Raman microspectroscopy system as previously described [8]. All measurements 

were performed using a 60X water immersion objective (NA 1.2, Olympus). Using an 

automated stage, 30 spectra were collected in the extracellular matrix surrounding single 

muscle fibers (Figure 2. 7). Raman spectra were acquired in the wave number range of 

0–2000 cm−1 using an acquisition time of 100 s with 85 mW laser power. Spectra were 

recorded using the Andor software package (Andor iDus, Belfast, Northern Ireland). 

OPUS®software 4.2 (Bruker Optik GmbH, Ettlingen, Germany) was used to subtract the 

glass background signals and also to select the Raman spectra into the spectral 400–

1800cm−1 region. After baseline correction, all Raman spectra was imported to the 

UnscramblerX® 10.2 Software (CAMO, Oslo, Norway). Principal component analysis 

(PCA) has been used to analyze the spectra. PCA is a multivariate method utilized to 

analyze the variances in a spectral dataset and is valuable to identify significant shifts in 

the spectra between sample groups. The non-linear iterative partial squares (NIPALS) 

algorithm was used in the calculation of PCA. As a result of the PCA, every spectrum is 

described by score values. Separation of score plots reveals differences between sample 

groups, while the PCA loading plot highlight the peaks of the spectra that are responsible 

for the differences.  
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2.2.6 Statistical Analysis  

Statistical evaluation of the data was performed using the statistical program GraphPad 

Prism® Version 5 (USA); data were compared using one-way analysis of variance 

(ANOVA) based on the number of factors analyzed, followed by a Tukey’s post-hoc 

comparison test. All data were expressed as mean ± standard deviation and accepted as 

significant at p-value < 0.05. 

2.3 Results 

2.3.1 Double Ligation Procedure Severely Impaired Blood Perfusion in the Wildtype 

Mouse 

The effect of the double ligation procedure on blood perfusion of C57BL/6 was prominent 

over a period of three weeks with mice showing foot dragging and poor plantar flexion 

post-operatively (Figure 2. 2A). At days 7 (n=28) and 14 (n=18), limb perfusion 

increased to 22±16% and 33±8%, respectively when compared with day 0 post ischaemia 

surgery. At day 21 (n=9), however, the perfusion ratio remain limited to 45±13% (Figure 

2. 2 B). Despite this poor blood flow, gross clinical examination revealed only mild 

ambulatory impairment and necrosis (Figure 2. 2 C). After three weeks, the necrosis 

score never exceeded 2 (Figure 2. 2D), although 66% of the mice developed necrosis of 

the nails (Score 1) while 22% of them showed necrosis of the toes (Score 2) (Figure 2. 

2E-G). 

2.3.2 Spontaneous Capillary Growth and Fiber Regeneration in the Ischemic Model  

The muscles from the ischemic limbs showed typical histopathological features of 

ischemia such as infiltration of inflammatory cells and necrosis of the fibers (H&E 

staining in Figure 2. 3A).  

To validate the blood perfusion data and investigate the spontaneous angiogenesis 

reaction to the ischemic insult, capillaries were stained with CD31 antibody and the 

capillary density was measured. CD31 staining across different groups (healthy, day 7, 

day 14 and day 21) is illustrated in Figure 2. 3A.  
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Figure 2. 1 Schematic representation of the experimental design. The study was 

designed as follow: a severe model of CLI was adopted in the wildtype mouse. Ischemia 

was induced at day 0 through the double ligation of the femoral artery procedure and the 

animals were sacrificed at different times (7, 14 and 21 days). The healthy leg muscles 

were compared with the ischemic ones. The validity of the model was determined both 

through functional analysis (blood flow reperfusion of the limb, development of necrosis 

and ambulatory impairment), and histological analysis. Capillary density and central 

nucleated fibers (CNFs) were quantified to measure respectively the degree of 

spontaneous reperfusion and fiber regeneration occurring in the model. Raman 

microspectroscopy was used to obtain a molecular profile of the tissue. 
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Figure 2. 2 A) Doppler images representing blood perfusion of limbs. B) Quantification 

of the perfusion ratio C) Ambulatory performance, and D), development of tissue 

necrosis, pre-operatively, and at post-operative days: 0, 7, 14, and 21. Representative 

images of C57BL/6 mouse with E) no necrosis, F) necrosis of the nails, and G) mild 

necrosis of two toes. Data are expressed as mean and SD (n=28 for day 21, n=18 for day 

14, and n=9 for day 7). 
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A tendency of increase in the capillary density in the ischemic tissue was observed at day 

7 and day 14 even though this was not significant in comparison with the healthy. The 

capillary density at day 21 after induction of ischemia (0.4±0.03) was significantly higher 

than that observed in both the healthy controls (0.2±0.03) and that of the ischemic tissue 

at day 7 (0.3±0.1). Ischemia can trigger the formation of new capillaries, and these 

observations are consistent with previous data (Figure 2. 3B) [3]. 

Central nucleated fibers (CNFs) in the muscles were studied to investigate the capacity 

for spontaneous regeneration of muscles in this double ligation model. Tissue sections 

were stained with lectin WGA and DAPI to identify fiber membranes and nuclei 

respectively. The percentage of CNFs across different groups (healthy, day 7, day 14 and 

day 21) is illustrated in Figure 2. 3C. Whereas regenerating muscle fibers display central 

nucleation, healthy muscle fibers rarely contain centralized nuclei [9]. The healthy control 

group (Figure 2. 3A) did not contain any fibers with centralized nuclei. CNF nucleated 

fibers were present in the ischemic muscle at day 7 and increased over the remaining two 

weeks. Specifically, the percentage of CNFs was found to be 10.5±16.7 (day 7), 52.2±5.2 

(day 14) and 57.2±7.9 (day 21). Furthermore, the percentage of CNFs increased 

significantly in ischemic muscles at days 14 and 21 over that of ischemic tissues at day 

7.  

2.3.3 Distinctive Changes in Protein and Glycan Profile on Raman 

Microspectroscopic Evaluation of Ischemic Tissues 

To investigate whether ischaemia alters the molecular profile of skeletal muscles, 

Raman microspectroscopy was performed on ischemic muscles and healthy controls to 

evaluate the molecular composition of the ECM (Figure 2. 4-2. 6). The resulting Raman 

spectra from both healthy and ischemic tissues displayed the following vibrational peaks: 

1343 cm−1 assigned to CH3, CH2 wagging, 1450 and 1250cm−1 to C-H, and C-

H2 deformations respectively and 1666 cm−1 (amide signals) (Figure 2. 4A, 2. 5A, 2. 6A). 

The average spectra of  the ischemic tissue presents a  higher intensity of C-H, C-

H2 deformations (1450 cm−1) and CH3, CH2 wagging (1343 cm−1) at every time point, 7, 

14 and 21 days. After 14 days, the spectra displayed the vibration at 1307 cm-1 CH3/CH2 

twisting or bending mode of lipid/collagen which is absent in the healthy tissue (Figure 

2. 5A).  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/micro-spectroscopy
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Figure 2. 3 A) Images of H&E, CD31 (red) and WGA (green) staining of healthy and 

ischemic muscle at post-operative days: 7, 14 and 21 (Scale bars 50 μm, 20X 

magnification). B) Quantification of capillary density; and C) percentage of CNFs in 

healthy and ischemic at post-operative days: 7, 14 and 21. Data are expressed as mean 

and SD, and significance between the groups was accepted for *p<0.05 by one-way 

ANOVA and Tukey’s test (n=6/group).  
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After 21 days, the mean spectrum of the ischemic tissue also shows a high intensity in the 

1666 cm−1 peak associated with the amide in contrast to the healthy (Figure 2. 6A). 

Raman spectra from the ischemic tissue and control healthy tissues were then analyzed 

using principal component analysis (PCA). PCA is a multivariate statistical method that 

describes the variability in the Raman spectra based on score values, and isolates the 

impact of spectral components in principal component (PC) loadings. When comparing 

the Raman spectra of healthy with that of ischemic tissues, the distribution of PC score 

values for the overall dataset  depicted spectral differences at all the time points (Figure 

2. 4B, 2. 5B, 2.6B). In particular, the Raman spectra at day 7 showed differences in the 

distribution of PC-2 and PC-6 score values between healthy and ischemic tissues (Figure 

2. 4B). The loading spectra of PC-6 illustrates the Raman signals that vary predominantly 

in the band such as phenylalanine (1005, 1582 cm−1), C-H bending of tyrosine (1176 

cm−1), CH3, CH2 wagging, collagen assignment (1343 cm−1), and amide I (1650 cm−1) 

(Figure 2. 4C).  Furthermore, at day 14 the ischemic tissue spectra formed a well-defined 

population in the PCA scores plot (Figure 2. 4B). The loading spectra of PC3 feature 

protein Raman bands including the most prominent saccharide band (1371 cm−1), CH2 

stretching and CH3 asymmetric deformation (1454 cm−1) and amide (1666cm−1) (Figure 

2. 4C). Additionally, at day 21 the distribution of PC-3 and PC-4 score values showed the 

formation of two clusters of population between the healthy and ischemic tissue (Figure 

2. 4B) that differ in the Raman peaks of CH2 stretching/CH3 asymmetric deformation C-

C stretch (collagen) (945 cm−1) and glycans (1148 cm−1), CH3, CH2 wagging (collagen 

assignment) (1345 cm−1) amide I C=C stretching vibrations (1670 cm−1) (Figure 2. 4C). 

These data suggest that ischemic conditions alter the composition of the ECM proteins 

such as collagen and elastin as well as glycan content. Figure 2. 7 shows bright field 

images of the muscle tissue indicating that the Raman measurement were recorded in the 

ECM surrounding the individual muscle fiber (endomysium) and the loading Raman 

bands were significant in determining spectra differences. 

2.4 Discussion  

Many of the CLI models have already been reported in the literature [3, 6, 10]. Generally, 

ischemia is induced in one of the limbs and the contralateral limb is used as a control. 

Laser Doppler imaging is used to measure the blood flow in the ischemic limb in 

comparison with the contralateral healthy limb.  
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Figure 2. 4 Raman spectral analysis of healthy (blue), and ischemic muscles (red) at 

7 days after the induction of ischemia. A) Mean Raman spectra comparison, B) 

principal component analysis (PCA), C) and PC-6 loadings, of the healthy and ischemic 

tissue after 7 days.  
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Figure 2. 5 Raman spectral analysis of healthy (blue), and ischemic muscles (red) at 

14 days after the induction of ischemia. A) Mean Raman spectra comparison, B) 

Principal component analysis (PCA), C) and PC-3 loadings, of the healthy and ischemic 

tissue after 14 days. 

 

 

 

 

A 

B 

B 

C 

A 

P
C

-2
(2

4
%

) 



Characterization of a Critical Limb Ischemia Model  

102 
 

 

 

 

 

 

 

 

 

Figure 2. 6 Raman spectral analysis of healthy (blue), and ischemic muscles (red) at 

21 days after the induction of ischemia. A) Mean Raman spectra comparison, B) 

principal component analysis (PCA), C) and PC-3 loadings, of the healthy and ischemic 

tissue after 21 days.  
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Figure 2. 7  Raman measurements in situ A) 10X (scale bar=100 µm) and B) 60X 

(scale bar=10 µm) bright field images the tissue section, the yellow arrows indicating that 

the Raman measurements were taken in ECM surrounding the individual muscle fiber 

(endomysium).  
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Loading peaks (Healthy vs  Ischemic, 7 days) 

PC-6 peak (cm-1) Assignment 

1005 Phenylalanine 

1343 CH3, CH2 wagging, collagen assignment 

1447 CH2 bending mode of proteins, lipids CH2 deformation 

(protein vibration)  

1650 (C=C) Amide I 

1582 (C=C) Phenylalanine 

Table 2. 1 PC-6 peaks assignment of the comparison of healthy versus ischemic 

tissue after 7 days. 
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Loading peaks (Healthy vs Ischemic, 14 days) 

PC-3 peak (cm-1) Assignment 

1666 Collagen 

1451 CH2 stretching,CH3 asymmetric deformation, CH3 

bending, CH2 scissoring 

1371 The most prominent saccharide band 

1627 C=C  stretch 

Table 2. 2 PC-3 peaks assignment of the comparison of healthy versus ischemic 

tissue after 14 days.  
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Loading peaks (Healthy vs Ischemic, 21 days) 

PC-3 peak (cm-1) Assignment 

945 C-C stretch 

1254 Amide III 

1345 CH3, CH2 wagging (collagen assignment)  

1670  Amide I, C=C stretching vibrations  

1148 Carbohydrates 

Table 2. 3 PC-3 peaks assignment of the comparison of healthy versus ischemic 

tissue after 21 days.  
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The extent of ischemia created generally depends on the surgical procedure and on the 

capacity of the animal to develop spontaneous angiogenesis. 

Currently, the most commonly used model, based on the single ligation of femoral artery, 

has the limitation of fast endogenous recovery of blood reperfusion [3]. Indeed, the blood 

perfusion ratio was reported to fully recover (100%) after seven days in the wildtype 

C57BL/6 mice [6]. Alternative models have adopted the ligation along the external 

descending iliac artery proximally or distally to the inguinal ligament. As with the single 

ligation of femoral artery, the ligation of the iliac artery presented a fast blood flow 

recovery (90%) in the wildtype mice [6]. It was observed that this accelerated recovery is 

due to an inflammatory angiogenic response that leads to an arterio-capillary vascular 

shunting [11]. Specifically, the sprouting capillaries that are proximal to the upstream 

occluded artery anastomose with the arterial network downstream of the site of ligation 

[12]. 

At the other extreme, the total excision of the femoral artery is able to delay the blood 

flow recovery (30% at 7 days) [6] but this results in outcomes that are too severe such as 

early and extensive necrosis and trauma [13].  

Other surgical variations involve the ligation/excision of the artery and the vein, but this 

strategy represents the least clinically relevant, since CLI patients do not suffer from 

venous dysfunctions.  In the literature, a double ligation procedure that involves the 

ligation of the femoral artery and the iliac artery was reported to effectively compromise 

the blood perfusion (50% after 28 days). Nevertheless, this procedure lacks in 

reproducibility due to the individual variability of the ramification of collaterals in this 

location. 

Here, a severe model able to delay blood flow reperfusion and does not result in extended 

necrosis trauma is presented. This model based on double ligation of the femoral artery 

was adopted in the C57BL/6 wildtype mouse as has been previously established in our 

laboratory using the nude mouse [5]. The double ligation of the femoral artery in the 

C57BL/6 mouse was observed to severely impair (Figure 2. 2A, B) the blood reperfusion 

(45% of recovery after 21 days) as in the nude mouse (40% of recovery after 21 days). 

The C57BL/6 mice, however, developed only mild necrosis (maximum score 2) (Figure 

2. 2D-G) in contrast with the nude mice that presented extensive necrosis of the foot 

(maximum score 4). This finding suggests that the double ligation procedure in wildtype 
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mice is milder in terms of necrosis. This is presumably because the C57BL/6 is able to 

build up a compensatory T-cell-dependent immune-response that preserves the foot, 

while the lack of T-cells in the nude mice results in severe necrosis. T cells are the major 

cell population recruited at the injury site in the second wave of immune cell infiltration 

and they are known to be involved in skeletal muscle repair [14]. T cells secrete a variety 

of growth factors and cytokines (TNF-α, IFN-γ, IL-1β, IL-4, IL-12, IL-13) to modulate 

the microenvironment towards the muscle regeneration process. Specifically, T cells can 

activate/nurture satellite cells, and recruit anti-inflammatory macrophages (M2), resulting 

in reduced muscle damage. Furthermore, T-cells are known to be crucial players in the 

ischemia-reperfusion injury, where they fulfil a protective role [15]. T-cells are activated 

by oxygen free radicals, and pro-inflammatory cytokines (TNF-α, IFN-γ, IL-2 and IL-6) 

secreted in the ischemic microenvironment [16]. Sharir et al showed that T-regulatory 

cells modulate the re-establishment of flow in a murine CLI model in which the effect is 

mediated by the cytokine IL-10, which recruit endothelial cells [17].Taken together these 

evidence suggest that T-cells protected the limb from severe necrosis in this double 

ligation model. It was reported in the literature that the degree of reperfusion is not 

correlated with the extent of necrosis. Indeed, higher limb reperfusion does not always 

necessarily correspond to a rescued limb. A possible reason for this is that the mechanical 

stress applied from the ambulatory movements may [18] contribute to vascular recovery 

despite necrosis. On the other hand, a poor limb reperfusion is not always associated with 

a necrotic or auto-amputated foot, as was observed in this model. Indeed, the double 

ligation procedure was able to extensively reduce the blood perfusion in the wildtype 

mouse while preserving the foot from fatal necrosis (Figure 2. 2D- G). 

From a histological perspective, the spontaneous angiogenic response and the 

endogenous regenerative capacity of the muscle fibers was associated with the 

inflammatory and remodelling phases of the ischemic insult. Inflammation is one of the 

triggers of the ischemia-induced angiogenesis. Monocytes [19] and macrophages [20] can 

secrete pro-angiogenic growth factors and contribute to degradation of the ECM that 

allow for endothelial cells migration and the consequent capillary sprouting [21]. 

The capillary number in the ischemic muscles gradually increased with time, suggesting 

that this accounts for the increase in blood reperfusion as observed on Laser Doppler 

scanning (Figure 2. 3). The presence of CNFs from the earliest time point, that are 

generally recognized as regenerated myofibers [22], corroborates this assumption that the 
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necrosis of the fibers caused by the ischemic insult can trigger a spontaneous fiber 

regeneration process. CNFs are commonly observed in the histopathology of patients 

with muscular dystrophies and in related animal models [23, 24]. Furthermore, CNFs 

have been observed in the muscle of different rat and mouse ischemia models [25, 26], 

suggesting that the ischemic insult can trigger a regenerative response. The processes of 

angiogenesis and myogenesis have been observed to occur concomitantly after skeletal 

muscle injuries [27]. This association might explain the observed phenomenon of 

angiogenesis and myogenesis that occur concomitantly during muscle regeneration after 

ischemia.  

Raman microspectroscopy was demonstrated to be a powerful analytical tool in 

characterizing the ECM [28] and was also able detect unique molecular signature from 

the human ischemic muscle [29]. For these reasons, this technique was used to validate 

the double ligation procedure at the molecular level. Raman microspectroscopy also 

showed a molecular profile in the ischemic muscles that was different from that of healthy 

muscles at every time point. The ischemic tissue in particular showed differences in the 

composition of the ECM macromolecules such as collagens and glycans compared to the 

healthy one. 

In summary, these results suggest that the double ligation of the femoral artery procedure 

in the wildtype mouse is able to slow the recovery and to mimic the histopathological 

features associated with ischemia, offering a wide therapeutic window for further 

investigation.  

2.5 Conclusions  

Multiple models of CLI have been reported using both the wildtype and the 

immunocompromised mouse for testing the efficacy of potential therapeutic. All the 

models present variations in blood perfusion recovery that depends on the surgical 

procedure. A common issue associated with the models is higher endogenous recovery 

capacity and this is due to either genetic heterogeneity or lack of technical reproducibility. 

Previously, our laboratory developed a model of CLI in a Balb/C nude mouse that showed 

a high severity of ischemia [5]. In this chapter, the model was adapted in the wildtype 

mouse and the severity was investigated. The double ligation procedure resulted in blood 

flow impairment that was associated with important histopathological features that 

characterize CLI: the infiltration of inflammatory cells, the necrosis of the fibers, and an 
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ischemia-induced angiogenic and regenerative response. Furthermore, Raman 

microspectroscopy identified a specific ECM molecular profile of the ischemic tissue, 

suggesting that the surgical procedure can mimic the ECM remodelling that occurs in the 

pathological condition. Therefore, the procedure can be used as an alternative model to 

test acellular materials where the use of immunocompromised mice is not required.  
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3.1 Introduction  

An important requirement in developing a new therapeutic is to gain an insight into 

the molecular mechanisms. In the ischemic condition the underlying pathological 

phenomenon are dominated by the reduction of vascularization, hypoxia, oxidative 

stress, inflammation and necrosis. Very little is known of the role of glycans in 

mediating ischemic events. Glycans are biomolecules normally found attached to 

proteins and these glycans modulate the structural stability and function of their 

proteins [1]. As well as being essential components of the glycocalyx and extracellular 

matrix (ECM), glycans play a central role in cell–cell/cell-ECM interaction both in 

health and in disease [2, 3]. Glycans are divided into the following main categories: 

1) branched structures found largely on the glycocalyx that can be called O-glycans or 

N-glycans depending on whether they are attached to serine or asparagine respectively 

and, 2) unbranched Glycosaminoglycans (GAGs) that are linear polysaccharides, 

sulphated, negatively charged and mainly found in the ECM [1, 2]. In the skeletal 

muscle, glycans are part of fibers and the ECM structure and are crucial in many 

physiological processes such as myogenesis, differentiation and regeneration [4-6].  

In addition, the role of glycans in the regulation of angiogenesis and inflammation 

through a variety of mechanisms is documented [7-9]. An example of these is the 

galectin-binding to the angiogenic factor receptors (AGFRs). N-glycans present on the 

angiogenic receptor VEGFR can trigger angiogenesis through the binding of Galectin-

1 to the lactose residues and this has also been proven as one of the mechanisms of 

drug resistance in tumors [10]. Also, N-glycans present on the angiogenic integrin 

αvβ3 can regulate and subsequently activate signal pathways that lead to the formation 

of new blood vessels in the cornea through the interaction of galectin-3. In addition, 

GAGs such as heparin sulphate (HS) and chondroitin sulphate (CS) are crucial in 

regulating angiogenesis as they bind pro-angiogenic growth factors (VEGF, FGF and 

PDGF), present them to their receptors, protect them from proteolytic degradation, 

and furthermore mediate the clustering of their receptors and the crosstalk with other 

receptors such as integrins [11, 12].  

Glycosylation also plays an important role in inflammation, particularly in the 

recruitment cascades of leukocytes through modifications of glycan-binding protein-

glycan interactions both on the endothelium and inflammatory cells.  For example, N-
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sialylation of the chemokine receptors type 2 on the surface of neutrophil has been 

found to protect the receptor from proteolytic attack [8, 9].  

Moreover, GAGs present on endothelial cells contribute to the regulation of the 

leucocyte recruitment cascade during inflammation. HS and CS have a role in all the 

stages of this process, interacting with several molecules and receptors.  Heparan 

sulphate proteoglycans (HSGPs) such as syndecans modulate integrin-mediated tight 

adhesion of leukocytes to the endothelium [8, 9]. Taken together, these findings 

highlight the need to clarify the specific role of glycans in the pathological 

environment of the ischemic limb muscle. 

In this chapter, the effects of ischemia on the glycosignature of skeletal muscles were 

investigated. To do so, a preclinical model of CLI described in Chapter two was used. 

It was hypothesized that the ischemic environment will produce alterations in the 

glycosylation of the muscle. To date, all data on human or mouse muscle glycosylation 

consists of lectin and gene expression analysis. This study comprehensively 

investigates N-glycans and GAGs expression in the healthy and ischemic muscles, 

using a combination of lectins, enzymes digestions and liquid chromatography- 

electron spray ionization tandem mass spectrometry (LC-ESI-MS/MS) (Figure 3. 1).  

3.2 Materials and Methods 

3.2.1 Model of CLI 

All animal-related protocols were performed in accordance with national guidelines 

and approved by the Animal Care Research Ethics Committee at the National 

University of Ireland, Galway, and the Health Product Regulatory Authority, Ireland. 

(See Section 2.2 in Chapter Two). 

3.2.2 Tissue Collection and Preparation 

The animals were sacrificed and the skeletal muscles were collected both from healthy 

and ischemic legs after time points 7, 14 and 21 days. Muscle explants were preserved 

for histology by incubating in 4% Paraformaldehyde (PFA) for 48h, infiltrating in 30% 

sucrose, and embedding in Optimal Cutting Temperature (OCT) compound (TISSUE-

TEK®; Sakura Finetek USA. Inc.). Cryosections were taken at a thickness of 7 μm 
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from four different depths at 100 μm intervals using a Leica CM1850 cryostat (Leica 

Microsystems, Germany) set at -22ºC. Immuno- and lectin histochemistry were 

performed on the tissue sections.  

3.2.3 Immunohistochemistry  

For immunoreactivity assay, sections were washed three times in PBS. The tissue 

sections were blocked with 1% BSA for two hours to avoid non-specific binding. 

Primary mouse generated Anti-Chondroitin Sulphate antibody [CS-56] (ab11570) and 

Anti-Heparan Sulphate Proteoglycan 2 antibody [A7L6] (ab2501) were incubated at 

4C overnight (Dilution 1:200). Secondary antibody labelled with AlexaFluor® 488 or 

AlexaFluor® 594 (1:500, Invitrogen, Ireland) was applied for one hour at room 

temperature, followed by nuclear staining with DAPI (Life Technologies). The slides 

were washed in PBS before mounting with ProLong® Gold Antifade Mountant (Life 

Technologies). All slides were incubated at 4°C for 24 hours in darkness before 

imaging with a laser confocal microscope (Olympus Fluoview 1000, Olympus 

America, Center Valley, PA, USA).  

3.2.4 Lectin Histochemistry 

Three tissue sections from each mouse (n=6/group) were used for each lectin 

incubation. Lectin histochemistry was carried out as previously described [13]. 

Briefly, slides were washed with Tris-buffered saline supplemented with Ca2+ and 

Mg2+ (TBS; 20 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, pH 7.2) and 

0.05% (v/v) Triton X-100 (TBS-T), then blocked with 2% (w/v) periodate-treated 

BSA (Sigma-Aldrich) in TBS for one hour. All procedures were performed in darkness 

and all washes (five minutes each) were carried out three times. Sections were washed, 

then incubated with seven different FITC-conjugated lectins (WGA, SNA-I, DSA, 

GNA, GSL-I, WFA and RCA-1/120 (EY Labs)) in TBS for one hour (Table 3. 1). 

After three washes with TBS-T, the sections were counterstained with a 1:1000 

dilution of DAPI (Life Technologies) for five minutes. The slides were washed in 

TBS-T before mounting with ProLong® Gold Antifade Mountant (Life Technologies). 

To confirm that lectin binding was glycan-mediated, lectins were co-incubated in 

parallel with 100 mM of the appropriate haptenic sugar in TBS, as inhibitory controls 

(Table 3. 1). As stated above, all slides were incubated at 4°C in darkness for 24 hours 
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before imaging with a laser confocal microscope (Olympus Fluoview 1000, Olympus 

America, Center Valley, PA, USA).  

3.2.4.1 Tissue Morphometry: Volume fraction of Lectins (%)  

Lectin staining was quantified according to a published method [14].  Confocal images 

were converted to binary mode (8 bit) and adjusted to the optimal threshold of positive 

staining and total area. Volume fraction (Vv) was obtained by calculating the area 

fraction of the positive signal divided by the total area and converting this to a 

percentage (%) according to Formula 3.  

Percentage of Volume fraction (%Vv) =Area Fraction of the signal/ Total Area x 100 

(Formula 3) 

3.2.5 N-glycans Analyses by LC-ESI-MS/MS  

Glycomics analysis was carried out at the Institute of Biomedicine, University of 

Gothenburg, Sweden, with the assistance of Dr Niclas Karlsson. Snap frozen tissue 

samples (n=4) were homogenized in 500 μl of 7 M urea (3X) for 20 mins at 50Hz 

using TissueLyser LT (Qiagen) to extract proteins. N-glycans release was performed 

as described previously [15].  Briefly, tissue lysates were reduced in 25 mM 

Dithiothreitol (DTT) at 4C° overnight. Samples were dot-blotted onto a 

polyvinylidene fluoride (PVDF) membrane (Immobilin P, Millipore, Billerica, MA, 

United States) (approx. 20 μg of protein per spot, four spots per sample). The 

membranes were stained with Alcian Blue 8GX (A5268, Sigma-Aldrich) for 30 

minutes at RT and destained with methanol.  The N-glycans were released from PVDF 

membranes by incubation with PNGase F (Sigma Aldrich) (0.5 U/μl enzyme in 50 

mM NH4Ac (pH 8.4)). The reaction was stopped by adding 1 μl of acetic acid  (Sigma-

Aldrich) and the samples were desalted with 35 μl of AG50WX8 cation exchange 

slurry (Bio-Rad, Hercules, CA) packed on the top of C18 zip tips (Millipore). The 

samples were then dried in SpeedVacTM and borate complexes were removed by 

repeated addition/evaporation of 50 μL methanol (five times). Released N-glycans 

were re-suspended in water and analyzed by liquid chromatography-electro-spray 

ionization tandem mass spectrometry (LC-ESI/MS). The oligosaccharides were 

separated on a column (10 cm × 250 µm) packed in-house with 5 µm porous graphite 

particles (Hypercarb, Thermo-Hypersil, Runcorn, UK). The oligosaccharides were 
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injected onto the column and eluted with an acetonitrile gradient (Buffer A, 10 mM 

ammonium bicarbonate; Buffer B, 10 mM ammonium bicarbonate in 80% acetonitrile 

(Sigma Aldrich)). The gradient (0-45% Buffer B) was eluted for 46 min, followed by 

a wash step with 100% Buffer B, and equilibrated with Buffer A for 24 minutes. A 40 

cm × 50 µm i.d. fused silica capillary was used as a transfer line to the ion source.The 

samples were analyzed in a negative ion mode on an LTQ linear ion trap mass 

spectrometer (Thermo Electron, San José, CA), with an IonMax standard ESI source 

equipped with a stainless steel needle kept at –3.5 kV. Compressed air was used as 

nebulizer gas. The heated capillary was kept at 270°C, and the capillary voltage was 

–50 kV. Full scan (m/z 380-2000, two microscans, maximum 100 ms, target value of 

30,000) was performed, followed by data-dependent MS2 scans (two microscans, 

maximum 100 ms, target value of 10,000) with normalized collision energy of 35%, 

isolation window of 1.0 units, activation q0.25 and activation time 30 ms). The 

threshold for MS2 was set to 300 counts. Data acquisition and processing were 

conducted with XcaliburTM software (Version 2.0.7).   

Glycans were identified from their MS/MS spectra by manual annotation. For 

structural annotation, some assumptions were made in this study as follows. The 

biosynthesis of N-glycans was assumed to follow the classic pathways. Terminal Hex2 

units were presumed to be αGal. Chain elongation was expected to be mediated by the 

addition of N-acetyllactosamine units. Diagnostic fragmentation ions for N- and O-

glycans were investigated as described [16]. The annotated structures according to 

MIRAGE guideline [17] are submitted to the Unicarb-DB database (http://unicarb-

dr.biomedicine.gu.se/references/352). For comparison of glycan abundances between 

samples, individual glycan structures were quantified relative to the total content by 

integration of the extracted ion chromatogram peak area. The area under the curve 

(AUC) of each structure was normalized to the total AUC and expressed as a 

percentage. The peak area was processed by Progenesis QI (Nonlinear Dynamics, 

Newcastle, UK). The row files containing the peak intensity values are available at the 

following link (https://glycopost.glycosmos.org/preview/5608636085cb07abf3cda4, 

code 3354). 

https://glycopost.glycosmos.org/preview/5608636085cb07abf3cda4
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3.2.6 GAGs Extraction and Quantification  

The analysis of GAGs was carried out at the Laboratoire Croissance, Réparation et 

Régénération Tissulaires (CRRET), University Paris-Est, France in collaboration with 

Prof. Dulce Papy-Garcia. Frozen tissue samples were suspended in extraction buffer 

for further GAG extraction as described previously [18]. Briefly, samples were 

digested by proteinase K (Merck Millipore) and DNase (Qiagen, Hilden, Germany) 

and then transferred to 4 mol/L NaCl final sample concentration and shaken 

vigorously for 30 min. Upon precipitation of the proteins, the supernatants were 

washed with chloroform (Sigma Aldrich) and the aqueous phase was dialyzed 

(Spectrum, Breda, The Netherlands) against extraction buffer and pure water. The 

samples were then freeze-dried and the extracted GAGs quantified according to the 1, 

9-dimethyl-methylene blue (DMMB) assay as described previously [19]. For specific 

HS and CS quantification, extracted GAGs were incubated with a cocktail of 

heparinases (Sigma-Aldrich, Saint Quentin-Fallavier, France). In parallel, 

chondroitinase ABC (Sigma-Aldrich, Saint Quentin-Fallavier, France) (25 

mU/sample, 2 h at 37 °C) was used for specific elimination of CS. Undigested GAGs, 

CS and HS were quantified according to the 1, 9-dimethylmethylene blue (DMMB) 

assay [19].  

3.2.7 Statistical Analysis  

Statistical evaluation of the data has been performed using the statistical program 

GraphPad Prism® Version 5 (USA); Data were compared using one-way analysis of 

variance (ANOVA) based on the number of factors analyzed, followed by a Tukey’s 

post-hoc comparison test. All data have been expressed as mean values ± standard 

deviation. Significance has been accepted at p < 0.05. 

3.3 Results 

3.3.1 Lectin Histochemistry 

To investigate the involvement of specific glycan species in the ischemic condition, a 

library of lectins was chosen on the basis of typical mammalian glycosylation patterns 

(Table 3. 1).  
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Lectin  Binding 

specificity 

Concentration  

(µg/ml) 

Haptenic sugar 

 (100 mM) 

WGA (Wheat germ 

agglutinin) 

NeuAc, GlcNAc 20 GlcNAc 

SNA-I 

(Sambucus Nigra 

agglutinin) 

α-(2,6)–linked 

sialic acid 

20 Lac 

DSA (Datura 

Stramonium 

agglutinin)  

β- 1-4 GlcNAc 

oligomers 

10 GlcNAc 

GNA (Galanthus 

nivalis agglutinin) 

 α-(1, 3)-mannose 10 Man 

GSL-I (Griffonia 

simplicifolia) 

Terminal α-Gal 

GalNAc 

15 Gal 

WFA (Wisteria 

Floribunda 

agglutinin) 

GalNAc and 

chondroitin 

sulphate 

10 GalNAc 

RCA-I/120 (Ricinus 

Communis 

Agglutinin I) 

Gal (β-1,4)-

GlcNAc 

15 Lac 

Table 3. 1 Binding specificity, concentrations and haptenic sugars of lectins used 

in the study.  A haptenic sugar is a monosaccharide or disaccharide that can inhibit 

the binding capacity of a lectin. Abbreviations: Gal, galactose; GalNAc, N-

acetylgalactosamine; GlcNAc, N-acetylglucosamine. 
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Figure 3. 1 Schematic representation of the experimental design. Severe ischemia 

was created in C57/BL6 by double ligation of the femoral artery. The animals were 

sacrificed at post-operative days 7, 14 and 21. The muscles of the controlateral healthy 

hindlimb were compared with those of the ischemic hindlimb. The glycosignatures of 

the healthy and ischemic tissues were compared using lectins histochemistry, LC-ESI-

MS/MS mass spectrometry (N-glycans) and DMMB assay for glycosaminoglycans 

(GAGs) and immuno-histochemistry.  
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These lectins were specific for sialylation, N-acetylglucosamine (GlcNAc), 

mannosylation, galactosylation, N-acetylgalactosamine (GalNAc), and lactosylation. 

To study whether ischemia induces changes in sialylation in this model, WGA and 

SNA-I lectins were used for staining the tissue and the volume fraction (Vv) of the 

signal was determined using stereological methods. WGA binds to sialic acid and 

GlcNAc while SNA-I lectin binds to α-(2, 6)-linked sialic acid (Table 3. 1). In 

ischemic tissue at days 7 and 14, significantly higher levels of binding of WGA and 

SNA-I than those in the healthy tissue were observed (Figure 3. 2A-C). 

Specifically, the volume fraction percentage (Vv%) increase of WGA binding was 

21±7%, 17±5%, 8± 3.3% respectively for days 7, 14 and 21 (Figure 3. 2B). At day 

21, the WGA signal was more intense around the regenerating CNFs (Figure 3. 2 A). 

SNA-I binding also increased significantly after 7 days (26±17%) and 14 (22±6.4%) 

(Figure 3. 2 C). At day 21, no significant difference were seen between the healthy 

and the ischemic tissue.  

N-acetyl-glucosamine was assessed with DSA lectin that binds to β- 1-4 GlcNAc 

oligomers (Table 3. 1). In the healthy muscle, DSA binds to the cell membrane and 

also to intracellular granules (Figure 3. 3A). In the ischemic tissue, significantly 

higher levels of DSA binding over those of the healthy were detected at day 7 

(21±6.1%), at day 14 (18±8%) (Figure 3. 3B). The increase in signal is extracellular: 

at day 7 the signal is associated with inflammatory cells infiltration around the single 

fibers; at the other time points, an extracellular “spotlike” signal is still present.  

GNA lectin binds to α-(1, 3)-linked mannose (Table 3. 1). An increase in the 

expression of mannose α-(1, 3)-linked structures is typically observed in cell stress 

and inflammation. At 7 days after ischemia, a significant increase (17.8±11.5%) of 

GNA binding was observed while at the other time points an increase was still 

observed over that of the healthy, although not significant. (Figure 3. 3C). The 

increased Vv is due to the infiltration of inflammatory cells. At the days 14 and 21, 

the signal correlates with the presence of CNFs.  

GSL-I lectin binds to terminal α-linked galactose (Gal) residues and GalNAc (Table 

3. 1). GSL-I is a lectin that has specificity for capillaries and is also used as a staining 

method [20, 21]. In the healthy tissue, GSL-I is specific for capillaries, but in the 
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ischemic tissue the signal spreads to the inflammatory cells (7 days) and is associated 

with CNFs membranes at 14 and 21 days (Figure 3. 3A). The signal was also 

significantly higher (30±10%) than that seen in the healthy group at day 7 (Figure 3. 

3D). WFA lectin binds to α-linked or β-linked terminal N-acetylgalactosamine 

(GalNAc), including the one present chondroitin sulphate (Table 3. 1). In the ischemic 

tissue, the binding of WFA was observed to increase in the ECM between the CNFs 

even if no significant difference was observed over that of the healthy (Figure 3. 4A, 

B). RCA-I/120 lectin binds Gal (β-1, 4)-GlcNAc. At day 7, a significant increase 

(12.7±1%) of RCA-I/120 binding was observed, while no significant difference was 

seen at either days 14 and 21 (Figure 3. 4C).  

3.3.2 N-Glycan Modification in the Ischemic Environment Detected by LC-ESI-

MS/MS 

To validate the results obtained with the lectin histochemistry and therefore to 

investigate and fully determine the N-glycome in the healthy muscle and the effect of 

ischemia on N-glycome structures, LC-ESI-MS/MS analysis was conducted. In total 

51 N-linked glycans structures were identified. For comparison, individual glycan 

structures were quantified relative to the total content by integration of the extracted 

ion chromatogram peak area and expressed as relative intensity percentage (%). In 

healthy conditions, the N-glycome of the skeletal muscle was composed of 64.3±1.5 

% of complex type, 32.4 ±2.2% of mannose type and 3.2±0.6 % of hybrid type (Figure 

3 7). Furthermore, N-glycans were found to be highly sialylated: 79.8±2.5 of complex 

and hybrid structures are sialylated against a 20.2 ± 2.5% of neutral ones (Figure 3. 

5). The ischemic insult has an effect on the mannosylation, hybrid and bisecting 

structures and sialylation of N-glycans at the earliest time point. Even if the total 

amount of mannose species was not significantly different, the high mannose 

structures Man7 and Man9 were highly expressed in the ischemic samples (Figure 3. 

6). In particular, the relative abundance of Man7 at day 7 (11.3±0.74%) was 

significantly higher than that observed in the healthy (8.5±0.6). Abundance of Man9 

was also significantly higher in the ischemic samples (24.8±2%) at day 7 than that of 

the healthy (19± 1.9%), and still higher but not significant at 14 days (21.3±1.3).  
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Figure 3. 2 Sialic acid-binding lectin histochemistry of healthy and of ischemic 

muscle tissues at post-operative days: 7, 14 and 21. A, B) WGA binds all-linked 

sialic acid and GlcNAc and A, C) SNA-I lectin binds α-(2, 6)- sialic acid.  *p<0.05 by 

one-way ANOVA and Tukey’s test (n=6/group). Quantification of the signals is 

expressed as percentage volume fraction and is presented as the mean and SD (Scale 

bar =100 μm, 20X magnification). 
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Figure 3. 3 Lectin histochemistry of healthy and ischemic muscles at post-

operative days: 7, 14 and 21. A, B) DSA lectin binds to β- 1-4 GlcNAc oligomers, 

A, C) GNA lectin binds to α-1, 3-linked mannose and  A, D) GSL-I lectins bind to 

terminal α-linked galactose (Gal) residues. Statistical difference between groups: 

*p<0.05 by one-way ANOVA and Tukey’s test (n=6/group). Quantification of the 

signals is expressed as percentage volume fraction and as the mean and SD (Scale bar 

=100 μm, 20X magnification). 
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Figure 3. 4 Lectin histochemistry of healthy and ischemic muscle tissues at post-

operative days: 7, 14 and 21. A, B) WFA binds to either α-linked or β-linked terminal 

GalNAc, including that in chondroitin sulphate and A, C) RCA-I/120 lectin binds Gal 

(β-1,4)-GlcNAc. Statistical difference between groups: *p<0.05 by one-way ANOVA 

and Tukey’s test (n=6/group). Quantification of the signals is expressed as percentage 

volume fraction and is presented as the mean and SD (Scale bar =100 μm, 20X 

magnification). 
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Figure 3. 5 Profiling of N-glycans from healthy muscle tissues by LC-ESI-

MS/MS. A) Percentage of relative intensity of mannose, complex and hybrid type. B) 

Percentage of relative intensity of the sialylated and neutral structures. Values are 

presented as the mean and SD (n=4). 
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In regards to complex glycans, the relative intensity was observed in the ischemic 

tissues at day 7 (67.7 ±3.9) and 14 (69.9±3.4) compared to that seen in the healthy 

(64.3±2.2) was similar (Figure 3. 8A). In regards to hybrid type, six structures were 

detected. 

The relative intensity of hybrid N-glycans was significantly lower in the ischemic 

samples (1.0±0.5% for day 7, 1.6± 0.5% for day 14 and 1.8±0.2% for day 21) glycans 

than that of the healthy control (3.3±0.7%), suggesting that the ischemic muscle has a 

significantly decreased level of hybrid type (Figure 3. 7A). Only three bisecting N-

glycans were detected and the relative amounts of these were low. In comparison with 

healthy control (2.1±0. 35%), bisecting N-glycan in the ischemic tissue at day 7 

(0.8±0.29%) and at day 21 (1.0±0.7%) decreased significantly (Figure 3. 7B).   

In regards to sialylations, no differences in the overall sialylation levels were observed 

between the healthy and the ischemic muscles (Figure 3. 8B), but a difference of the 

type of sialylation was detected. A significant increase of the α-(2, 6)- sialic acid was 

observed at 7 (31.5±5.4%) and 14 days over that of the healthy (22±6.5%) (Figure 3. 

8D). A tendency of decrease of α (2, 3)- sialic acid was also observed in the ischemic 

samples at 7 days (64.6±1.6%) in comparison with the healthy even though this was 

not significant (Figure 3. 8C). The relative intensity of α-(2, 8) - sialic acid did not 

change in the ischemic muscle from that of the healthy (Figure 3. 8 E). 

3.3.3 Total Quantity and Proportion of GAGs in Ischemia. 

To investigate the impact of ischemia on GAGs content in the muscle, specific 

enzymes digestion, DMMB assay and CS and HS specific antibody were used.  In the 

healthy muscle, the basal amount of total sulphated GAG was 0.2±0.1 µg per mg of 

dried muscle (Figure 3. 9 A). Out of the GAGs, the 71±21.2% was represented by CS 

while HS represented just the 29±2% (Figure 3. 9B). 

No significant difference in the total amount of GAGs was observed in the ischemic 

muscle after 7 (0.18 ± 0.06 µg), 14 (0.19 ± 0.07 µg) and 21(0.20± µg) days. In regards 

to the CS% percentage, in the ischemic tissue at day 7, 14 day and 21 the CS% 

percentage was of 70±19.4, 78.4±12.3 and 77±13.7 respectively, again with no 

significance (Figure 3. 9 C). 
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Figure 3. 6 Mannose type N-glycans from the healthy and ischemic muscle by 

LC-ESI-MS/MS. A) Total mannose residues quantification B) Mannose 7 and 

Mannose 9 relative intensity percentage. Values are expressed as mean and SD, 

*p<0.05/n=4. 

 

 

 

 

 

 

A B 
Mannose type Total high mannose 



Glycosignature in a Severe Model of Critical Limb Ischemia 

133 
 

 

 

 

 

 

 

 

 

 

Figure 3. 7  Hybrid and bisecting N-glycans analyses from healthy and ischemic 

muscle tissues by LC-ESI-MS/MS. A) Relative intensity of hybrid B) and bisecting 

N-glycans. Values are expressed as mean and SD, *p<0.05/n=4.  
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Figure 3. 8 N-glycans sialylation analyses from healthy and ischemic muscle 

tissues by LC-ESI-MS/MS. A) Relative intensity of total complex glycans, B) total 

sialylation C) α-(2-3)- sialic acid D) α-(2-6)- sialic acid, E) α-(2-8)- sialic acid. Values 

are expressed as mean and SD, (*p<0.05/n=4). 
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Figure 3. 9 GAGs analysis in healthy and ischemic muscle tissues after: 7, 14 and 

21 days. A) Total GAGs quantification and B) CS/HS proportion. Values are 

expressed as mean and SD (n=9). C) Histology sections were evaluated by immune-

histological staining of heparan sulphate (HS)(red) and chondroitin sulphate 

(CS)(green) in healthy and ischemic tissues at post-operative days: 7, 14 and 21 (Scale 

bar =10 µm, 60X magnification). 
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The antibody staining for CS and HS also revealed the distribution of the two GAGs 

in the ischemic tissue, especially at 7 days where the deposition of both HS and CS 

seems to be around the fibers and correlates with the presence of inflammatory cells. 

These results suggest that the ischemic condition does not have an impact on the total 

quantity of GAGs. 

3. 4 Discussion 

Glycans represent an emerging frontier in the academic, biopharmaceutical, and 

medical sectors. Despite their well-recognized biological roles, glycans are still the 

least understood class of biomolecules. Recent advances in new techniques to study 

and synthesize glycans have raised interest in their application in medicine [15, 22]. 

Examples of glycan-based therapies include carbohydrate-based vaccines, glycan-

engineered proteins and cells, as well as glycosylation inhibitors for bacterial infection 

[23, 24]. 

Currently, the knowledge of human or mouse muscle glycosylation is based on lectin 

and gene expression analysis [4]. Although studies focusing on protein and ECM 

changes following ischemic insults on various visceral organs such as the heart, brain  

are presented [25, 26]; there is a paucity of reports on the impact of ischemia on the 

glycoenvironment of skeletal muscle. This study sets out to address a gap in the current 

understanding of the influence of ischemic insult on the sugar composition in this 

tissue. Firstly, the composition, structure and abundance of glycans in healthy murine 

skeletal muscles were determined; and secondly, a comprehensive evaluation of the 

effect of ischemia on N-glycans and GAGs expression was conducted. 

In particular, the N-glycosylation composition of healthy muscles (Figure 3. 6) was 

characterized. Compositionally, the N-glycans in healthy muscle are predominantly 

represented by the complex (biantennary, tri-antennary and tetra-antennary) and 

highly sialylated types (Figure 3. 6 A-B). Both α-(2, 3)- and α-(2, 6)-sialylation are 

present although α-(2, 3)- linked are the more abundant of these (Figure 3. 8 C-D). 

Furthermore, a low amount of di-sialic acid (α-(2, 8)-) is present (Figure 3. 8 E). 

Mannose type N-glycans are also extensively present in the healthy muscle while a 

small number of hybrid structures are present (Figure 3. 5A, Figure 3. 6, Figure 3. 

7A). In regards to GAGs in the healthy muscle, the total content of GAGs was 0.2 
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µg/mg of tissue (Figure 3. 9 A). The majority of GAGs in the skeletal muscle is 

represented by HS and CS where they are known to bind and stabilize different growth 

factors [27]. This is especially important in the endomysium, which surrounds muscle 

fibers where they can have an autocrine function [27]. In this study, CS represents 

approximately 80% of total GAGs while HS was 20% (Figure 3. 9 B). However, the 

composition of GAGs is dependent on the type of muscle and on the species in 

question, given that in a rat muscle, the proportion of HS/CS is 50% as reported 

previously [28].  

Furthermore, a modification of the glycosignature in the ischemic tissue was revealed 

by lectin histochemistry/array and mass spectrometry. This study is the first to 

thoroughly examine the effect of ischemia on the muscle glycoenvironment, focusing 

on N-glycans and GAGs. Only a few studies are available on the impact of ischemia 

on the glycoenvironment [29, 30]. Nonetheless, one common finding in tissue 

ischemia is the degradation of the endothelial glycocalyx due to oxidative stress, 

inflammation (with the release of cytokines and chemoattractants), leukocyte 

recruitment and increased vascular permeability [30]. According to the results in this 

chapter, ischemia profoundly affects mannosylation and sialylation of the skeletal 

muscle. 

Indeed, acute phase ischemia triggered a significant accumulation of high mannose 

species (Man7 and Man9). This mass spectrometry finding was in keeping with data 

obtained from histochemistry of lectin GNA, specific to α-(1, 3) – mannose. This was 

colocalized with inflammatory cells and was also significantly increased in ischemia. 

Such an increase in high mannose species might be associated with the acute 

inflammatory response as protein mannosylation is a phenomenon that has a mediating 

role in inflammation [31]. Recent studies performed in neonatal rodents have revealed 

that mannose-binding proteins are involved in the activation of the complement lectin 

pathway in myocardial, gastrointestinal, cerebral, and renal tissues ischemia [32].  

In regards to sialylation, α-(2, 3)- sialylation was observed to be decreased while α-(2, 

6)- sialylation increased especially in the acute phase of ischemia (7 days). This 

suggests that the alteration influences the balance between α-(2, 3)- sialylation and α-

(2, 6)- sialylation. This result indicates that ischemia may alter the expression of the 

respective sialyltransferases ST3-Gal1 and ST6-Gal1. Furthermore, a depletion of α-
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(2, 3)-sialylated glycans was observed in murine ischemic skeletal muscle fibers with 

lectin histochemistry [29]. The increase in α-(2, 6)-sialylated species was also 

observed at days 7 and 14, with the increased binding specific lectin SNA-I. The signal 

of SNA-I seems to be associated with the inflammatory infiltrations, as shown by 

confocal images. Also, the increase of WGA lectin signal that binds all-linked sialic 

acid is associated with the inflammatory cells and this might be due to the increase of 

the α-(2, 6)- sialylated structure. Taken together, this evidence suggests that the 

decrease of α-(2, 3)- sialylation occurs on the fibers sarcolemma while the increase of 

α-(2, 6)- sialylation is due the presence of inflammatory cells. This increase may also 

indicate an interaction of leukocytes through the sialic acid binding proteins siglecs, 

well-known to be important players in inflammation [33].   

It is important also to note the decrease of hybrid structures and bisecting N-glycans, 

detected by MS, in the acute phase of ischemia, which is dominated by inflammation. 

Pro-inflammatory stimuli such as cytokines are reported to affect the glycosylation 

profile of the endothelium during inflammation [10, 34], suggesting that the reduction 

of those species may be due to this phenomenon. Furthermore, the functional role of 

the bisecting GlcNAc in downregulated integrin-mediated cell motility is documented 

[35]. The presence of bisecting GlcNAc on integrins is associated with the suppression 

of cell motility [3]. This evidence suggests that the observed downregulation of 

bisecting GlcNAc might be associated with an increase in the cell motility of 

inflammatory cells, in the acute inflammatory phase.  

Overall, only some of the glycosylation modifications detected by lectins were also 

detected by LC-ESI-MS/MS too. These differences may be due to the different nature 

of the two techniques. Lectins are glycan-binding proteins that can recognise mono-

and disaccharide generally with weak affinity. Despite lectin specificity of a certain 

glycan moiety, one lectin can recognise a variety of structures that contains that 

moiety. Lectins also possess more than one binding site so an increase in binding might 

also be due to the clustering of the detected glycan epitope and not to an increase in 

the content. On the other hand, the LC-ESI-MS/MS method can resolve the structures 

allowing a more comprehensive analysis of glycans. Therefore, glycan-binding 

proteins miss the detailed information that MS gives but instead provide precise 



Glycosignature in a Severe Model of Critical Limb Ischemia 

139 
 

information on tissue localization [36]. For this reason, both methods were used in a 

complementary approach in this study. 

Ischemia did not have an effect on total GAGs content and HS/ CS composition but 

both HS and CS (Figure 3. 11). Recently, modifications of HS and CS structure 

(sulphation pattern) were observed in a rat model of CLI that was correlated with the 

progression of muscle regeneration [28]. Furthermore the 6-O sulphation of syndecan-

2 has recently been demonstrated to be crucial in regulating the crosstalk with 

VEGFR2 that mediates neovascularization in a murine model of CLI [37]. This 

suggests that the sulphation of HS and CS probably have a role in mediating the 

ischemic events and might be further investigated in this model.   

Overall, these findings suggest that high mannose, sialylated, hybrid and bisecting N-

glycans, can be new targets in the design of new therapeutic interventions or diagnostic 

tools. The main N-glycans alteration seen in this study are summarized in Table 3. 2. 

3.5 Conclusions 

In this chapter, it was hypothesized that ischemic injury of skeletal muscles will induce 

dynamic changes in glycosylation by the modification of glycans. The glycosylation 

profiles of ischemic lower limb muscles at three different time points were evaluated. 

These time points represent the predominant phases in ischemic insult and recovery 

from acute-inflammatory response phase (day 7) to tissue remodelling phase (day 21) 

after double ligation of the femoral artery. Here, it was seen that ischemia alters the 

glycosignature of skeletal muscles particularly in mannosylation and sialylation. 

Hybrid type and bisecting N-glycans changes were detected. These findings underpin 

a role for sugar moieties in mediating the pathological and healing events during 

ischemic injury. This new understanding opens a new opportunities into both 

diagnostic and therapeutic interventions via glycosignature profiling.  
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N-glycan 

Alterations 

Ischemia 

Day  7 Day 14 Day 21 

Detected with lectin 

histochemistry 

↑ all linked- sialic 

acid 

↑ all linked-

sialic acid 

↑ all linked-

sialic acid 

↑α-(2-6)-sialic acid 
↑α-(2-6)-

sialic acid 
 

↑ GlcNAc oligomers 
↑ GlcNAc 

oligomers 
 

↑  α-(1-3)-linked di-

mannose 
  

↑ Terminal  α-G 

al 
  

↑ GalNac   

↑Gal (β-1,4)-GlcNac   

Detected with LC-ESI-

MS/MS 

 

↑ Man7   

↑ Man9   

↑α-(2-6)-sialic acid   

↓Hybrid ↓Hybrid ↓Hybrid 

↓Bisected   

Table 3. 2  Comparison between the N-glycan modifications detected using lectin 

histochemistry and LC-ESI-MS/MS. The table reports the alterations- induced 

ischemic insults in the skeletal muscle. The majority of changes were observed at day 

7 after the induction of ischemia. Lectin histochemistry has reported an increase in all- 

linked and α-(2-6)-sialic acid, GlcNAc oligomers, α-(1-3)-linked di-mannose, 

Terminal α-Gal, GalNac and Gal (β-1,4)-GlcNac. An increase in Man7 and Man9 high 

mannose species as well as a decrease in hybrid N-glycans and bisected N-glycans 

were seen at day 7 and were observed with LC-ESI-MS/MS. The decrease of hybrid 

N-glycans was present at days 7, 14 and 21 after the induction of ischemia. At day 7, 

an increase of α-(2-6)-sialic acid was detected both with LC-ESI-MS/MS and lectin 

histochemistry. 
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4.1 Introduction 

One of the requirements in designing new therapeutic approaches for CLI, is to 

provide ECM cues that mimic the native microenvironment and stimulate tissue 

regeneration and vascularization in the ischemic muscle [1]. ECM-based hydrogels 

have been used to deliver stems cells, growth factors, and nucleic acids and have  

shown promising effects in restoring a healthy microenvironment [2-4] in ischemic 

models.   

Elastin is an essential component of ECM found in several tissues including arteries 

and skeletal muscle where it provides mechanical support, elasticity and resilience and 

is also involved in many cell-signalling events [5, 6]. It has particular roles in cell 

proliferation, migration and in maintaining cell morphology of various cardiovascular 

cell types such as: smooth muscle cells and endothelial cells, through receptor 

mediated pathways [7]. Each of these properties make elastin an attractive candidate 

for use as biomaterial scaffolds for medical applications. However, the natural 

insolubility of elastin and its poor availability from animal sources limit its use. These 

issues have been addressed with the development of the elastin-like recombinamers 

(ELRs). ELRs are a family of genetically engineered polypeptides whose sequence is 

based on native elastin, specifically on the repeat of the pentapeptide (VPGXG), where 

X can be any amino acid except proline [8]. ELRs retain properties similar to those of 

natural elastin such as elasticity, low thrombogenicity, cytocompatibility, self-

assembly and thermo-responsiveness and they also can be functionalized by inserting 

specific bioactive sequences [9-12]. ELRs have been used to fabricate several drug 

delivery platforms such as films nano/microparticles, micelles and hydrogels [13-16].  

Recently, ELRs have been used in hydrogel/ constructs that have shown their ability 

to stimulate angiogenesis in vitro and in vivo [16-18]. As part of the glycocalyx and 

ECM, glycans are molecules involved in the communication between the cells and 

ECM.  Recent reports have highlighted the role of glycans in angiogenesis and muscle 

regeneration and the alteration of the glycocalyx in ischemic condition [6-8]. 

In the previous phase (Chapter Three), glycosylation alteration in response to the 

ischemic insult was demonstrated. The role of glycosylation has been 

underappreciated in the context of biomaterial therapies and furthermore, the effect of 

implants on glycosylation of the ischemic environment has not been investigated. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/genetic-engineering
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pentapeptide-repeat
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In this phase, two different ELRs constituted in a hydrogel using a click chemistry 

approach were used, with the purpose of inducing blood vessel growth and tissue 

remodelling in the CLI ischemia model described in phase I [19]. The ELRs differ 

with the presence of two different bioactive sequences: 1) HE5-cyclooctyne carrying 

the matrix metallo-proteases (MMPs) binding site and 2) HRGD-azide with an RGD 

sequence, binding site for integrins. It was hypothesized that ELR hydrogel treatment 

will promote the formation of new blood vessels and ECM remodelling in vivo through 

regulating the glycosylation and the protein regulatory pathways in ischemic tissues. 

The experimental design is summarized in Figure 4. 1. 

4.2 Materials and Methods 

4.2.1 Elastin-like hydrogel system 

4.2.1.1 ELR sequences and characterization. 

The ELRs were designed, synthetized and provided by the BIOFORGE group at the 

University of Valladolid, Spain. The ELRs are composed by the repetition of the 

tropoelastin pentapeptide (VPGXG)n in which X is any amino acid except proline. In 

this study two ELRs differing for the presence of two different bioactive sequences 

were adopted:  

1) HE5-cyclooctyne carrying the MMPs binding site and MW= 54kDa, pI=55.5 and 

aminoacidic sequence: 

MGSSHHHHHHHHGLVPRGSHMGKKKP(VPGVG)4VPGEG)5GGGGPMGPSGP

WGGGGGVGGGGQPQGLAKGGGGGVGGGGGPQGIWGQGGGG((VPGVG)4  

VPGEG)5GGGGKKKGGGGG((VPGVG)4VPGEG)5GGGGPMGPSGPWGGGGG

VGGGGQPQGLAKGGGGGVGGGGGPQGIWGQGGGG((VPGVG)4 

VPGEG)5VKKK 

2) HRGD6-N3 with an HRGD6 sequence, binding site for integrins and the azide 

residues with MW= 60 kDa pI=11.1 and aminoacid sequence: 

MGSSHHHHHHSSGLVPRGSHMESLL[(VPGIG)2(VPGKG)(VPGIG)2]2AVTGR

GDSPASS[(VPGIG)2(VPGKG)(VPGIG)2]2. 
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The purity and molecular weight of the ELRs were verified by sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis and matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopy in a Voyager-

DE STRTM (Applied Biosystems). An amino acid composition analysis was also 

performed. Additional characterization of ELRs was accomplished by infrared 

spectroscopy, differential scanning calorimetry (DSC) and nuclear magnetic 

resonance (NMR) techniques. 

 4.2.1.2 Efficiency of the chemical modifications of the ELRs for the click-

chemistry reaction. 

The ELRs were chemically modified at their lysine residues to bear the reactive groups 

necessary for subsequent “click chemistry” reactions. Specifically HRGD6 was 

functionalized with azide residue while HE5 was modified with cyclooctyne. These 

modifications are described by González de Torre et al. [20]. 

Cyclooctyne-modification of the HE5 ELR 

For the cyclooctyne, modification, the amount of cyclooctyne added (moles, there is 

one reaction site per molecule) is decided based on the moles of lysins found within 

the HE5 ELR (in total 11 of them, and discounting the bioactive site ones, nine). The 

sequence where the cyclooctyne is attached (KKK) presents consecutive lysins that 

create steric impediment. This prevents the modification of the other two consecutive 

lysins. Thus, the moles of cyclooctyne corresponding to 3/9 moles of HE5 were added, 

expecting finally one functional group per crosslinking site. A 35% substitution rate 

was obtained, suggesting there are three-four modified lysins carrying a cyclooctyne. 

There is no 'protection' for the bioactive enzyme-sensitive sites that bear lysins 

(GPQIWGQ), but the crosslinking domains are expected to be preferentially modified 

thanks to the molecule design. If the modification of the bioactive metalloproteinase-

sensitive sites had indeed occurred this alteration did not influence the degradation 

properties of the hydrogel, since in vitro gel digestion experiments showed successful 

degradation in presence of MMP-2 and MMP-9. 

Azide-modification of the HRGD6 ELR 

The diazo transfer reaction is carried out in CH2Cl2 with trifluoromethanesulfonyl 

azide as the reagent, and catalyzed by Cu2+. This method is suitable for use with ELRs, 
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since it ensures an azide conversion in the range 70–90%. A substitution reaction was 

carried out using triflic azide as nucleophilic reagent. 

4.2.2 ELR Hydrogel Preparation 

The ELRs HE5-cyclooctyne and HRGD-azide were dissolved separately in cold 

phosphate buffered saline (PBS, pH 7.4). The hydrogel is obtained by mixing solution 

1) HE5-cyclooctyne and  solution 2) HRGD-azide in a ratio of 1.8:1 respectively for 

a final concentration of 50 mg/ml. The click chemistry reaction between the 

cyclooctyne and azide residues enables the hydrogel formation in a catalyst-free 

manner. The procedure was carried out in ice or in the cold room to prevent the ELRs 

from reaching their transition temperature (Tt) and precipitation.  

4.2.2 CLI in Vivo Model  

All animal procedures and treatments were approved by the ethics committee at the 

National University of Ireland, Galway. The hindlimb ischemia mouse model 

described in Chapter Two was adopted to test the therapeutic efficacy of the ELR 

hydrogel. C57BL/6 mice, 10-12 weeks old, weighing 18-22 g, were anesthetized by 

intraperitoneal injection of ketamine (80mg/kg) and xylazine (10 mg/kg). Ischemia 

was induced in the left leg of the mouse by the double ligation of the femoral artery as 

previously described [19]. Briefly, the artery was ligated and cut in two locations, 

before the profunda femoris and before the saphenous-popliteal collaterals. The mice 

were divided into two groups (n=9-10/group): PBS as untreated control and ELR 

hydrogel-treated, were injected at the proximal artery ligation site after surgical 

induction. Specifically, 1) HE5-cyclooctyne and 2) HRGD- azide solutions were 

mixed and after 10 minutes in ice, and a total of 100 µl of the hydrogel was injected 

at the proximal artery ligation site using a 100 ml syringe with a 27G needle. Two 

injections of 50 µl each were performed respectively in the quadriceps and the 

hamstring, in proximity to the first ligation site. Laser-Doppler scanning was 

performed pre- and post-operatively, and at day 7, day 14 and day 21 to record hind-

limb blood perfusion (n=28, 7 days;n=18, 14 days; n=9, 21 days). Perfusion changes 

were recorded and quantified from the plantar region of the foot. The index of blood 

flow perfusion was expressed as a ratio of ischemic left leg to non-ischemic right leg. 

Laser-Doppler scanning was performed immediately pre- and post-operatively, and at 

days: 7, 14 and 21 to monitor hind-limb perfusion. Perfusion changes were recorded 
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and quantified from the plantar region of the foot. The recovery of blood flow was 

expressed as a ratio of ischemic left leg to that of the non-ischemic right leg.  Exclusion 

criteria were: 1) a difference of more than 20% of blood perfusion between the two 

limbs, in the pre-operative scanning and 2) a perfusion ratio higher that 10% in the 

operated limb in the post-operative scanning. The recovery of ambulation and the 

development of necrosis were semi-quantitatively determined using grading scales 

based on the gross observation of the operated foot.  

Ambulatory Scoring Scale 

0 Flexing the toes to resist traction on the tail similar to that on the non-operated foot 

1 Plantar flexion but no flexion of toes 

2 No dragging foot but no plantar flexion 

3 Dragging the foot 

Necrosis Scoring Scale 

0 Normal toes 

1 Mild redness or cyanosis of tips of toes/nails 

2 Cyanosis of toes and/or mild necrosis of toe/s (toe count) 

3 Severe necrosis  

4 Auto-amputation of distal limb 

4.2.3 Histology 

The animals were sacrificed and the skeletal muscles were collected both from the 

healthy, the untreated ischemic leg and the ELR hydrogel-treated leg after days 7, 14 

and 21 following induction of ischemia. Upper quadriceps were snap-frozen in optimal 

cutting temperature (OCT) compound (TISSUE-TEK®; Sakura Finetek USA. Inc.) 

and liquid nitrogen and cryopreserved at -80ºC for histology. Tissue sections (7 μm) 

were taken from three different levels at 50 μm intervals using a Leica CM1850 

cryostat (Leica Microsystems, Germany) and collected on Superfrost® Plus slides 

(Fisher Scientific, Dublin, Ireland) and stored at -20°C until use. H&E, 

immunohistochemistry, lectin histochemistry and Raman microspectroscopy 

measurements were performed on tissue sections. 

http://www.agarscientific.com/oct-compound.html
http://www.agarscientific.com/oct-compound.html
http://www.agarscientific.com/oct-compound.html
http://www.agarscientific.com/oct-compound.html
http://www.agarscientific.com/oct-compound.html
http://www.agarscientific.com/oct-compound.html
http://www.agarscientific.com/oct-compound.html
http://www.agarscientific.com/oct-compound.html
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4.2.4 Immunofluorescence  

For immunofluorescence, sections were washed three times in PBS and fixed in 4% 

PFA for 15 minutes. After a further three washes in PBS, the tissue sections were 

blocked with 2% BSA for two hours to avoid non-specific binding. Anti-mouse 

polyclonal primary antibody specific for CD31/PECAM-1 (Abcam, Ireland) 

endothelial marker, CD68 (Abcam, Ireland) for activated macrophages, primary 

mouse generated anti-chondroitin sulphate antibody [CS-56] (ab11570) and anti-

heparan sulphate proteoglycan 2 antibody [A7L6] (ab2501) were incubated overnight 

at 4C. Secondary antibody labelled with AlexaFluor® 488 or AlexaFluor® 594 (1:250, 

Invitrogen, Ireland) was applied for one hour at room temperature, followed by nuclear 

counter staining with DAPI (Life Technologies). The slides were washed in PBS 

before coverslip mounting with ProLong® Gold Antifade Mountant (Life 

Technologies). All slides were incubated at 4°C in the dark for 24 hours before 

imaging with a laser confocal microscope (Olympus Fluoview 1000, Olympus 

America, Center Valley, PA, USA).  

4.2.5 Morphometry 

Stereological methods were used to measure angiogenesis and inflammation following 

published methods [21, 22]. For angiogenesis; capillary density, length density and 

radial diffusion were quantified. All these parameters were quantified using three 

tissue sections from each mouse (n=5-6) (ten images from each section). ImageJ 

software version 1.48 [National Institutes of Health (NIH)] was used for all 

stereological quantifications. 

4.2.5.1 Capillary Density, Length Density and Radial Diffusion 

Confocal images of CD31 immunological staining (20X) were used to determine 

capillary density, length density and radial diffusion. An unbiased counting frame 

containing four squares was used. The points where the squares on the grid intersected 

with blood vessels were numbered on the section (X). The surface capillary density 

(V) of blood vessels was calculated using the intersected blood vessels multiplied by 

the area of the square (A) (Formula 1). The total length of blood vessels in the muscle 

was calculated by multiplying length density (L) by the volume of the muscle 

(Formula 4). The radial diffusion was calculated using the formula 1/SQRT(L*PI) 
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(Formula 5), which is the distance between blood vessels and is an indicator of the 

capillary network in the vascular bed. The shorter the distance between blood vessels, 

the smaller the distance required for nutrients to diffuse into surrounding tissues.  

Capillary density (V) = X/A                         (Formula 1) 

 Length density (L) =V*2                            (Formula 4) 

Radial diffusion=1/SRQT (L*PI)                     (Formula 5) 

 

4.2.5.2 Volume Fraction of Inflammatory Cells 

H&E stained sections were imaged on a Digital slide scanner VS120 microscope 

(Olympus, Ireland). Images were taken at 40X magnification. The volume fraction 

was determined with a 528 points grid using ImageJ software. Inflammatory cells were 

counted and these cells included lymphocytes and neutrophils. Neutrophils were 

identified as small dense circular multi-lobed cells and lymphocytes as small round 

dense cells with large nuclei. The % volume fraction (Vv) of inflammatory cells was 

calculated using Formula 6: number of cells intersecting the grid points (X)/total 

number of grid points x100. 

 Volume fraction (Vv) =X/528 x100                   (Formula 6) 

4.2.5.3 WGA Lectin Staining and Central Nucleated Fibers (CNFs) 

Quantification 

Three tissue sections from each mouse (n=6) were used for WGA lectin incubation. 

Lectin histochemistry was carried out as previously described [23]. Briefly, slides 

were washed with Tris-buffered saline supplemented with Ca2+ and Mg2+ (TBS; 20 

mM Tris-HCl, 100 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, pH 7.2) and 0.05% (v/v) 

Triton X-100 (TBS-T), then blocked with 2% (w/v) periodate-treated bovine serum 

albumin (BSA) (Sigma-Aldrich) in TBS for one hour. All procedures were performed 

in darkness and all washes (five minutes each) were carried out three times. Sections 

were washed, then incubated with WGA- FITC-conjugated lectins (EY Labs) in TBS 

for one hour. After three washes with TBS-T, the sections were counterstained with a 

1:1000 dilution of DAPI for five minutes. The slides were washed in TBS-T before 

coverslip mounting with ProLong® Gold Antifade Mountant (Life Technologies). As 

stated above, all slides were incubated at 4°C in darkness for 24 hours before imaging 
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with a laser confocal microscope (Olympus Fluoview 1000, Olympus America, Center 

Valley, PA, USA). Ten confocal WGA images of 20X magnification were used for 

measuring the CNFs percentage (n=6). Using the Cell Counter plugin, the percentage 

of CNFs was calculated by dividing the number of CNFs by the total number of fibers 

in the reference space according to Formula 2.  

CNFs% = Number of CNFs/ Number of total fibers x 100      (Formula 2) 

4.2.6 Raman Microspectroscopy 

Raman micro-spectroscopy analysis was conducted at Department of Women’s 

Health, University of Tubingen, Germany with the assistance of Prof. Katja Schenke-

Layland. Tissue sections on a glass slide were analyzed using a custom-built Raman 

microspectroscopy system as previously described [11]. Briefly, all measurements 

were performed using a 60X water immersion objective (NA 1.2, Olympus). Using an 

automated stage, 30 spectra were collected in the ECM surrounding single muscle 

fibers (Raman spectra were acquired in the wave number range of 0–2000 cm−1 using 

an acquisition time of 100 s with 85 mW laser power. Spectra were recorded using the 

Andor software package (Andor iDus, Belfast, Northern Ireland). OPUS®software 4.2 

(Bruker Optik GmbH, Ettlingen, Germany), was used to subtract the glass background 

signals and as well to cut the Raman spectra into the spectral 400–1800cm−1 region. 

After baseline correction, all Raman spectra were imported to the UnscramblerX® 10.2 

Software (CAMO, Oslo, Norway). Principal component analysis (PCA) was used to 

analyze the spectra. PCA is a multivariate method utilized to analyze the variances in 

a spectral dataset and is valuable to identify significant shifts in the spectra between 

sample groups. The non-linear iterative partial squares (NIPALS) algorithm was used 

in the calculation of PCA. As a result of the PCA, every spectrum is described by score 

values. Separation of score plots reveals differences between sample groups, while 

loadings highlight the peaks of the spectra that are responsible for these differences. 

4.2.7 Fluorescent Labelling of Glycoproteins and Lectin Array 

Healthy, untreated (PBS), and ELRs treated tissues were homogenized and 

resuspended in RIPA buffer (Thermo Fischer Scientific). Protein samples from nine 

biological replicates per group were pooled together and analyzed as single replicate. 
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ASF was adopted as standard protein. Protein fractions (1mg) and ASF were 

fluorescently labelled with Alexa Fluor® 647 (carboxylic acid succinimidyl 

ester, λex 650 nm, λem 665 nm) in 100 mM sodium bicarbonate, pH 8.0 for 1 hour in 

the darkness. Excess dye was removed from the labelled samples using a centrifugal 

desalting column (7 kDa MWCO). Absorbance at 650 and 280 nm for each sample 

was measured and the protein concentration and degree of substitution was determined 

according to the manufacturer’s instructions using the extinction coefficient 

85,700 M−1 cm−1 [24]. 

The lectin microarray described in Table 4. 1 was performed on the samples. All 

microarray slides were incubated using an eight-well gasket slide and an incubation 

cassette system (Agilent Technologies Ireland, Ltd., Cork, Ireland) and were protected 

from light throughout the procedure. Fluorescently-labelled samples and ASF control 

were diluted to 0.5 μg/ml in Tris-buffered saline (TBS) supplemented with Ca2+ and 

Mg2+ ions (TBS; 20 mM Tris–HCl, 100 mM NaCl, 1 mM CaCl2, 1 mM MgCl2) pH 

7.2 with 0.05% Tween-20 (TBS-T). 70 μl of each diluted sample was applied to each 

well of the gasket and incubations (1 h, 23 °C, 4 rpm) and slide washes were carried 

out as previously described. The slides were dried by centrifugation and imaged 

immediately in an Agilent G2505 microarray scanner using the Cy5 channel (633 nm 

excitation, 80% PMT, 5 μm resolution). 

Raw intensity values were extracted from the image files using GenePix Pro v6.1.0.4 

(Molecular Devices, Berkshire, U.K.) and a proprietary ∗.gal file was used to identify 

printed lectin positions using adaptive diameter (70–130%) circular alignment based 

on 230 μm features and exported as text to Excel (version 2007, Microsoft). Local 

background-corrected median feature intensity data (F543median-B543) was selected 

and the median of six replicate spots per subarray was considered as a single data point 

for graphical and statistical analysis. Binding data was presented in a heatmap form 

using the mean intensity. 

4.2.8 Proteomic Analysis by LC-MS/MS  

Quadriceps biopsies were snap-frozen and preserved for mass spectrometry analysis. 

50 mgs of quadriceps was homogenized in 1ml of RIPA buffer and 10% of proteases 

inhibitor cocktail (PIC) using a tissue homogeniser Tissue Lyser LT (Qiagen). Protein 

lysates from nine animals per group were pooled in one replicate. The proteins were 
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reduced in 2% sodium dodecyl sulphate (SDS) at 60°C for 30 minutes and alkylated 

in N-Ethylmaleimide (NEM) (Thermo Fisher Scientific) in the dark at 37°C for 30 

minutes. After precipitation in methanol-chloroform, the pellet was dried and re-

dissolved in 100 μl urea (8 M) in 0.1 M TEAB (0.96 g/2 ml). The samples were 

digested in trypsin (10 μg in 50 mM acetic acid) (Sigma Aldrich) at 37°C overnight 

with shaking. Digestion was stopped by adding 1% trifluoroacetic acid (TFA) (Sigma 

Aldrich) in LC-grade water. Triptic-digested peptides were washed by SEP-Pak C18 

cartridge (Millipore), pre-washed with methanol. After loading the sample, the C18 

cartridge was rinsed with 0.1% TFA. The peptide concentration in the samples was 

determined after digestion and desalting using the Thermo Scientific™ Pierce™ 

Quantitative Colorimetric Peptide Assay. Peptides were resuspended in 0.1M TEAB 

at a concentration of 2 μg/μl to normalize the volumes for the Tandem mass tag (TMT) 

labelling. The Thermo Scientific™ TMT™ Mass Tag Labeling Kits and Reagents 

were used to conduct multiplex relative quantification by mass spectrometry (MS) of 

the processed samples. After the labelling procedure, peptides were redissolved in 500 

μl 1% TFA and cleaned up again in the SEP-Pak C18 cartridge. After determination 

of the concentration, the samples were fractionated into 4 fractions by offline High pH 

Reversed Phase chromatography. Each fraction was loaded onto a reversed phase 

column, eluted over a 2.5 hours gradient and injected by ESI on a Fusion Tribrid 

Orbitrap instrument operating in Data Dependent Acquisition (top-12) mode. 

Acquired raw spectra files were searched in MaxQuantTM against a Fasta mouse 

reference proteome database from UniProt. Variable modifications included in the 

search were M-oxidation, N-term acetylation, deamidation (NQ), Gln->pyroGlu and 

Phospho (STY). The match between runs option was ticked to allow for the 

propagation of MS2 identification between samples and thus for potentially higher 

coverage. Dependent peptide search was ticked to allow a deeper search for modified 

versions of already identified unmodified peptides. MaxQuantTM output results were 

loaded in R for further analysis. Protein groups were filtered to exclude: proteins 

identified with only 1 peptide (dubious identifications) common contaminants, decoy 

database hits, and proteins only identified by post-translationally modified site. 

Protein-level estimates of expression and ratios between the different conditions were 

re-calculated using the healthy control as reference and the estimated relative 

abundance was expressed as log2 fold change. Proteins of interest were filtered 
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according to the following criteria: 1) quantitative values present for all the time points 

and groups 2) the maximum fold change for the protein group is at least 1.5. 

4.2.8.1 Ingenuity Pathway Analysis 

Ingenuity Pathway Analysis (IPA®) software was used to perform pathway analysis, 

from information contained in the IPA® knowledge base (IPKB). Protein expression 

comparison between the injury and ELR hydrogel groups was conducted. IPA® 

calculates an enrichment score (p-score=-log10 (p-value)) based on the number of 

proteins of the original lists that match the network, showing how relevant this 

network is for further analysis. For this purpose, the −10log (p value) threshold was 

set to 1.3 to determine dysregulated biological functions. Activated pathways and 

upstream regulators related to the relevant biological function were analyzed through 

z-score to be activated or inhibited. 

4.2.9 N-glycans Analysis via LC-ESI-MS/MS 

Glycomics analysis was carried out at the Institute of Biomedicine, University of 

Gothenburg, Sweden, with the assistance of Dr Niclas Karlsson. The extracted protein 

fractions (n=5-8) were filtered (30kDa-cutoff). The filter was washed in 200 μl 7 M 

urea (3X), thiourea (2M) and 40 mMTris-HCl. The samples were reduced in 25 mM 

Dithiothreitol (DTT) overnight at 4°C. After incubation in 2.5-fold iodoacetamide 

(Sigma Aldrich) in the dark for 1 hour at room temperature, the samples were digested 

overnight with trypsin (1 μg) at 37°C, as previously described [10]. The obtained 

digested peptides were precipitated with 80% acetone, air-dried and digested with 

PNGase F enzyme in 50 mM NH4Ac (pH 8.4). This step ensures the release of glycans 

from the proteins. The samples were incubated at 37°C overnight. N-glycans were 

separated from O-glycopeptides/ polypeptides by SEP-Pak C18 cartridge (Waters 

corporation), pre-washed with methanol. After loading the sample, the C18 cartridge 

was rinsed with 0.1% TFA. The released N-glycans, contained in the eluted fractions 

were dried in a SpeedVac™ and reduced by using 0.5 M NaBH4 in 10 mM NaOH at 

50°C overnight. The samples were desalted using cation exchange resin (AG50W x 8) 

packed onto a ZipTip C18 tip (Millipore). Additional methanol was added to remove 

residual borate by evaporation. The resultant N-glycans were analyzed by LC-MS/MS 

as described [25]. The oligosaccharides were separated on a column (10 cm × 250 µm) 

packed in-house with 5 µm porous graphite particles (Hypercarb, Thermo-Hypersil, 
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Runcorn, UK). The oligosaccharides were injected into the column and eluted with an 

acetonitrile gradient (Buffer A, 10 mM ammonium bicarbonate; Buffer B, 10 mM 

ammonium bicarbonate in 80% acetonitrile (Sigma Aldrich)). The gradient (0-45% 

Buffer B) was eluted for 46 min, followed by a wash step with 100% Buffer B, and 

equilibrated with Buffer A for 24 minutes. A 40 cm X 50 µm i.d. fused silica capillary 

was used as a transfer line to the ion source. 

The samples were analyzed in negative ion mode on an LTQ linear ion trap mass 

spectrometer (Thermo Electron, San José, CA), with an IonMax standard ESI source 

equipped with a stainless steel needle kept at –3.5 kV. Compressed air was used as 

nebulizer gas. The heated capillary was kept at 270°C, and the capillary voltage was 

–50 kV. Full scan (m/z 380-2000, two microscans, maximum 100 ms, target value of 

30,000) was performed, followed by data-dependent MS2 scans (two microscans, 

maximum 100 ms, target value of 10,000) with normalized collision energy of 35%, 

isolation window of 1.0 units, activation q0.25 and activation time 30 ms). The 

threshold for MS2 was set to 300 counts. Data acquisition and processing were 

conducted with Xcalibur software (Version 2.0.7).  Glycans were identified from their 

MS/MS spectra by manual annotation. For structural annotation, some assumptions 

were made in this study as follows. The biosynthesis of N-glycans was assumed to 

follow the classic pathways. Terminal Hex2 units were presumed to be αGal. Chain 

elongation was expected to be mediated by the addition of N-acetyllactosamine units. 

Diagnostic fragmentation ions for N- and O-glycans were investigated as described 

[26]. The annotated structures according to MIRAGE guidelines [27] were submitted 

to the Unicarb-DB database. For comparison of glycan abundances between samples, 

individual glycan structures were quantified relative to the total content by integration 

of the extracted ion chromatogram peak area. The area under the curve (AUC) of each 

structure was normalized to the total AUC and expressed as a percentage. The peak 

area was processed by Progenesis QI (Nonlinear Dynamics, Newcastle, UK).  

The row files containing the peak intensity are available at the following 

link (https://glycopost.glycosmos.org/preview/5608636085cb07abf3cda4, code 

3354). 

https://glycopost.glycosmos.org/preview/5608636085cb07abf3cda4
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4.2.10 Extraction and Quantification of GAGs 

The analysis of GAGs was carried out at the Laboratoire Croissance, Réparation et 

Régénération Tissulaires (CRRET), University Paris-Est, France in collaboration with 

Prof. Dulce Papy-Garcia. Frozen tissue samples from muscles at 7, 14 and 21 days 

after ischemia with or without hydrogel treatment were harvested. The samples were 

suspended in extraction buffer for further GAG extraction as described previously 

[28]. Briefly, samples were digested by proteinase K (Merck Millipore) and DNase 

(Qiagen, Hilden, Germany) and then transferred to 4 mol/L NaCl final sample 

concentration and shaken vigorously for 30 minutes. Upon precipitation of the 

proteins, the supernatants were washed with chloroform and the aqueous phase was 

dialyzed (Spectrum, Breda, The Netherlands) against extraction buffer and pure water. 

The samples were then freeze-dried and the extracted GAGs quantified according to 

the 1, 9-dimethyl-methylene blue (DMMB) assay as described previously [29].  

4.2.11 Statistical Analysis   

Statistical evaluation of the data was performed using the statistical program 

GraphPad Prism® Version 5 (USA); data were compared using one-way ANOVA and 

two-way ANOVA where appropriate. ANOVA tests were further evaluated with a 

Tukey’s post-hoc comparison test. All data were expressed as mean values ± standard 

deviations. Significance was accepted at p < 0.05. 

4.3 Results 

4.3.1 Laser Doppler Perfusion Imaging and Ambulation and Necrosis Evaluation 

To measure whether the hydrogel improves blood perfusion in the ischemic leg, laser 

Doppler imaging was recorded pre-operatively and immediately post-operatively, at 7 

14, and 21 days after the induction of ischemia (Figure 4. 2 A). Specifically at day 7, 

no significant difference was observed in the perfusion ratio in the control group (PBS) 

(23±12%) or in the hydrogel-treated (21±0.12%), while at 14 days the ELR hydrogel 

group had a perfusion ratio of 43±13% in comparison to 43±11% of the ischemic 

control. At day 21, the perfusion ratio was 53±26% in the ELR hydrogel group while 

in the ischemic control 45±15% (Figure 4. 2 B).  
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Figure 4. 1 Schematic representation of the experimental design and procedure. 

A) Preparation of the ELR hydrogel. The ELRs HE5-cyclooctyne and HRGD-azide 

solutions are mixed together in a ratio of 1.8:1 respectively for a final concentration 

of 50 mg/ml. The hydrogel solution (100 µl) was injected at the site of the first ligation 

at day 0. PBS was injected as control. Animals were sacrificed at day 7, 14, 21 after 

the induction of ischemia and leg muscles were collected for histological and 

molecular analysis. B) Tissue analysis. Tissue remodelling and the angiogenic 

response were respectively analyzed by Raman microspectroscopy and stereological 

quantification of capillaries. The inflammatory response was assessed by stereological 

quantification of infiltrating inflammatory cells. The regeneration degree was assessed 

by stereological quantification of central nucleated fibers (CNFs). The proteomic 

signature was analyzed by mass spectrometry and ingenuity pathway analysis. Lectin 

array and mass spectroscopy was adopted to examine the N- glycosylation response.  
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Overall, no significant difference was found in perfusion between the control group 

(PBS) and the treated (ELRs) group at any time point following induction of ischemia. 

Despite this poor blood flow, gross clinical examination revealed only mild 

ambulatory impairment and necrosis both in the PBS control and the hydrogel-treated 

group (Figure 4. 3) No significant differences were observed in the ambulatory 

impairment: after three weeks, the ambulatory capacity was completely restored in 

both the control and the treatment group (score 0) (Figure 4. 3A). The necrosis score 

rarely exceeded 2 in both PBS and hydrogel treated groups (Figure 4. 3B). A higher 

score indicates impaired use of the ischemic limb, severe tissue necrosis or 

autoamputation of toes. 

4.3.2 Raman Microspectroscopy Shows an ECM Molecular Profile Similar to 

that of the Healthy in the Hydrogel-treated Tissue 

To evaluate the molecular composition of the ECM, Raman microspectroscopy was 

performed on healthy, PBS control and ELR hydrogel-treated tissue sections. Overall, 

the Raman profiles showed differences between the healthy tissue and the PBS control 

(Figure 4. 4 A-B, Figure 4. 5 A-B). Additionally, the hydrogel-treated Raman profile 

was very similar to the profile obtained for healthy tissues (Figure 4. 4 A-B, Figure 

4. 5 C-D). The resulting Raman spectra from healthy, ischemic tissues, and ELR 

hydrogel-treated muscle, displayed the following vibrational peaks: 1343 cm−1 

assigned to CH3, CH2 wagging, 1450 and 1250cm−1 to C-H, and C-H2 deformations 

respectively and 1666 cm−1 (amide signals) (Figure 4. 4 A-B). At day 7, peaks 

attributed to GAGs (853, 1345cm−1) and to polysaccharides (891, 841cm−1) were 

observed to have a different intensity in the hydrogel from that of the PBS injected 

(Figure 4. 4 A). Also the peak attributed to collagen 1654cm-1(C=C stretch) showed 

an increased intensity in the hydrogel compared to that of the control. After 21 days, 

the average spectrum of the ischemic tissue also shows a higher intensity in the 

1666 cm−1 peak associated with the amide than that of the healthy (Figure 4. 4 B). To 

analyze the spectral patterns, Raman spectra were subjected to PCA. PCA is a 

multivariate analysis method, in which spectral information is reduced to so-called PC 

scores and the variances are plotted in a PC loading spectrum. The multivariate 

analysis depicted three separated clusters for the healthy and the ischemic groups at 

days 7 and 21. (Figure 4. 5A), while overlapping clusters for the healthy and hydrogel-

treated groups both at days 7 and 21 (Figure 4. 5C) were observed. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/micro-spectroscopy
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Figure 4. 2 Laser Doppler evaluation of the ischemic (left) and non-ischemic 

(right) hindlimbs at days 7, 14 and 21. A) In colour-coded images, red indicates 

normal perfusion and blue indicates reduction in blood flow. Comparison of the 

hydrogel-treated groups and control groups injected with PBS. B) The blood flow 

restoration is expressed as a ratio between perfusion in the ischemic limb and that of 

the contralateral control. Values are espressed as mean and standard deviation (n=28, 

7 days;n=18, 14 days; n=9, 21 days). 
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Figure 4. 3 Functional analysis in the ischemic control (PBS) control and the 

hydrogel-treated group. A) Ambulatory capacity and B) development of tissue 

necrosis, pre-operatively at day 1, 3, 7, 14 and 21 after the induction of ischemia. 
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The difference between the well-defined distinct spectra populations (healthy vs 

ischemic at day 7, and 21 is illustrated in the loading spectra (Figure 4. 5B). The 

loading spectra of PC-2 illustrates the Raman signals that vary predominantly in the 

band such as lipids C-C-N symmetric stretching (571 cm−1), the C-O-C carbohydrate 

ring (878 cm−1) (948 cm−1), phospholipid structural changes (1130 cm−1) Amide I 

bands (1486, 1686 cm−1) (Figure 4. 5B).   

The distribution of PC-2 and PC-3 score values showed the formation of three 

overlapping clusters of population between the healthy and the hydrogel-treated at 7 

and 21 days (Figure 4. 5 C). The spectra similarities between the healthy and the ELR 

hydrogel-treated are depicted in the PC2 loading scores (Figure 4. 5 D). The spectra 

were similar in the Raman peaks of the C-O-C carbohydrate ring (878 cm−1) (948 

cm−1) (1434 cm−1), C=N stretching (1470 cm−1) amide I C=C stretching vibrations 

(1686 cm−1) (Figure 4. 5 C). These results suggest that the hydrogel induces 

remodelling of ECM components such as glycans and collagen toward a healthy state. 

Additionally at day seven, the peaks 882, 941, 1065, 1081, 1087, 1105, 1112 cm-1, 

that are associated with glycans [30] (Figure 4. 6D), were observed to have a 

significant increase in modulus intensity in the ischemic control (PBS injected) while 

values that were more similar and of no significant difference were observed in the 

intensity of the same peaks in the healthy and hydrogel-treated tissue (Figure 4. 6A).  

At days 14 and 21 no significant difference was observed in the same peaks across the 

healthy the injured and hydrogel-treated (Figure 4. 6B-C). These results indicate that 

the hydrogel determines a remodelling of the glycan species in the ECM.  

4.3.3 Effect of the Hydrogel on GAGs 

Since the main glycans present in the ECM of the skeletal muscle are GAGs, especially 

CS and HS, immunostaining, for the characterization of these GAGs was conducted. 

The CS and HS antibody staining showed a robust signal in the ischemic untreated 

tissue compared to that of the healthy one at 7 days. This signal seems due to the 

distribution of both CS and HS at the inflammatory infiltration and around 

regenerating CNFs. The hydrogel-treated tissue showed a CS and HS staining pattern 

similar to that of the healthy one (Figure 4. 7A). At 14 days, both CS and HS staining 

seems to be still localized in the infiltration even if the overall stain pattern of the 

injured tissues was differed a little from that of the hydrogel-treated (Figure 4. 7A).  
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Figure 4. 4 Raman microspectroscopy profile of the healthy tissue and the 

ischemic control (PBS) and the hydrogel-treated tissue. A) Average Raman spectra 

comparison of the ischemic control (PBS) and ELR hydrogel-treated tissue at day 7 

and at B) day 21.  
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Figure 4. 5  Principal component analysis (PCA) of Raman spectra from the 

healthy, the injured control and ELR hydrogel-treated tissue. A) PCA B) and PC-

2 loadings of the healthy and the injured control at days 7 and 21. C) PCA, and D) PC-

2 loadings of the healthy and the ELR hydrogel-treated tissue at days 7 and 21.  
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Figure 4. 6 Raman peaks associated with glycans in healthy, ischemic control 

(PBS) and ELR hydrogel-treated tissue. Comparison of the modulus (normalized 

counts) of the Raman peaks associated with glycans in the healthy, the ischemic 

control (PBS) and ELR hydrogel-treated tissue A) at days 7 B) and 21. Data are 

expressed as mean and SD and significance between the groups was accepted for 

*p<0.05 by two-way ANOVA (n=3). C) Table showing Raman peaks assignment to 

glycans bonds.  
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Figure 4. 7 Analysis of the effect on the ELR hydrogel of GAGs. A) Heparan 

sulphate (HS) (red) and chondroitin sulphate (CS) (green) antibody staining of the 

healthy, ischemic control (PBS) and ELR hydrogel-treated tissue at days 7, 14 and 21. 

Scale bar =10 µm, 60X magnification. A) Total GAGs quantification and C) CS/HS 

proportion (n=3).  Values are expressed in mean and standard deviation. 
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The total GAGs content decreases in the hydrogel-treated samples, especially at day 

seven (7%), even though is not statistically significant (Figure 4. 7A). The proportion 

of HS did not vary in the PBS or in the hydrogel-treated groups over the time points 

(40%). The result suggest that after ischemia, there is no variation of the HS proportion 

of total GAGs in the samples treated or untreated with the hydrogel. 

4.3.4 The ELR Hydrogel Modulates the Proteomic Signature towards 

Angiogenesis 

Protein expression in the CLI ischemia model was analyzed by 4-plex TMT protein 

tagging and subsequent liquid chromatography coupled to tandem mass spectrometry 

(LC-MS/MS). In total, 15.397 different modified peptide sequences were identified. 

These resulted in the identification of 1.777 protein groups after filtering. Protein-level 

estimates of expression and ratios between the different conditions were normalized 

to the healthy tissue as reference. The ratio is expressed as –log(p2) fold change. The 

maximum fold change for the protein group is at least ±1.5. For Ingenuity Pathway 

Analysis (IPA), the −10log (p value) threshold was set at 1.3 to determine dysregulated 

biological function from the data set of the differentially expressed proteins. It was 

found that the biological functions such as angiogenesis and proliferation of 

endothelial cells were highly enriched in the ELR hydrogel-treated group especially 

at days 7 and 21 (Figure  4. 8A). 

Figure 4. 8B illustrates the fold change of the proteins associated with the 

angiogenesis network. Several of these proteins present a higher fold change in the 

hydrogel-treated groups. Especially Immunoglobulin heavy constant gamma 1 

(IGHG1) exhibited a higher fold-change in the hydrogel-treated group than that of the 

PBS control at days 7, 14 and 21. Interferon- inducible protein 16 (IFI16) was 

upregulated in the hydrogel-treated group compared to the PBS control at days 7 and 

14. Other proteins in the angiogenic network  presented a higher fold change in the 

hydrogel-treated group at day seven:  Ras homology GTPase (RHOG), signal 

transducer and activator of transcription-1 (STAT1), Cathepsin B (CTPB), 

Apolipoprotein E (APOE), transketolase (TKT), S100 calcium-binding protein A9 

(S100A9). 



Elastin-based Hydrogel for Critical Limb Ischemia 

169 
 

Furthermore, among the upstream regulators of the cellular functions, Epidermal 

growth factor (EGF), Platelet-derived growth factor BB (PDGF-BB),  fibroblast 

growth factor-1 (FGF1), Angiopoietin-2 (ANG-2), GATA-binding factor 2, 

transcription factor (GATA2), Vascular Endothelial growth factor (VEGFA), nuclear 

factor kB (NF-kB), signal transducer and activator of transcription-1/3 (STAT1/3) 

were activated and upregulated in the hydrogel-treated tissue at day 7 compared with 

the injected PBS control (Figure 4. 8 C). These upstream regulators are known to 

regulate angiogenesis pathways.  

4.3.5 Extent of Angiogenesis Increased in the ELR hydrogel-treated Tissues  

To determine the extent of angiogenesis induced by the hydrogel, CD31 antibody was 

used as a capillary endothelial cell marker and the stereological parameters of 

capillary, length density and radial diffusion were determined. Figure 4.9 shows the 

hydrogel seen in the ischemic tissue after 14 days (H&E) and the presence of 

capillaries within it (CD31).  Figure  4. 10A shows CD31 staining in all the conditions. 

At day seven, no significant difference in the capillary density between the ELR 

hydrogel treatment (0.39±0.04) and the PBS control (0.38±0.03) was observed. 

However, at 14 and 21 days, capillary density and length density significantly 

increased in the hydrogel-treated muscles (Figure  4. 10B). At day 14, a significant 

increase (23%) of capillary density in the hydrogel group (0.62±0.03) compared to the 

PBS groups (0.38±0.05) was observed. Furthermore, at this time point, the length 

density also increased in the ELRs treated group (1.2±0.13) compared to the control 

group (0.74±0.11) (Figure  4. 10C). 

After 21 days the increase of capillary density was 23% in the hydrogel-treated group 

(0.59±0.04) compared to the untreated muscle (0.36±0.03). At the same time point, 

the length density also was significantly increased (45%) in the hydrogel-treated tissue 

(1.18±0.09) compared to that seen in the control group (Figure  4. 10C). Furthermore, 

a significantly lower radial diffusion (17% at day 14, 18% at day 21) (Figure  4. 10D) 

was observed in the ELR hydrogel groups (0.53± 0.03 for day 14, and 0.54±0.02 for 

day 21) compared to that of controls (0.70±0.04 for day 14,  and 0.70±0.04 for day 

21). The radial diffusion is a measure of the distance between the capillaries; the 

shorter the distance, the higher is the degree of perfusion in the tissue. 
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Figure 4. 8 Ingenuity pathway analysis (IPA) of the proteomic data from the 

ischemic control and the hydrogel-treated muscle at days 7, 14, 21. A) Heatmap 

of the IPA identified biological function expressed as enrichment score (-log10 p-

value) associated with angiogenesis. B) Heatmap of fold change of the proteins the 

enriched biological function networks. C) Heatmap of the top upstream regulators 

involved in the angiogenic process expressed as Z.  
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Figure 4. 9 Infiltration of capillaries inside the hydrogel at 14 days after ischemia. 

A) H&E image (20X) of the hydrogel B) CD31 staining (red) counterstained with 

DAPI for nuclei (20X), scale bar=100 µm. 
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Figure 4. 10 Quantification of capillaries from the ischemic control and the ELR 

hydrogel-treated at days 7, 14 and 21. A) Immunohistochemical CD31 (Red) 

staining for blood vessels (20X magnification, scale bar =50 µm) in the muscle tissues 

from the ischemic control (PBS) and ELR hydrogel-treated tissue at days 7, 14 and 

21. B) Capillary density, C) length density and D) radial diffusion stereological 

quantification. Data are expressed as mean and SD and significance between the 

groups was accepted for *p<0.05 by two-way ANOVA (n=5-6). 

 

 

 

 

 

 

 



Elastin-based Hydrogel for Critical Limb Ischemia 

174 
 

Furthermore, at day 21, the CS and HS seem to have a staining pattern that is similar 

even though the staining appears less intense. GAGs from the tissue were extracted 

and quantified to investigate whether these differences observed with Raman 

microspectroscopy were correlated with a change in the total content of GAGs.  

4.3.6 No Increase in Inflammatory Cells in the ELR hydrogel-treated Tissue 

To determine whether the ELR hydrogel had an effect on ischemia-induced 

inflammation, infiltrating inflammatory cells were quantified by stereology. No 

significant difference in the infiltration of inflammatory cells was observed in the ELR 

hydrogel-treated group or the PBS group at any of the time points (Figure 4. 11A).  

The volume fraction was 0.730.4 and 0.720.37 respectively for the ELR hydrogel 

and the control group at day 7, 1.10.05 and 1.030.30 at day 14 and 0.27 0.22 and 

0.230.11 at day 21 (Figure 4. 11B). Immunostaining for CD68, a marker for 

activated macrophages, further confirmed the inflammation in the ELR hydrogel-

treated compared to the control groups (Figure 4. 11A). This observation suggests that 

ELR hydrogel does not have an effect of reducing inflammation, and does not evoke 

additional inflammatory response.  

4.3.7 No significant difference in the Central nucleated fibers (CNFs) in the ELR 

hydrogel-treated Tissue 

Central nucleated fibers (CNFs) in the muscles were studied to investigate the 

potential of the hydrogel to induce regeneration of muscles. Tissue sections were 

stained with lectin WGA and DAPI to identify fiber membranes and nuclei 

respectively. The percentage of CNFs across different groups (the PBS control and the 

hydrogel treated muscles at day 7, day 14 and day 21) is illustrated in Figure 4. 12. 

No significant difference in the percentage of CNFs was observed between the 

hydrogel-treated group and the injured control at any time point. Specifically, the 

percentage of CNFs was found to be 1±0.2 in the PBS control and 4.6±2.5 in the 

hydrogel-treated group respectively at day 7. At day 14, the %CNF was 14.33±10 in 

the PBS control and 5.5±3.1 in the hydrogel-treated tissues. Furthermore, the %CNFs 

did not increase significantly in the hydrogel-treated group (28 ±14) in comparison 

with the injured control (26.3 ±9.9) at day 21 (Figure 4. 12B). 
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4.3.8 Lectin Array Showed Different Glycosignature in the Ischemic and in the 

Hydrogel-treated Muscles 

To examine overall glycosylation changes determined by the ELR hydrogel, protein 

extracts from the healthy, the ischemic injured and the ELRs treated samples, at days 

7, 14, and 21 were incubated with a lectin array described in Table 4.10. Overall, 

incubation from all the conditions showed good feature coverage and different lectin 

microarray profiles for the ischemic samples and the ELR hydrogel-treated at different 

time points. The high affinity binding of PHA-E reveals the presence of complex N-

glycans, while the binding of Calsepa, NPA and GNA confirms the presence of high 

mannose type structures. Furthermore the heavy sialylation of N-glycans is confirmed 

by the high affinity binding of WGA, SNA-I and MAA while the presence of O-

glycans is revealed by the binding of AIA (Figure 4. 13). 

Clustering analysis of the samples showed that the lectin microarray platform 

distinguished the glycosignature from the healthy, the ischemic controls, and the 

hydrogel-treated groups at every time points (Figure 4. 13B), as was distinctly visible 

from difference in profiles.  

There is a clear distinction between the profiles of the injured control at day 21 and all 

those of all the other conditions, including the healthy, with 15% of similarity. 

In terms of carbohydrate-mediated binding, a differential binding with lectins that 

have specificity for sialic acid (WGA, MAA, SNA-I) and α-galactose (VRA, MOA), 

lactose (RCA-I/120) and high mannose (Calsepa) was detected (Figure 4. 13). This 

differential binding was observed across the healthy, the ischemic and the hydrogel-

treated tissues at every time point.  

The most prominent change detected was a dramatic reduction of the binding of lectin 

MAA specific for α-(2, 3)-sialic acid and was observed in both the ischemic control 

and the hydrogel-treated relative to the healthy which has high affinity binding. These 

results suggest that the ischemic environment determines a reduction of α-(2, 3)- sialic 

acid. The hydrogel does not seem to have an effect on the reduction of α-(2, 3)- sialic 

acid but it does appear to effect on α-(2, 6)-sialylation. Overall the lectin array platform 

results suggest that the ischemic conditions have an effect on lactosylation, sialylation 

and α-galactosylation, and mannosylation and that the hydrogel modulates this 

glycosignature. 
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Figure 4. 11 Quantification of Inflammatory cells. A) H&E (40X magnification 

Scale bar= 20 µm) staining of the muscle tissues from the ischemic control (PBS) and 

ELR hydrogel-treated tissue at days 7, 14 and 21. B) Inflammatory cell volume 

fraction (Vv%) quantification of the ischemic control (PBS) and ELR hydrogel-treated 

tissue at days 7, 14 and 21. Values are expressed as mean and SD (n=6) 
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Figure 4. 12 Quantification of central nucleated fibers (CNFs) from the ischemic 

control and the ELR hydrogel-treated at days 7, 14 and 21. A) WGA (green) lectin  

staining for the cell membrane and DAPI (blue) staining from nuclei (20X 

magnification, scale bar =50 µm) in the muscle tissues from the ischemic control 

(PBS) and ELR hydrogel-treated tissue at days 7, 14 and 21. B) Stereological 

quantification of CNFs expressed in percentage. Data are expressed as mean and SD 

and significance between the groups was accepted for *p<0.05 by two-way ANOVA 

(n=5-6). 

 

7
 d

a
y
s
 

1
4
 d

a
y
s

2
1
 d

a
y
s

0

1 0

2 0

3 0

4 0

5 0

C
N

F
s

(%
)

P B S

H y d ro g e l

A 

B 



Elastin-based Hydrogel for Critical Limb Ischemia 

178 
 

Table 4. 1 Lectins, their common names, their binding specificity.  

 

Lectin Organism Specificity 

AIA, Jacalin  Artocarpus integrifolia  Gal (sialylation tolerant) 

RPbAI Robinia pseudoacacia Gal, GalNAc 

PA-I Pseudomonas aeruginosa Gal, Gal derivatives 

SNA-II Sambucus nigra  Gal/GalNAc 

SJA Sophora japonica β-GalNAc 

DBA  Dolichos biflorus  GalNAc 

GHA Glechoma hederacea GalNAc 

SBA  Glycine max  GalNAc 

VVA Vicia villosa GalNAc 

BPA  Bauhinia purpurea  GalNAc/Gal 

WFA Wisteria floribunda GalNAc/sulphated GalNAc 

HPA  Helix pomatia  α-GalNAc 

GSL-I-A4 Griffonia simplicifolia  GalNAc 

ACA Amaranthus caudatus Sialylated/Gal-β-(1,3)-GalNAc 

ABL Agaricus bisporus  Gal-β-(1,3)-GalNAc, GlcNAc 

PNA  Arachis hypogaea  Gal-β-(1,3)-GalNAc 

GSL-II  Griffonia simplicifolia  GlcNAc 

sWGA Triticum vulgaris GlcNAc 

DSA  Datura stramonium  GlcNAc 

STA  Solanum tuberosum  GlcNAc oligomers 

LEL Lycopersicum eculentum GlcNAc-β-(1,4)-GlcNAc 

Calsepa Calystegia sepium Man/Maltose 

NPA  Narcissus pseudonarcissus  α-(1,6)-Man 

GNA  Galanthus nivalis  Man-α(1,3)- 

HHA  Hippeastrum hybrid  Man-α(1,3)-Man-α(1,6)- 

ConA  Canavalia ensiformis  Man, Glc, GlcNAc 

Lch-B  Lens culinaris  Man, fucose dependent 

Lch-A Lens culinaris  Man, fucose dependent 

PSA  Pisum sativum  Man, fucose dependent 

TJA-I Trichosanthes japonica Sialic acid-α-(2,6)-Gal(NAc) 

WGA Triticum vulgaris NeuAc/GlcNAc 

MAA  Maackia amurensis Sialic acid-α-(2,3)-Gal(NAc) 

SNA-I  Sambucus nigra  Sialic acid-α-(2,6)-Gal(NAc) 

CCA Cancer antennarius 9-O-acetyl-sialic acid 

PHA-L Phaseolus vulgaris tri-/tetra-antennary β-Gal/Gal-β-(1,4)-GlcNAc 

PHA-E Phaseolus vulgaris biantennary, bisecting GlcNAc,β-Gal/Gal-β-(1,4 

)GlcNAc 

RCA-I/120 Ricinus communis Gal-β-(1,4)-GlcNAc 

AMA Arum maculatum Gal-β-(1,4)-GlcNAc 

CPA Cicer arietinum Complex glycopeptides 

CAA Caragana arborescens Gal-β-(1,4)-GlcNAc 

ECA  Erythrina cristagalli  Gal-β-(1,4)-GlcNAc oligomers 

TJA-II Trichosanthes japonica Fuc-α(1,2)GlcNAc-β(1,4) 

AAL Aleuria aurantia α-(1,6)-linked Fuc 

LTA Lotus tetragonolobus α-(1,3)-linked Fuc 

UEA-I  Ulex europaeus  α-(1,2)-linked Fuc 

EEA Euonymous europaeus α-Gal 

GSL-I-B4 Griffonia simplicifolia α-Gal 

MPA Maclura pomifera α-Gal 

VRA Vigna radiate α-Gal 

MOA Marasmius oreades α-Gal 

PBS N/A N/A 

BSA N/A N/A 
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4.3.9 The ELR Hydrogel can Modulate N-mannosylation and Sialylation in the 

Ischemic Environment 

Since the lectin array indicated a differential binding profile that suggests that the 

hydrogel can have an effect of the N-glycosylation of the ischemic tissue, these 

observations were validated by investigating N-glycans by LC-ESI-MS/MS. The 

analysis was carried out on total protein extracts from the healthy, injured and ELR 

hydrogel-treated samples (n=5-8). In total 76, selected N-glycan structures were 

identified and used for comparison. The Unicarb-DB database link https://unicarb-

dr.biomedicine.gu.se/references/364 lists all the structures assigned, their m/z and the 

MS2 spectra. For comparison, individual glycan structures were quantified in relation 

to the total content by integration of the extracted ion chromatogram peak area and are 

expressed as relative intensity percentage (%).Overall, differences in mannosylation 

and sialylation were observed in the hydrogel-treated tissues when compared to the 

ischemic control and the healthy tissue (Figure 4. 14).  

In regard to mannosylation, 13 high-mannose type N-glycans (ranging from Man1 to 

Glc1Man9) were identified and used for comparison. A significant reduction of the 

relative intensity of total high-mannose types had been observed in the ELR hydrogel-

treated group (20±4.8%) relative to the injured control (29.7±6.4%) and the healthy 

(29.4±5.3%) at day 7 (Figure 4. 14A). At day 14 a significantly lower level of total 

high mannose type was seen in in the hydrogel-treated samples (21.4±6.8%) compared 

to the healthy (Figure 4. 14A). No significant difference was observed at day 21. The 

ratio of Man5/Man9 did not show a significant difference in any of the groups (Figure 

4. 14B).  

In regard to mannosylation, 13 high-mannose type N-glycans (ranging from Man1 to 

Glc1Man9) were identified and used for comparison. A significant reduction of the 

relative intensity of total high-mannose types had been observed in the ELR hydrogel-

treated group (20±4.8%) relative to the injured control (29.7±6.4%) and the healthy 

(29.4±5.3%) at day 7 (Figure 4. 14A). At day 14 a significantly lower level of total 

high mannose type was seen in in the hydrogel-treated samples (21.4±6.8%) compared 

to the healthy (Figure 4. 14A). No significant difference was observed at day 21. The 

ratio of Man5/Man9 did not show a significant difference in any of the groups (Figure 

4. 14B).  

https://unicarb-dr.biomedicine.gu.se/references/364
https://unicarb-dr.biomedicine.gu.se/references/364
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Figure 4. 13 Lectin array analysis of the effect of the ELR hydrogel on the 

glycosylation in the ischemic muscle. Comparison of lectin microarray data for the 

healthy muscle, the injured control (PBS) and the hydrogel-treated at days 7, 14, 21. 

Data from each microarray are the median of six data points. Clustering analysis was 

performed with total intensity mean normalization, complete linkage, euclidean 

distance and all the lectins printed were included. 
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To determine whether the decrease of total mannose observed in the hydrogel-treated 

tissues was due to a particular structure, the relative intensity of each high-mannose 

type N-glycan (from Man1-Glc1Man9) was calculated. Among the 13 mannose 

structures identified, Man8 (16%) and Man9 (20%) structures were present in the 

highest amount in all the conditions. A decreased level of Man6 and 8 were observed 

in the hydrogel-treated groups compared with the ischemic control and the healthy 

(Figure 4. 14 C-D). In particular, Man6 was 11 %  decresed of in the hydrogel-treated 

group at (7.4±6.7%) at day seven compared to the ischemic control (19±7.4%) and the 

healthy tissue (19±4.2) (Figure 4. 14C). Man8 levels was reduced in the hydrogel-

treated muscle in comparison with the untreated control at days 7 and 14 (Figure 4. 

14D). Specifically, the reduction of Man8 was 10% and 6% at days 7 and 14 

respectively. These observations suggest that the reduction of total high mannose level 

observed in the hydrogel-treated samples is due to a low level of Man6 and 8 detected 

in the same groups.  

In regard to complex glycans, 52 structures were identified, of which 45 were 

sialylated and 7 neutral. In regard to sialylation, 52 complex N-glycans including 45 

sialylated and 7 neutral N-glycans were identified. No significant difference was 

observed in the content of total sialylation across all the groups (Figure 4. 15 A), while 

a significant increase (p<0.05) of neutral complex N-glycans was observed in the 

hydrogel-treated group (6.2±1.5%) at day 21 over that seen in the healthy control 

(3.9±0.8%) (Figure 4. 15 B). The sialylated N-glycans present α-(2, 3)-, α-(2, 6)- and 

α- (2, 8)- sialylation types and account for 60-80% of total N-glycans (Figure 4. 16A-

C). In general, α-(2, 3)-sialylation (64±4.8%) is more prominent than of α-(2, 6)- 

sialylation (50±9.2%) and α-(2, 8)-sialylation (9.7±0.9%) (Figure 4. 16A-C). The 

ischemic tissue at day seven showed a significant reduction of α-(2, 3)-sialylation 

(56.67±5.9%) compared to that of the healthy (69±6.8%) (Figure 4. 16A-C). At the 

same time point, the ELR hydrogel-treated showed an increase of α-(2, 3)-sialylation 

even though this was not statistically different (59±3.4%). No significant difference 

was detected between control and other groups at days 14 and 21 (Figure 4. 16A). In 

regard to α-(2, 6)-sialylation, the ischemic tissue (59.6±5.1%) at day 7 showed a 

significant increase relative to that seen in the healthy (49±10%).  At day 14, the level 

of α-(2, 6)-sialylation increased in the hydrogel-treated group (55.3±4.3) compared to 

ischemic control (33.4±10) (Figure 4. 16B). 
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Figure 4. 14 Mannose type N-glycans analysis from the healthy, the injured 

control (PBS) and the ELR hydrogel-treated by LC-ESI-MS/MS. A) High 

mannose type relative intensity percentage B) Man5/Man9 ratio C) Man6 D) and 

Man8. Values are expressed as mean and SD. Statistical difference between groups: 

*p<0.05 by one and two-way ANOVA (n=5-8). 
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As for α-(2, 8)-sialylation, the hydrogel-treated at seven had a higher level in 

comparison to the healthy though not significant (Figure 4. 16B). In regard to the 

ischemic control, the main difference of sialylation was observed on day seven where 

it was significantly decreased α-(2, 3)-sialylation and increased α-(2, 6)-sialylation, as 

already observed in Chapter Three. The hydrogel did not have an effect on α-(2, 3)-

sialylation, but it did induce a significant increase α-(2, 6)-sialylation at day 14. 

Overall, the LC-ESI-MS/MS data suggest that the hydrogel is able to reduce the level 

of mannosylation of total proteins at days 7 and 14. Furthermore, at day 14 the 

hydrogel mediates an increase of α-(2, 6)-sialylation. 

4.4 Discussion 

Despite the recent advance in endovascular-techniques, there remains an unmet urgent 

need to develop neovascularization treatments for CLI patients. The clinical success 

of any regenerative therapeutic strategy ought to be premised on the revascularization 

and subsequent reperfusion of the newly formed vessels. Providing ECM components 

is a strategy to mimic the physiological cell niche and instruct the cells to activate 

proliferation and regeneration programs [31].  

In this chapter, the efficacy of an Elastin-like recombinamers (ELR)-based hydrogel 

in stimulating angiogenesis and tissue remodelling towards a healthy state was 

investigated in a severe murine model of CLI.  

Remarkably, the ELR hydrogel treatment promoted an increase in the formation of 

new capillaries in muscle tissues at days 14 and 21 (Figure 4. 10). However, there was 

no corresponding increase in perfusion in the skeletal muscles when evaluated by 

Laser Doppler imaging (Figure 4. 2). This apparent disparity could be a consequence 

of differences in sensitivity between histology and the Doppler imaging methods. 

Therefore, the ability of the ELR hydrogel to target the proteome signature underlying 

angiogenesis was investigated. The treatment with the hydrogel induced the 

upregulation of several proteins belonging to the angiogenetic molecular networks 

(IGHG1, IFI161, RHOG, STAT1, CTPB, APOE, TKT, S100A9) as demonstrated by 

IPA® analysis (Figure 4. 8). 
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Figure 4. 15 Complex N-glycans analyses from healthy and ischemic muscle 

tissues by LC-ESI-MS/MS. A) Relative intensity of total sialylated glycans and B) 

total neutral glycans. Values are expressed as mean and SD. Statistical difference 

between groups: *p<0.05 by one -way ANOVA (n=5-8). 
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Figure 4. 16 Type of Sialylation analysis from the healthy, the injured control 

(PBS) and the ELR hydrogel-treated by LC-ESI-MS/MS. Relative intensity of A) 

α-(2,3)- sialylation, B) α-(2,6)- sialylation, C) α-(2,8)- sialylation. Values are 

expressed as mean and standard deviation. Statistical difference between groups: 

*p<0.05 by two-way ANOVA (n=5-8). 
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This evidence suggests the involvement of these proteins in the formation of new 

capillaries observed histologically. In particular, Rho GTPases mediate junctional 

remodelling and endothelial cells migration during angiogenesis [32]. The ELR 

hydrogel presents RGD (Arg-Gly-Asp) integrin binding motifs that are able to activate 

Rho GTPases pathway, which is involved in the cytoskeleton movement [33] and has 

here been found to be upregulated in the hydrogel-treated group at day 7. There is 

evidence in the literature of the involvement Rho GTPases pathways in the process of 

the angiogenic sprouting [34]. Different ELRs presenting the RGD sequence have 

been shown to recruit endothelial cells in in vitro experiments and to promote their 

proliferation [17, 35]. ELR systems have been shown to induce capillaries formation 

in different in vivo models such as a subcutaneous mouse model [18] and a ectopic 

bone formation model in rats [17]. This evidence suggests that the angiogenic potential 

of the ELR hydrogel lies in its ability to recruit endothelial cells and to activate a 

synergy of pro-angiogenic programs. Infiltration of capillaries was observed inside the 

hydrogel at day 14 (Figure 4.9), suggesting that the recruitment of endothelial cells 

results in the formation of sprouting capillaries within the hydrogel network. The HE5-

cyclooctine ELR was also presents at the MMPs/cathepsin-sensitive site that mediates 

the degradation of the hydrogel and therefore can favour the infiltration of endothelial 

cells and the formation of capillaries. Cathepsin-B (CTPB), a matrix protease that is 

released during the angiogenic sprouting and can also regulate the secretion of VEGF 

[36], was found upregulated at day 7 after the hydrogel treatment. Histologically, 

hydrogel inclusions in the skeletal muscle were observed at days 7 and 14 but not at 

day 21, suggesting that the hydrogel might degrade completely before 21 days. 

Because the hydrogel was not observed consistently in the samples, it was not possible 

to stereologically quantify the degradation rate in vivo. This is due to the randomized 

sample orientation required for the quantification of stereological parameters. 

Furthermore, IPA® identified proangiogenic growth factors such as EGF, PDGF-BB, 

FGF1, and VEGFA and ANG-2 which constitutes upstream pathway regulators.  

These were highly upregulated 7 days after hydrogel treatment. The synergy of 

proangiogenic growth factors activated pathways in mediating angiogenesis is well-

known [37]. Blood vessel stability lies on the crosstalk of multiple signalling pathways 

in the endothelium and pericytes [38, 39]. NF-kB and STAT1/3 are pathways involved 

in the process and are found upregulated with the ELR hydrogel treatment. VEGF can 



Elastin-based Hydrogel for Critical Limb Ischemia 

188 
 

induce endothelial cells migration and proliferation by activating STAT1/3 signalling 

[40]. The interaction of VEGF and PDGF-BB has also been reported in the formation 

of stable capillaries: while VEGF promotes endothelial cell proliferation, PDGF-BB 

stabilizes blood vessels by recruiting pericytes [39]. FGF1, also can interact with 

VEGFA and control the secretion of PDGF-BB, contributing to the formation of stable 

vessels [41]. 

Taken together, these results suggest that the ELR hydrogel stimulates angiogenesis 

in situ through a synergic action of pro-angiogenic pathways. The efficacy of the 

hydrogel in obtaining a therapeutic angiogenesis can be further improved by tethering 

the ELR hydrogel to pro-angiogenic molecules. 

It was also found that treatment with ELR hydrogel induced a remodelling of ECM 

components toward a more physiological state as indicated by the Raman molecular 

patterns. Specifically PCAs showed clear similarities defined by tissue content of 

glycans (878, 948, and 1434 cm-1) and ECM proteins (1434 cm-1) at days 7 and 21 

(Figure 4. 4-4. 5). ECM remodelling plays crucial roles in regulation of the angiogenic 

processes [42]. Specifically, the ECM can interact and/or store several pro-angiogenic 

growth factors and cytokines. The ECM remodelling can subsequently release the 

growth factors which favour the sprouting of endothelial cells [43]. These observation 

suggests a link between the ECM remodelling and the angiogenesis induced by the 

hydrogel.  

Furthermore, the Raman peaks associated with glycans which presented a higher 

modulus in the ischemic controls at 7 days (882, 941, 1065, 1081, 1087, 1105, 1112 

cm -1) but were similar to that of the healthy tissues in the hydrogel-treated tissues, 

substantiating the observation that the hydrogel affects the level of glycans in the ECM 

(Figure 4. 6). It was then hypothesized that these glycan-Raman bands were 

associated with the GAGs, especially CS and HS since these are the most abundant 

glycan species in the muscle ECM. The increase in the modulus of those bands is 

presumably due to the redistribution of GAGs in ischemic tissue, and this inference 

was subsequently confirmed with CS and HS antibody staining (Figure 4. 7). Ischemic 

muscle tissues that were treated with hydrogel showed a CS and HS staining pattern 

that was comparable to those of healthy tissues. CS and HS are important mediators 

of this crosstalk since they bind to angiogenic growth factors such as VEGF [44] and 
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FGF2 [45], presenting them to their receptors, and protecting them from proteolytic 

targets [46, 47].  

Therefore, GAGs were extracted and quantified to see whether what was observed via 

Raman and antibody staining were due to a difference in total GAGs content. The 

overall content of GAGs as well as the HS/CS proportions were not significantly 

different in the hydrogel-treated group from those of the injured controls (Figure 4. 

7). This indicates that the hydrogel may induce a remodeling of GAGs that does not 

affect the total content. Recent studies have highlighted the importance of HS and CS 

sulphation patterns in the binding of growth factors [48]. The 6-O sulphation of 

syndecan-2 has recently been demonstrated to be crucial in regulating the crosstalk 

with VEGFR2 that mediates neovascularization in a murine model of CLI [49]. This 

suggests that the sulphation of HS and CS should be investigated as a sign of ECM-

remodeling induced by the ELR hydrogel. 

Because it was previously found that ischemia induces dynamic changes in N-

glycosylation (as reported in Chapter Three), the effect of the hydrogel treatment on 

N-glycosylation was also investigated. Glycosylation alteration such as the extension 

of N-glycan structures is responsible for activating pro-angiogenic signalling 

pathways [50]. N-glycan modification upon elastin-based therapy has not been 

previously demonstrated in a CLI model. Here, the overall glycosylation was 

examined using a lectin array as a shot-gun screening. The results were further 

validated by resolving and quantifying N-glycans structures by LC-ESI-MS/MS. 

These results suggest that there is a unique modulation of N-linked sugars induced by 

ELR hydrogel. In particular, this data show that hydrogel treatment induces a 

reduction of overall mannosylation at days 7 and 14 (Figure 4. 14). This reduction is 

specifically due to a down-regulation of Man6 and Man8 species. An increasing body 

evidence in the literature points to the critical role of mannosidic glycoepitopes in the 

initiation and progression of inflammation [50]. For example the reduction of 

mannosylated glycans on endothelial cells surface attenuates monocytes extravasation 

[51]. Mannosidic epitopes are recognized C-type lectin receptors displayed by 

monocytes, macrophages and other inflammatory cells [52]. No significant differences 

in the inflammatory cells infiltration were observed in the hydrogel-treated groups at 

any of the time points (Figure 4. 11). This data suggest that the hydrogel does not 
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induce an additional adverse inflammatory response. This observation finds 

consistency in the literature, where ELRs are reported to induce only a mild 

inflammatory response in a healthy mouse [62]. The decrease of mannose epitopes 

observed in this study suggests a possible effect of the hydrogel in fine-attenuating 

inflammatory interactions. This hypothesis can be investigated by deciphering 

mannose-based receptor-ligand interactions. A further study to investigate the sub-

population of macrophages (anti-inflammatory or pro-inflammatory) involved, will 

probably throw light into a possible inflammation modulatory function of the 

hydrogel. 

Furthermore, in the acute phase of ischemia (7 days) α-(2, 3)-sialylation is reduced, an 

observation that is consistent with literature [53]; while α-(2, 6)-sialylation increases. 

Although hydrogel treatment did not impact on the reduction of α-(2, 3)- sialic acid, it 

affected α-(2, 6)- sialylation: indeed at day 14, the level of α-(2, 6)- sialylation 

decreased in the ischemic muscles, while the hydrogel treatment upregulated 

sialylation as MS data shows (Figure 4. 16). (2, 6)-sialylation is a type of 

glycosylation that has been reported in several biological processes including 

inflammation and cancer cell motility [54, 55]. In this study, the increase of (2, 6)-

sialylation in the hydrogel-treated group is concomitant with an increase of capillaries 

at day 14. Recently, a pro-angiogenic effect of α-(2, 6)-sialylation has emerged as it 

has been reported to be a crucial determinant in mediating the binding of VEGF with 

its receptor-2 [56]. Even though there was continued increase in new capillaries at day 

21 in the hydrogel-treated group, there is no correspondent increase in α-(2, 6)-

sialylation at this timepoint, suggesting that the hydrogel induces a transient increase 

of this type of sialylation. The role of α-(2, 6)-sialylation in angiogenesis still represent 

an unexplored field. Further in vitro investigation with the ELR hydrogel and 

endothelial cells, would reveal whether this sialylation-modulation is associated to the 

angiogenic process. 

Taken together, these results suggest that the reduction of mannosylation and the 

increase of α-(2, 6)- sialylation might be important post-translational modifications 

involved in the tissue repair process induced by the hydrogel. However, further studies 

are necessary to determine the mechanisms that are involved in the dynamic changes 

that occur in the N-glycome upon the hydrogel injection.  
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4.5 Conclusions 

In this study, it was found that the ELR hydrogel have a proangiogenic potential, and 

can also induce tissue remodeling through modulating ECM compound such as 

glycans and proteins. Furthermore, ELR hydrogel treatment elicited no evidence of 

immunogenicity, since there was no increase in infiltrating inflammatory cells.  

The ELR hydrogel stimulates the growth of new blood vessels by activating pro-

angiogenic cytokines mediated pathways. This is the first study to report the role of 

glycosylation in the response of ELR hydrogel in a mouse model of CLI. Modulation 

of mannosylation and sialylation are associated with these findings and may have a 

role in these healing processes. Figure 4. 17 summarizes the findings reported in this 

chapter. However, further studies are necessary to determine the mechanisms that are 

involved in the dynamic changes that occur in the N-glycome following hydrogel 

injection.  

Overall, these observations suggest that ELR hydrogel has a potential drug/cell 

delivery platform for the treatment of CLI. The therapeutic effect of the hydrogel could 

be improved by optimizing the dose or number of injections or by tethering the ELR 

hydrogel to pro-angiogenic molecules.  
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Figure 4. 17 Schematic representing the effects of the ELR hydrogel tested in a 

severe murine model of CLI. The ELR hydrogel induced the formation of capillaries 

and ECM remodelling toward a healthy state. No adverse inflammatory response was 

reported. Decrease of mannosylation and increase of α-(2, 6)-sialylation were detected 

as post-translational modifications associated with the remodelling effect induced by 

the hydrogel. 
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5.1 Introduction 

Peripheral arterial disease (PAD) or Critical Limb ischemia (CLI) occurs when the 

atherosclerosis causes occlusion of blood vessels in the lower limb. CLI in particular 

is a severe and chronic form of PAD in which the patient experiences tissue loss to a 

different extent such as necrosis, ulcers or gangrene. Over 20% of patients, that are 

not suitable for gold standard endovascular therapy or bypass surgery, have no option 

but to undergo a major limb amputation  after which the survival rate is poor [1]. A 

plethora of new therapeutic strategies have been tested preclinically and clinically over 

the past two decades including the delivery of cells and exogenous gene or cytokine-

based therapeutics. Despite their benefits in restoring tissue vascularization and 

homeostasis, the clinical application of these strategies has demonstrated limited 

efficacy due to short retention time, or, in some case, excessive dose [2-4]. To address 

these limitations, the combinatorial strategy involving biomaterials as delivery 

systems for cells, genes and cytokines has been explored in preclinical trials that 

showed the ability to improve cell survival and paracrine effects, to ensure a controlled 

released of growth factors, and genes, to improve their therapeutic effects [5, 6]. 

Recently, the use of even biomaterials alone such as acellular hydrogels derived or 

based on ECM components has been shown as potentially therapeutic because these 

had promising results in animal models of CLI [6-11]. Specifically, acellular 

hydrogels have gained attention because they offer an easier translational and 

commercialization pathway. Nevertheless, both the combinatorial and biomaterial 

alone strategies need to be validated at the clinical level. ECM-based hydrogels have 

shown the potential to modulate the ischemic muscle microenvironment towards 

regeneration and vascularization and in the hindlimb reperfusion in preclinical 

applications [6, 7]. Elastin is a natural constitutive and structural protein present in the 

ECM of the skeletal muscle where it is mainly synthetized by endothelial cells [12, 

13] and fibroblasts [14]. Elastin is composed of fundamental tropoelastin monomers 

that coacervate to form elastin fibers which provide elasticity and structural support to 

the tissue. Elastin biologically regulates specific cell pathways, interacting with the 

elastin receptors and subsequently mediating cell activities such as differentiation 

[15]. Recently, genetic engineering gave the possibility to produce various polymers 

or peptides based on the elastin sequence [16-20]. Elastin-like recombinamers (ELRs) 

are a category of these elastin-mimetics that can be modified by inserting further 
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bioactive sequences such as the cell adhesion RGD, peptides or MMP-sensitive 

domains [18]. 

An understanding of the muscle ischemia microenvironment and the associated 

pathological events is fundamental for designing and improving biomaterial-based 

therapeutic approaches. Among the biomolecules involved in the ischemic 

regeneration, glycans remain the least explored, despite their critical functional and 

structural roles. Because they are present in the ECM and outer cell membrane, 

glycans are key regulators of receptor conformation, interaction with the ligands and 

the consequent activation of signalling pathways [21, 22]. By increasing the current 

scant knowledge on the role of glycans in the ischemic disease precise molecular 

targets can be identified and used when designing new therapeutic strategies.  

Given these considerations, the thesis is aimed at investigating the ischemic 

microenvironment in the muscle. Firstly, a severe preclinical model was adopted and 

characterized to study the glycoenvironment modifications provoked by the ischemic 

insult. Secondly, an ELR hydrogel was tested for its potential modulation of the post-

ischemic remodelling. Finally, the glycosylation response of the ischemic muscle to 

the hydrogel administration and the activation of specific protein pathway were 

examined.  

5.2 Summary  

5.2.1 Chapter Two- Characterization of a Severe Murine Model of Critical Limb 

Ischemia 

The establishment of animal models is critical for testing new therapeutics and their 

translation to the clinic; such models are also important to carry out molecular and 

mechanistic studies to identify new therapeutic targets. In regard to CLI models, 

generally the blood circulation is interrupted by surgically blocking the main lower 

arteries, such as the iliac and/or the femoral artery [23-26]. The degree of ischemia 

obtained depends on the surgical procedures that vary in the anatomical position of 

the occlusion, in the numbers of occlusions, and also on the endogenous capacity of 

collaterals to sprout from the existing blood vessels. Limitations of the available 

models include the recovery of early blood reperfusion, development of excessive 

necrosis, high mortality and poor reproducibility. Our lab designed a surgical approach 
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based on the double ligation of the femoral artery that was able to slow down the 

endogenous recovery of an immune- compromised mouse which ensures a broader 

therapeutic window in which to test a potential therapeutic [25]. Here the double 

ligation of the femoral artery model was adopted in the wildtype mouse to determine 

whether this procedure was equally valid for preclinical tests where the use of the 

genetically modified, immune-deficient mouse is not indicated. The blood flow 

recovery in the C57BL/6 mouse was less than 50% at 21 days after the induction of 

ischemia while the ambulatory capacity was slightly reduced and the signs of necrosis 

were minimal. Histological analysis showed the infiltration of inflammatory cells, 

fiber necrosis, and the ischemia-induced angiogenic and regenerative response which 

are histopathological features associated with CLI. Finally, Raman microspectroscopy 

identified a distinct molecular profile in the ischemic tissue that indicates the 

remodelling ECM components such as glycans and collagen. In summary, the double 

ligation of the femoral artery procedure was able to induce a robust ischemia that was 

investigated at both the functional and histological levels. 

5.2.2 Chapter Three- Glycosylation Profile of the Ischemic Muscle 

The ischemic environment is characterized by inflammation, oxidative stress, micro-

and macrovascular dysfunction as well as fiber necrosis. The glycosylation changes 

associated with ischemia were studied in relation to the endothelial glycocalyx [27-

31]. The pro-inflammatory cytokines and ROS release mediate the endothelial 

glycocalyx degradation. In contrast, this study included the identification of 

glycosylation modifications in the lower limb muscle after being subjected to the 

ischemic insult. The analysis was conducted at different time points which correspond 

to different the predominant phases of ischemia from the acute-inflammatory response 

phase at day 7 to the tissue remodelling phase at day 21. Specifically, lectin 

histochemistry/ array and LC-ESI-MS/MS were used for N-glycan analysis while 

DMMB assay and immunohistochemistry were adopted for GAG analysis. Ischemia 

alters the N-glycosylation of skeletal muscles particularly in mannosylation and 

sialylation. In regard to mannosylation, the species Man7 and Man9 were upregulated 

in the acute inflammatory phase when compared to the healthy tissue. The increase of 

high mannose species is a phenomenon associated with inflammation [32]. The acute 

phase of ischemia also affected the balance of sialylation linkages. Indeed a decrease 

of α-(2, 3)- sialylation was concomitant with an increase of α-(2, 6)- sialylation. In 
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addition, a decrease of hybrid structures and bisecting N-glycans was observed. In 

contrast, no significant difference in GAGs proportions or total contents was found, 

even if the HS and CS histochemistry suggests an accumulation of these GAGs at the 

inflammatory infiltration. These findings identify certain glycan modifications as 

potential markers and therapeutic targets.  

5.2.3 Chapter Four-Elastin-like Recombinamers (ELRs) hydrogel for Critical 

Limb Ischemia 

ECM-inspired biomaterials have recently shown promising effects in stimulating 

revascularization and muscle regenerations in animal models of CLI [6, 7]. Elastin is 

one of the skeletal muscle ECM components and can be synthetized by genetic 

engineering techniques in recombinant forms such as elastin-like recombinamers 

(ELRs). ELRs present the natural tropoelastin monomer (VPGXG) and can be 

designed to carry extra aminoacidic sequences with a specific biological function [33]. 

ELRs have shown the ability to induce the tube formation of endothelial cells in vitro 

and angiogenesis in vivo [34]. However, the effect of an ELR hydrogel has not been 

evaluated in any CLI model so far. In this study, an ELR hydrogel was tested in the 

ischemic murine model presented in Chapter Two for its ability to enhance the post-

ischemic remodelling. A remodelling of ECM components such as glycans and 

structural proteins was seen via Raman microspectroscopy at days 7 and 21. 

Furthermore, the hydrogel was shown to have an angiogenic potential. Indeed, 

ingenuity pathway analysis (IPA®) was applied to proteomic data and showed the 

enrichment of biological functions associated with angiogenesis in the hydrogel-

treated at days 7 and 21. Furthermore the z-score indicated an upregulation of the main 

angiogenic pathways (EGF, PDGF-BB, FGF1, ANG-2, VEGFA). Capillaries were 

stained with CD31 antibody and angiogenesis was quantified within the stereological 

parameters of capillary density, length density and radial diffusion. A significant 

increase of capillary and length density was observed at days 14 and 21 with a 

concomitant decrease of radial diffusion. The pores in the hydrogel and its integrin 

binding RGD and MMPs/cathepsin -K responsive sequences allowed the recruitment 

of endothelial cells as already observed in in vitro experiments with different ELRs 

[33]. No additional adverse inflammatory response was observed with the 

stereological quantification of inflammatory cells in the hydrogel-treated group. The 

response of the glycoenvironment to the hydrogel was also investigated, focusing on 
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N-glycans and GAGs. LC-ESI MS/MS revealed a significant decrease in the level of 

high mannosylation (Man6 and Man8) of proteins at day 7, while at day 14 an increase 

of α-(2,6) sialylation was observed in the hydrogel-treated tissue. 

Thus, the proposed mechanism of the action of the hydrogel starts with the recruitment 

of endothelial cells. The hydrogel may activate the cross talk between the integrins 

and the proangiogenic receptors signalling pathways resulting in the cytoskeletal 

movement that is involved the angiogenic sprouting [35-37]. A better 

revascularization positively influences the ECM component remodelling towards a 

healthy state. High mannose species and α-(2, 6)- sialylation of proteins seem to have 

a role in the hydrogel-induced remodelling.  

5.3 Limitations 

5.3.1 Chapter Two- Characterization of a Severe Murine Model of Critical Limb 

Ischemia  

The first phase of this thesis involved the adaptation and the characterization of a 

severe preclinical model to test the ELR hydrogel in vivo. The surgical procedure of 

double ligation of the femoral artery was shown to create pronounced blood flow 

occlusion and severe necrosis in the immunocompromised mouse [25]. When applied 

to the wildtype mouse, the double ligation of the femoral artery was able to reproduce 

this important interruption to perfusion. Nevertheless, the necrosis and the ambulatory 

impairment were only mild, suggesting that these two crucial functional parameters 

cannot be measured when testing therapeutics in this model. 

Furthermore, in regard to blood flow recovery, the laser Doppler imaging has a 

penetration depth of 1-2 mm, and so the restoration in the perfusion is measured in 

relation to the ischemic leg. A further limitation of this study was the lack of 

angiography techniques that would have enabled the formation of collaterals to be 

viewed. Indeed, identifying the origin of the collateral sprouting can indicate the 

mechanisms of angiogenesis such as shear stress or systemic or local changes due to 

cytokines or inflammatory cells [38, 39]. Other histopathological features associated 

with CLI are muscle fibers necrosis/atrophy [40]. Additional quantification of the fiber 

diameter would elucidate the extent of the processes induced by the double ligation of 

the femoral artery.  
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Finally, there is unanimity in the scientific community that the animal models have 

several limitations in mimicking the complexity of human pathologies. CLI is a 

chronic process while this model represent an acute induction of ischemia-reperfusion. 

Furthermore, the CLI patients present several comorbidities such as diabetes, obesity 

and dyslipidemia, all of which are difficult to recreate in an animal model.  

5.3.2 Chapter Three- Glycosignature from a Severe Model of Critical Limb 

Ischemia 

Glycans represent the least understood class of biomolecules, despite their major role 

in every type of cellular processes [22]. Indeed, the technologies to study glycans lack 

the recombinant methods that would enable the synthesis of specific species, in 

contrast to genes or proteins. Furthermore, the biosynthesis and the remodelling of 

glycans is not- template driven and depends on several factors such as the 

glycotransferases and the availability of the nucleotide donor [22]. Glycosylation can 

also respond very rapidly to cellular stimuli, and so this dynamicity and complexity 

cannot be easily captured in a reproducible manner. This study aimed to investigate 

the alteration of the glyco-environment induced by ischemia in the murine muscles.  

One of the main limitations is that there are differences in glycosylation between the 

human and the mouse which are represented by the presence in the mouse of α-

galactose residues and N-glycolyl-neuraminic acid (Neu5Gc)[41] that are not present 

in humans. Therefore, it is necessary to validate the glycosylation results of this study 

in humans to confirm their potential as disease markers or diagnostic probes.  

While the study analyzed N-glycans and GAG, it lacks O-glycan analysis. In parallel 

with N-glycans, O-glycans were extracted from the total protein fraction and subjected 

to LC-ESI-MS-MS. Nevertheless, the recovery of the O-glycans was too low, and MS 

peaks lacked MS2, preventing the identification and the analysis. This indicated that 

the murine skeletal muscle is poor in O-glycans and highlights the need to optimize 

O-glycan release protocols from this tissue.  

Recent publications have shown GAGs sulphation modification in ischemic models 

[42, 43]. In the light of this another limitation here is the lack of analysis of GAGs 

sulphation pattern by high performance liquid chromatography (HPLC).This was 
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because GAGs content in the skeletal muscle as well as the size of the muscle in the 

mouse were limited and this therefore hampered the analysis. 

GAG quantification and N-glycosylation analysis were performed on the total protein 

extract of muscles. The muscles contain muscle fibers, blood vessels, traces of blood, 

nerves as well as inflammatory and progenitor cells. Therefore, this analysis does not 

reveal the district or the cellular type that is involved in the glycosylation alteration. 

A further limitation of this study is the lack of investigation as to whether the 

glycosylation alteration observed involved a certain asset of proteins.  

5.3.3 Chapter Four-Elastin-like Recombinamers (ELR) Hydrogel for Critical 

Limb Ischemia 

An ELR hydrogel was tested for its efficacy in stimulating angiogenesis and tissue 

remodelling in a murine model of CLI. Even if the hydrogel is able to induce capillary 

formation at the site of injection, this angiogenic response does not result in the 

recovery of blood flow in the ischemic leg: there is no significant increase in the 

reperfusion of the hydrogel-treated leg compared over that of the injured control. 

Therefore, the efficacy of the hydrogel in inducing therapeutic angiogenesis needs to 

be improved. This can be achieved by multiple injection and by loading the hydrogel 

with pro-angiogenic molecules or stem cells.  

Yet another limitation is the lack of the in vivo imaging IVIS technique this would 

have allowed the tracking of the degradation of the hydrogel. Further histological 

evaluation, such as that of muscle progenitor cells, arterioles and distinctive 

populations of macrophages, would have revealed a more extensive picture of the 

hydrogel effect in the ischemic muscle.  

The proteomic and the lectin array analysis were performed using samples pooled 

from nine individual animals. In this study, IPA® analysis of proteomic data identified 

VEGFA, PDGF-BB, EGF, and FGF-1 as upstream regulators of the pathways 

activated by the ELR hydrogel in vivo. Nevertheless, this evidence still requires a solid 

in vitro proof of concept by quantifying the mentioned cytokines using more biological 

replicates. The proposed mechanism of action suggested by these data involves the 

recruitment of endothelial cells at the hydrogel site and the activation of the angiogenic 
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pathways. Nevertheless, this proposed mechanism can only be robustly confirmed by 

an in vitro blocking study in which endothelial cells are encapsulated in the hydrogel 

while the integrins and the VEGFA, PDGF-BB, EGF, FGF1 receptors are inhibited by 

the use of blocking antibodies. Analyses of the gene expression, of the cytokines 

produced and the pathways activated would be pivotal towards gaining an insight into 

the angiogenic mechanism evoked by the ELRs on endothelial cells. Furthermore, 

investigation on the cell type and the proteins involved in the differential 

mannosylation and sialylation observed in the hydrogel-treated muscle should be 

carried out. 

5.4 Future Directions 

5.4.1 Encapsulation of Induced Pluripotent Stem Cells (iPSCs) in the ELR 

Hydrogel 

Despite the clear ability of the ELR hydrogel to stimulate the growth of capillaries at 

the site of injection, this primary angiogenic response did not result in increased 

functional blood reperfusion. Several strategies can be adopted to improve the 

therapeutic action of the ELRs including the encapsulation of stem cells. Among stem 

cells, induced pluripotent stem cells (iPSCs) have become very attractive due to the 

possibility of reprogramming pluripotency from adult human cells [44]. This 

characteristic makes iPSCs promising since they can provide a patient-specific product 

which will avoid immune rejection. Induced-pluripotent stem cell-derived endothelial 

cells (iPSCs-ECs) treatment has been shown to increase the blood perfusion and 

capillary formation in a mouse model of CLI [45]. Recently, iPSCs-ECs have been 

used in combination with biomaterial carriers such as polycaprolactone (PCL)/gelatin 

and an RGD-thermoresponsive hydrogel and have shown revascularization effects in  

a subcutaneous and a CLI model, respectively [46, 47]. Nevertheless, challenges in 

maintaining an in vitro ECs phenotype and the instability of the differentiation process 

limit the application of iPSCs-ECs. ELR hydrogels have shown the ability to recruit 

endothelial cells and to mediate their sprouting [33]. In light of these considerations, 

the encapsulation of iPSCs-ECs in the ELR hydrogel may provide the ECM support 

necessary to improve survival and functionality for in vivo applications. Appropriate 

in vitro studies can investigate the action of the ELR hydrogel on the endothelial cells 

phenotype, the canonical proangiogenic and differentiation markers such as CD31, 
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Tie-2, and, VEGF-R2 expression as well as cytokine secretion. Glycomics analyses of 

iPSCs-ECs with and without the ELR matrix can identify those glycan species which 

are molecular regulators in the mechanisms of iPSCs-ECs ELR hydrogel-mediated 

modulation 

5.4.2 Analysis of Glycosylation in Critical Limb Ischemia Patients 

Glycosylation alterations have been found to be biological markers of several 

pathological conditions such as cancer as well as of infectious and genetic disorders 

[48-50]. Currently, knowledge of human skeletal muscle glycosylation is limited and 

based on lectins and gene expression analysis [51]. In contrast, N-glycosylation of 

plasma protein has been widely studied [52]. In humans, data on glycosylation 

alteration following ischemia-reperfusion involve other organs such as the heart, the 

lung and the kidney [31, 53]. Indeed, the endothelial glycocalyx shedding has been 

observed in patients with cardiopulmonary bypass and renal ischemia [31]. In this 

thesis, N-glycosylation alteration associated with the ischemic muscle environment 

was identified in a murine model. The reduction of high mannose, bisecting and hybrid 

species as well as the alteration of sialylation type balance gives an indication for 

further glycosylation analysis in CLI patients. Even if the majority of glycan moieties 

is conserved in mammals, some glycosylation differences remain between the mouse 

and the human such as the presence of Neu5Gc. It is, therefore, essential to carry out 

an extensive glycosylation analysis in ischemia patients to identify more clinically 

relevant glycan modifications that can serve as disease markers or diagnostic tools. 

The relevance of the mechanisms involving the glyco-markers identified can be 

proven by in vitro studies where the cells from the patients and from healthy 

individuals are compared in presence of inhibitors of glycosylation. 

Furthermore, the glyco-profiling of patients can open the frontiers of personalized 

medicine approaches. Currently, personalized medicine is mostly based on genomic 

markers [54]. While genomic markers are indicative on hereditary genetic diseases, they 

are not suitable for profiling patients that suffer from diseases having a more complex and 

dynamic etiology. Indeed, CLI is influenced by a number of factors including diet, habits 

and the patient demographics. As a non-template driven process, glycosylation is more 

sensitive to physiological stimuli and micro-environmental modifications when compared 

with protein expression [55]. Therefore, the integration of glycomics with other –omics 
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(metabolomics, proteomics) profiling can improve the understanding of the patient-specific 

condition, and help to design a personalized treatment (Figure 5. 2). The adoption of 

techniques such as LC-ESI-MS/MS, lectin and glycan-array as routine screening will 

enable this approach to be pursued. 

5.4.3. Glyco-functionalization of the ELR-based Hydrogel for the treatment of 

Critical Limb Ischemia 

The ECM represents the cell microenvironment and plays a crucial role in mediating 

cell adhesion as well as proliferation in physiological and pathological conditions. 

ECM-protein based materials have shown promising effects in modulating the post-

ischemic remodelling in the muscle [56]. ECM proteins are glycosylated and the 

glycans are responsible for the activation of several cellular functions through the 

glycan-specific binding proteins [57, 58]. For this reason, ECM-protein-based 

materials can be functionally enhanced by incorporating specific carbohydrate 

moieties into their structure. It is essential to take account of the biological impact of 

glycosylation in designing smart materials.[59, 60]. 

Several studies have investigated the functionalization with glycans of natural and 

synthetic bio- and nanomaterials [60]. The glucose-glycosylation of collagen 

performed via the reductive amination of a glycan with the collagen lysins has been 

found to direct neuroblastoma cells to proliferate and differentiate into neurons [61]. 

In contrast, the functionalization of collagen films with 3'-sialyllactose and 6'-

sialyllactose determined the osteogenic or the chondrogenic differentiation of MCSs 

[56]. Here the reductive deamination was used to functionalize the ELR HE5-

cyclooctyne with different sugar moieties. As a proof of concept, the reaction was 

performed with lactose, maltose, 3'-sialyllactose and 6'-sialyllactose (Figure 5. 2A). 

Preliminary data (Fourier Transform Infrared Spectroscopy (FTIR)), indicate that the 

reductive deamination strategy was able to attach the latter sugar moieties on the lysins 

of the HE5-cyclooctyne (Figure 5. 3B). The functionalized HE5-cyclooctyne was still 

able to react with the HRGD-azide and form the hydrogel. Further studies in vitro with 

endothelial cells will elucidate the biological effect of the different glyco-

functionalization. These studies will have to examine the effect of the glycosylated 

hydrogel at gene and proteins levels, and also at a glycosylation level. Currently, there 

are no studies of the effect of the administration of carbohydrate species on the 
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glycosylation synthesis or metabolism. Data from in vivo preclinical models and 

glyco-profiling of CLI patients will guide on the choice of the appropriate glycan 

moieties for the biomaterial functionalization. 

5.4.4 System for Intramuscular Delivery of the ELR Hydrogel for the treatment 

of Critical Limb ischemia 

The results reported in this thesis (Chapter Four) have shown the potential of an 

intramuscular injection of the ELR hydrogel in inducing angiogenesis. A follow-up to 

this work will be to translate these initial results in a phase I clinical trial. Firstly, the 

manufacturing of the hydrogel will be scaled up using a bioreactor. The physical and 

mechanical properties need to remain consistent after the scale up. Secondly, the 

hydrogel will be adapted for a minimally invasive delivery system. This system should 

allow direct intramuscular injection, ideally with a 26-gauge needle. Because of the 

large surface area of the limb skeletal muscles, multiple injections of the hydrogel are 

required. The results from this preclinical study can provide an indication for the 

appropriate dose and volume of injections, but these results need to be scaled up for 

clinical studies. Furthermore, the design of the delivery system should take into 

account the dual composition of the hydrogel; the thermal behaviour of the ELRs and 

the gelling time. Indeed, since the hydrogel is composed of two ELRs, the delivery 

device to be designed should be a dual barrier mixer syringe that allows the initial 

crosslinking of ELRs. Furthermore, the response of ELRs to thermal stimulus is 

characterized by a critical temperature, known as the transition temperature (Tt), which 

is associated with conformational reorganization at the molecular level. Thus, whereas 

the polymer chains are soluble in water below Tt, above this they self-assemble into 

aggregates and become insoluble, thereby, introducing difficulties to their injecting. 

This can be addressed by applying a cooling mold device to the delivery system to 

maintain the hydrogel solution at 4ºC (Figure 5. 4). Thus, the route of an academic 

research from the laboratory to the market requires the development of a robust 

delivery procedure and the scale-up and technology transfer of product manufacturing 

based on good manufactory practice (GMP) protocols. 
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Figure 5. 1 Encapsulation of progenitor cells of iPSCs-ECs in an injectable ELR 

hydrogel for CLI. 
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Figure 5. 2 Glyco-profiling of CLI patients for personalized medicine. Integration 

of glycomics with proteomic and genomic represents the next frontier in personalized 

medicine. The glyco-profiling can be studied through a combination of techniques 

such as the lectin and glycan array for the glycan-ligand interaction, and mass 

spectrometry for the structural characterization  
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Figure 5. 3 Glyco-functionalization of the ELR hydrogel. A) Schematic of the 

reductive deamination reaction where R can be: glucose (maltose), galactose 

(maltose), α-(2, 3) sialic acid (3'-sialyllactose) and α-(2, 6) sialic acid (6'-sialyllactose). 

The brackets refer to the disaccharide unit used for the functionalization. R represent 

the outer sugar that stays exposed after the reaction, while the inner monosaccharide 

functions as a linker to the peptide backbones. B) FTIR spectra of the HE5-

cyclooctyne alone (control), HRGD-azide, and the functionalized. HE5-cyclooctyne-

glucose, HE5-cyclooctyne-galactose, HE5-cyclooctyne-3'-sialic acid and HE5-

cyclooctyne-6'-sialic acid.   
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Figure 5. 4 Design of a delivery system of the intramuscular injection of the ELR 

hydrogel. The system will have a dual barrier mixer for the optimal crosslinking and 

gelation of the hydrogel, and a cooling molding device to keep the ELR hydrogel 

below the transition temperature and therefore to avoid the precipitation prior to 

injection. 
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Protocols 

A. List of Compounds/ Reagents  

1, 9-dimethyl-methylene blue (DMMB) (Sigma Aldrich) 

3'-sialyllactose (Carbosynth) 

4,6-diamidino-2-phenylindole (DAPI) (Life Technology, Ireland) 

6'-sialyllactose (Carbosynth) 

Acetic acid (Sigma-Aldrich) 

Acetonitrile (Sigma-Aldrich) 

Alcian blue (Sigma Aldrich) 

Alexa Fluor 555 and 647 (carboxylic acid succinimidylester) (Thermofischer 

scientific) 

Ammonium bicarbonate (Sigma Aldrich) 

Anti CD31 Antibody (Abcam) 

Anti CD68 Antibody (Abcam) 

Anti-Chondroitin Sulphate Antibody (Abcam) 

Anti-Heparan Sulphate Proteoglycan 2 Antibody (Abcam) 

Anti-rabbit Antibody Alexa Fluor 488® Conjugate (Invitrogen, Ireland) 

Anti-rabbit Antibody Alexa Fluor 594® Conjugate (Invitrogen, Ireland) 

Bovine Serum Albumin (BSA) (Sigma Aldrich, Ireland) 

CaCl2 (Sigma Aldrich, Ireland) 

Chondroitinase ABC (Sigma-Aldrich, Saint Quentin-Fallavier, France) 

Citric Acid (Sigma Aldrich, Ireland) 

Dithiothreitol (DTT) (Sigma Aldrich) 

DNase (Qiagen, Hilden, Germany) 

Ethanol (Sigma Aldrich, Ireland) 
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FITC-conjugated lectins WGA, SNA-I, DSA, GNA, GSL-I, MAA WFA and 

RCA-1/120 (EY Labs, USA) 

Galactose (Sigma Aldrich, Ireland) 

GlcNAc (Sigma Aldrich, Ireland) 

HCl (Sigma Aldrich, Ireland) 

Heparinases I, II and III (RD System) 

Iodoacetamide (Sigma Aldrich) 

Isopentane (Sigma Aldrich, Ireland) 

Lactose (Sigma Aldrich, Ireland) 

Mannose (Sigma Aldrich, Ireland) 

Mayer’s Haematoxylin and Eosin (Sigma Aldrich, Ireland) 

Mem-PER™ Plus Membrane Protein Extraction Kit (Thermos Fischer 

Scientific)  

Methanol (Sigma Aldrich) 

MgCl2 (Sigma-Aldrich) 

Molecular Grade Chloroform 

Molecular Grade Ethanol 

NaCl (Sigma Aldrich, Ireland) 

NaOH (Sigma Aldrich) 

NEM (N-ethylmaleimide) (Thermo Fisher Scientific) 

Optimal Cutting Temperature (OCT) Compound (TISSUE-TEK®; Sakura 

Finetek USA. Inc.) 

Paraformaldehyde (PFA) (Sigma Aldrich)  

Phosphate Buffer Saline (PBS) (Sigma Aldrich). 

PNGase F (Sigma Aldrich) 

ProLong® Gold Antifade (Life technology) 

Protease Inhibitor Cocktail (Sigma Aldrich) 
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Proteinase K (Merck Millipore) 

RIPA Buffer (Sigma Aldrich, Ireland) 

Sodium Bicarbonate (Sigma Aldrich, Ireland) 

Sodium Cyanoborohydride (Sigma Aldrich, Ireland) 

Sodium Dodecyl Sulphate (SDS) (Sigma Aldrich) 

Sucrose (Sigma Aldrich, Ireland) 

Triethylammonium Bicarbonate Buffer (TEAB) (Sigma-Aldrich) 

Tris-HCl (Sigma Aldrich, Ireland) 

Triton X-100 (Sigma-Aldrich) 

Trypsin (Sigma Aldrich) 

Tween20 (Sigma Aldrich) 

Urea (Fisher Scientific, Ireland) 

Xylene (Lennox, Ireland) 

 

B. Double Ligation as Model of CLI 

1. All the surgical procedures were approved by the National University of Ireland 

Galway Ethics Committee and the Health Products Regulatory Authority 

(HPRA), Ireland. A full Standard Operating Procedure (SOP) was commissioned 

at the University for carrying out this procedure (RD/SP/007.02). 

2. Anaesthetize the animal using xylazine and ketamine (50-100 mg/kg of ketamine 

and 5-10 mg/kg xylazine). Please note that isoflurane or gas anaesthesia will 

compromise the Doppler imaging outcome and so this is not included in this 

procedure as this method of imaging will be used before and after surgery. 

3. Clipping and hair removal are performed in the prep-room, which is separate 

from the surgical room to maintain sterility. Both animal limbs are fully shaved 

from the lower abdomen to the ankle. 
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Figure A. 1 Ischemia surgical procedure. A) Figure depicting midline incision of 

the abdominal skin B) Retraction of the skin to expose the vessels C) Anatomical site 

of the ligation closer to the inguinal ligament above the profunda femoris D) 

Separation of the artery from the vein and nerve to pass the silk suture from under the 

artery E) Cutting of the suture loop to form free-ends to place knots adjacent to each 

other on the artery segment F) Splicing the artery at the centre of two knots introducing 

a permanent occlusion of the artery. G-H) Second ligation of femoral artery: G) 

separation of the artery from the vein and nerve to pass the silk suture from under the 

artery and H) placing of knots adjacent to each other on the artery segment, before 

cutting the artery.  
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This practice will reduce the risk of contamination by the presence of hair and 

will also enable reliable data on perfusion to be obtained by eliminating the 

interference of the hair while scanning. 

4. Care should be taken to ensure that body temperature is constantly maintained to 

prevent vasodilation/vasoconstriction due to fluctuations in body temperature 

which will affect readings on local vascular perfusion. 

5. Once the righting/pain reflexes are absent, place the mouse in a supine position 

(lying on its back) on the surgical table with the limbs fixed and separated with 

adhesive tape as seen in Figure A. 1A. 

6. Next, an approximate 1cm long incision is made along the axis of femoral artery 

across the left groin area as illustrated in Figure A. 1A. 

7. The underlying subcutaneous fat and fascia are carefully retracted to expose the 

femoral artery. 

8. With the help of a tissue retractor, the overlaying tissue is withdrawn for surgical 

manipulation as seen in Figure A. 1B. 

9. Using the microscope at 25X magnification, the first two structures identified are 

the femoral vein (identified as “vein” in the image) and the femoral nerve 

(anterior to the vein and identified in the image as “nerve”). The femoral artery 

(which in the illustration is the “artery”) is located in a deeper plane between 

these two structures. The femoral artery is identified by having a whiter, narrower 

caliper and a thicker wall. This wall prevents one from seeing through the 

vascular content as occurs with the vein. Another useful difference is that the 

artery pulsates unlike the vein and nerve. The vein is wider and darker than the 

artery (Figure A. 1C). The wall of the vein is thin and fragile so extreme care 

should be taken when dissecting this structure as it can easily rupture if roughly 

manipulated. Fine blunt dissection tools (blunt hook, ophthalmic forceps), are 

used carefully to separate the femoral artery from the adjacent vein and nerve 

bundle. The structure indicated as ligament in the image corresponds to the 

inguinal ligament, therefore the inferior right aspect of the image corresponds to 

the cranial orientation of the mice. 

10. Once the femoral artery is separated, a 6-0 silk suture loop is passed under the 

artery as illustrated in Figure A. 1D. The loop is cut, creating two threads under 

the artery. The inferior thread (left superior in the image) is used to ligate the 

artery just before the branching of the profunda femoris artery, as the distal 
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ligation. Using this ligature as an anchorage point, the artery is gently pulled 

inferiorly to access the most proximal aspect of the artery. The proximal ligation 

is placed immediately distal to the inguinal ligament as per Figure A. 1E. 

11. After ligating the two ends securely, a pair of microsurgical scissors is used to 

transect between the distal and proximal ligations as indicated in Figure A. 1F. 

12. Once successful ligation is ensured, the soft tissues surrounding the blood vessel 

bed are placed back in position without being sutured. 

13. Skin is closed using single interrupted monofilament 5-0 VICRYL RAPIDE™ 

sutures. 

14. Next, a small incision is made immediately below the kneecap. 

15. Carefully the artery and the vein are separated, and a 6-0 silk suture is passed 

under the artery as a loop (Figure A. 1 G-H). 

16. The loop is cut and a proximal ligation is placed closer to the knee and a distal 

ligation is placed approximately 0.5 cm away from the first ligation (Figure A. 

1H). 

17. The skin is closed using single interrupted monofilament 5-0 VICRYL 

RAPIDE™ sutures. 

18.  The animal is then placed on a heating pad to prevent heat loss and monitored 

until it is fully recovered before it is returned to its cage. 

C. ELR Hydrogel Preparation and Administration 

The hydrogel is composed of two ELRs. The two ELRs are HRGD6-Azide and HE5-

cyclooctyne. A schematic of the ELRs sequences is represented in Figure A. 2 below. 

The ELRs are sterilized by filtration using a 0.2 µm filter (Thermofischer scientific). 

The ELRs HE5-cyclooctyne and HRGD-azide are separately dissolved in two sterile 

PBS solultions. Before proceeding, calculate the amount of each recombinamer to be 

dissolved in each solution considering that: 1) The final concentration of the hydrogel 

is 50 mg/ml, 2) The ELRs HE5-cyclooctyne and HRGD-azide have to be mixed in the 

ratio 1.8:1 respectively. 

1. Dissolve HE5-cyclooctyne in the desired volume of cold (4°C) PBS 1X. 

2. Dissolve the desired amount of HRGD-azide in the desired volume of PBS 1X 

(at 4°C). 
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Figure A. 2 Schematic representation of the ELRs sequences and the click 

chemistry reaction that occurs during the hydrogel formation. The ELRs are 

composed by the repetition of the tropoelastin pentapeptide (VPGXG)n in which X is 

any amino acid except l-proline. The hydrogel is composed of two different ELRs, the 

HRGD-azide and HE5-cyclooctyne. The HRGD-azide recombinamer is constituted by 

a repetition of (VPGIG)2 (green) and VPGKG (blue). There is also an RGD sequence, 

nonspecific binding site for integrins (red) and the azide (-N3) residue, attached to 

lysins present in the tropoelastin sequence VPGKG (blue). The HE5-cyclooctyne 

recombinamer presents the (VPGVG)4 VPGEG sequence repetition (green), the 

matrix metallo-proteases (MMPs)-2, 9, 13 and Catepsin-K sensitive site (orange) and 

the cyclooctyne residues, attached to lysins KKK (blue). The ELRs HRGD-azide and 

HE5-cyclooctyne in an aqueous (or PBS) solution are involved in the click chemistry 

reaction which culminates in the formation of a strong covalent bond among the 

recombinamers that is necessary for the irreversible crosslinking. 



Appendices 

231 
  

 

 

 

 

 

 

 

 

Figure A. 3 Schematic of the conditions of ELR hydrogel formation process. The 

ELRs HE5-cyclooctyne and HRGD-azide are mixed together in a ratio of 1.8:1 

respectively for a final concentration of 50 mg/ml. The process is carried out at 4ºC.  
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3. Keep both solutions at 4°C until all the material is completely dissolved (at least 

12 hours); to ensure that the dissolution is complete, keep the solutions in ice or 

at 4°C. Magnets should be avoided, if mixing is required, a vortex should be used 

instead. 

4. Check that the ELRs are completely dissolved by visual inspection. The solutions 

should be transparent.  

5. Sample must be kept on an ice bath until use. This point is of extreme importance 

since the ELRs transition temperatures are quite low and exposure to room 

temperature may lead to precipitation and consequent difficulties in handling.  

6. For the click chemistry crosslinking reaction, the two solutions are mixed and left 

to react on ice or at 4°C for 10 minutes (Figure A. 3).  

7. Inject the ELRs hydrogel solution in the muscle at the artery ligation site using a 

100 ml syringe with a 27G needle. 

D.  Cryopreservation Protocol 

Work under the hood. Materials that are needed under the hood: yoursamples, liquid 

nitrogen, a polystyrene box with lead, a metal can, isopentane, tweezers, OCT, molds 

for cryopreservation and filter paper (0.20 µm).  

1. Fix the samples in 4% PFA for two days at 4°C. 

2. Incubate the samples in 30% sucrose solution previously filtered overnight. The 

purpose of the filtration in cold temperature is to avoid bacteria contamination.  

3. Prepare the samples: transfer the tissues on filter paper to dry the excess of PFA 

solution; transfer them in the middle of the molds.  

4. Pour isopentane in the metal can, add liquid nitrogen in the box: isopentane will 

start to boil and then become cloudy.  

5. Pour OCT to cover the section up to the second ring of the mold. 

6. Lift the mold and put it in contact with isopentane for approximately two-three 

minutes, until it will freeze completely.  

7. Remove the mold and wrap up frozen samples in foil with name and date on 

them.  

8. Transfer the frozen samples in the -80°C freezer. 

9. Recycle the used isopentane and clean the hood when finished.  
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E. Haematoxylin and Eosin Staining 

1. Wash in running tap water for two minutes. 

2. Stain in Mayer’s Haematoxylin for six minutes. 

3. Blue nuclei in running tap water for four minutes. 

4. Examine under microscope and differentiate in acid alcohol if necessary. 

5. Differentiate with 0.3% acid alcohol.  

6. Wash in running tap water for four minutes. 

7. Stain in Eosin for two minutes. 

8. Rinse in tap water quickly. 

9. Dehydrate through 50% ethanol for 10 seconds. 

10. Dehydrate through 70% ethanol for 10 seconds. 

11. Dehydrate through 90% ethanol for two minutes. 

12. Dehydrate through absolute ethanol two times for two minutes. 

13. Clear in xylene with two changes for 2 minutes. 

14. Under fume hood, cover sections with D.P.X. mounting medium and apply 

coverslip. 

F. Immunostaining of Frozen Tissue Sections 

1. Make circles surrounding sections using a hydrophobic Dako pen. 

2. Wash in PBS with 0.05% Tween20 (PBS-T) for five minutes (X3). 

3. Incubate with 2% BSA for 30 minutes at room temperature and then wash in 

PBS-T three times for five minutes each. 

4. Incubate the sections with each primary antibody (1:100 dilution in 2% BSA) and 

negative control (PBS) at 4°C overnight and then wash in PBS-T for five minutes 

(X3). 

5. From this point onwards, maintain darkness while processing. Incubate sections 

with each fluorescently labelled secondary antibody (1:250 dilution in PBS-T) 

for two hours and then wash with PBS-T for five minutes (X3). 

6. Counterstain with DAPI (1:1000 diluted in PBS) for twenty minutes and wash 

the sections with PBS-T for five minutes (X3). 

7. Mount with ProLong gold antifade and apply coverslip on top of sections. 

8. Cure slides at 4°C in the dark for one day before imaging with a laser confocal 

microscope. 
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G. Lectin Histochemistry 

1. Warm tissue cryosection slides from -20°C at room temperature. 

2. Wash sections with TBS-T 1X (Table A.1) for five minutes (X3) with gentle 

shaking.  

3.  Block with 2% BSA (periodate-treated, high grade, made in TBS) one hour. 

4.  Wash sections with TBS-T three times for three minutes for five minutes (X3) 

with gentle shaking.  

5. From this point onwards, maintain in darkness. 

6. Incubate with fluorescently labelled lectin for one hour at room temperature. 

Typical fluorescently labelled lectin concentration is 5-20 µg/ml but 

concentrations should be titrated for specific samples. Haptenic sugar inhibition 

controls should be carried out in parallel (co-incubation of 100 mM appropriate 

sugar in TBS-T with the lectin). 

7. Wash the sections with TBS for five minutes (X3) with gentle shaking. 

8.  If staining with antibody, this should be done after lectin incubation. 

9.  Counterstain DAPI (1:1000 diluted in TBS) for 20 minutes. 

10. Wash the sections with TBS for five minutes (X3) with gentle shaking. 

11.  Apply mounting medium with ProLong gold antifade and apply coverslip on top 

of section.  

12.  Leave to cure in the dark for one day. Image within two days after curing. 

 

200 mM Tris-HCL 24.22 g  

1 M NaCl 58.44 g  

10 mM MgCl2 0.9521 g 

10 mM CaCl2 1.4702 g 

Table A. 1  Preparation of the TBS buffer 10X stock solution, pH 7.2.  

I. Stereology Grid Mask to Quantify Blood Vessels 

1. With reference to the Figure A. 4 below- Capture multiple non-overlapping 

regions of the CD31 stained tissue at 20X magnification. Count the blood 

vessels/endothelial cells which are in the square and hit the un-bolded line of the 

squares on the tissue. 
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2. Do not count blood vessels that hit the bold line directly or crossing across from 

the unbolded side of the square. 

3. To account for gaps in the sections, take a count of the crosshairs in the middle 

of each square where it hits the ‘tissue’ or the ‘gap’ respectively.  

H. Stereology Grid Mask to Quantify Volume Fraction of Infiltrating 

Inflammatory Cells 

1. With reference to the Figure A. 5- Capture multiple non-overlapping regions of 

the H & E stained tissue at 40X magnification. Count the infiltrated inflammatory 

cells that intersect the points of the grid squares. 

2. Please note- Although the choice of grid size/spacing is not restricted, once the 

width and height are determined, the same grid mask must be applied consistently 

to all samples. 

I. Stereology Quantification using Volume Fraction Method 

1. Use volume fraction methods if the components of interests are to be quantified 

in single optical plane of tissue sections. 

2. Open the fluorescence image obtained from confocal imaging (.tif) in Image J 

software. To split the fluorescence channels of the image, go to menu image > 

stacks and click stack to images. 

3. Click the channel of interest of the image for quantification and go to menu image 

> type and click 8 bit to convert to binary mode. 

4. Go to menu image > adjust and click threshold. 

5. Adjust the optimal threshold that covers the positively stained area of interest. 

6. To set analysis measurement, go to analyze > set measurements and tick icon 

area fraction. 

7. Go to analyze and click measure to obtain the area fraction value of the positively 

stained area. 

8. To analyze the total area, adjust the threshold until it covers the entire area of 

tissue image as per step 4-5 and repeat step 6 and 7. 

 

 

 

 



Appendices 

236 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 4: Stereology grid mask applied for quantifying blood vessel density. 

 

 

 

 

Side of the square = 0, 09 mm   

Area (A) = 8.1 mm2 

Vessels in the square= X 

Capillary density (V) = X/A 

Length density (L) =V*2 

Radial diffusion=1/SRQT (L*PI) 
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9. Calculate the percentage volume fraction by quantifying the area fraction of the 

positively stained component divided with the total area and convert into 

percentage as below: 

Percentage volume fraction (%Vv) = (Area fraction of the signal/ total area 

fraction) X 100. 

J.  Stereology Quantification of Central Nucleated Fibers 

1. Use the fluorescence images obtained with the staining with the lectin WGA and 

DAPI that respectively stain for fibers membrane/connective tissue and nuclei. 

2. Using the Cell Counter plugin (NIH Image program Image J), count first the total 

number of fibers and then the number of CNFs. Divide the number CNFs by the 

total number of fibers in the reference space: CNFs %= Number of CNFs 

/Number of total fibers X 100. 

L. Extraction of Proteins for Lectin Array, Proteomics and Glycomics via Mass 

Spectrometry 

1. Resuspend 50 mg of tissues in 1ml of RIPA buffer and 10% of proteases inhibitor 

cocktail (PIC). 

2. Homogenize using the tissue homogenizer Tissue Lyser LT (Qiagen). 

3. Measure the protein concentration by MicroBCA assay. 

 M.  Lectin Array  

M.1 Alexa-fluor (AF) Labelling of Proteins for Lectin Array 

1. Assay sample protein concentration (BCA assay). Protease inhibitor cocktail 

(PIC) should be included in all processed protein samples.  

2. Dissolve 1 mg AF555 or AF647 in 100 µl DMSO. Protect from light. Unused 

label can be stored at -20°C and protected from light. 

3. Dilute sample in 1 M sodium bicarbonate, pH 8.2 (stock, should be made fresh 

that day) to approx 1-2 mg protein in 500 µl final volume (to give 100 mM final 

concentration of sodium bicarbonate solution). Always use the same 

concentration (e.g. 2 mg/ml). 

4. Samples should be in amber tubes or tubes should be wrapped in aluminium foil 

to protect from light.  

https://www.qiagen.com/ie/shop/automated-solutions/sample-disruption/tissuelyser-lt/
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Figure A. 5: Stereology grid mask applied in ImageJ software for quantifying 

volume fraction of infiltrating inflammatory cells. 

 

 

 

 

 

 

 

Grid points on the sample: 528 

No. of inflammatory cells hitting the 

point=X 

Volume fraction (Vv) =X/528 

Usually expressed as % 
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5. Add 15 µl of AF to the sample. 

6. Incubate for two hours at 25°C (with gentle shaking if possible, heat block shaker 

is ideal for this. Reaction will still happen if there is no shaking). 

7. Protect from the light. 

8. Purify on a Biogel P-6 desalting column or filter with MWCO 3 kDa centrifugal 

filter (Amicon, Millipore - the 4 ml volume columns are ideal). Buffer exchange 

in to PBS, pH 7.2 is incorporated into this step. Need to include PIC in buffer 

exchange or otherwise it will be removed by this step. 

9. Store at 4°C for immediate use or aliquot and store at -20°C if it will be more 

than a few days before analysis. It is a good idea to store some aliquots at -20°C 

anyway, even for the samples that are going to be used straightaway. 

10. After clean up and buffer exchange, absorbance at 280 and 555 nm should be 

obtained for each sample (nanodrop) and the protein concentration and 

substitution calculated. Obviously for a mixture, there is no proper molecular 

mass (Mr) or extinction coefficient. In this case, use a Mr of 100,000 and an 

extinction coefficient of 100.000 (E=10) to be able to calculate relative 

concentrations for loading. A preliminary titration experiment determined the 

optimal concentration of glycoproteins to incubate with the array (10 µg/ml) 

(Figure A. 6). 

M.2 Lectin Array Procedure 

1. Add 0.5 ml of Tween-20 to the 1X solution (0.05% Tween-20 = TBS-T). The 

following protocol should be carried out in the dark at all times. 

2. A titration curve should be initially carried out to determine optimum sample 

concentration in terms of signal to noise ratio and feature overload. Samples are 

diluted into a final volume of 70 µl with TBS-T.  

3. Include two quality control wells and experimental controls (i.e. inhibition) in the 

experimental design.  

4. Check the rubber of the 8-well gasket before aliquoting samples into the wells 

(70 µl per well).  

5. Incubate slide with 70 µl sample per well in a closed container (Agilent 8-well 

gasket assembled with gasket holder) for one hour at the desired temperature with 

gentle rocking/rotation (i.e. in hybridization oven).  
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Figure A. 6 Lectin array titration. Histograms representing the differences in 

recognition of printed lectins using glycoprotein concentrations of 5, 10, 15, 20 µg/ml. 

Data from each microarray are the median of six data points. Based on fluorescent 

intensity, 10 µg/ml concentration was chosen to test the different conditions.  
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6. Remove incubation solution. This is done by opening the slide gasket into a 

container full of TBS-T to avoid cross contamination by encouraging immediate 

dilution.  

7. Wash in TBS-T (X3). 

8. Dry by centrifugation as above.  

9. Scan immediately.  

10. Wash Agilent gaskets after use. Place 8-well gasket in a 50 ml tube with 

approximately 35 ml 0.1% SDS solution. Rotate for 30 minutes to one hour 

maximum. Remove the SDS and wash (three times, five minutes each) with dH2O 

with gentle shaking or rotation.  

11. Centrifuge dry and store on the bench in a slide container until next use. 

12. 8-well gaskets should be carefully checked for damage to the rubber of the wells. 

If any defects are noted, the gasket should be discarded. 

N.  Glycomics Analysis 

N.1 Sample Preparation for N- and O- glycans Analysis using LC-ESI-MS/MS. 

Glycans Release from PVDF Membrane 

1. Homogenize the tissues in in 200 μl 7 M urea (3X) using beads and a tissue Tissue 

Lyser LT (Qiagen). 

2. Reduce the samples in 25 mM Dithiothreitol (DTT) overnight at 4°C. 

3. On the following day, add the mixture to a fresh 1.5 ml tube. 

4. Add 500 μl to the old tube and wash it. Briefly, centrifuge for 1 minute at 16.100 

g and combine with the previous tube content. 

5. Centrifuge for 15 minute at 16.100 g and transfer supernatant in a fresh tube. 

6. Add to each sample 10 μl of water, 200 μl Orcinol-Sulphuric acid and incubate 

for 30 minutes at 95°C. Orcinol-Sulphuric acid reacts with glycans in a 

colorimetric reaction and, by reading the absorbance, it is possible to quantify the 

glycans and calculate the amount of proteins necessary to provide the amount of 

glycans to be detected. 

7. Transfer 100 µl of every sample to a 95 well plate and measure the glycan 

concentration reading the absorbance at 405 nm. 

8. Calculate the volume of protein lysate to add to the dot blotting with this formula 

(8/ A405)*10. 

https://www.qiagen.com/ie/shop/automated-solutions/sample-disruption/tissuelyser-lt/
https://www.qiagen.com/ie/shop/automated-solutions/sample-disruption/tissuelyser-lt/
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9. Cut a piece of PVDF membrane that will fit the number of protein spots to be 

applied. Approximately 1.5 cm2 is needed for each spot, which should be <0.5 

cm in diameter. Wet the membrane with ethanol and place it on top of an ethanol-

wetted tissue.  Ensure that the surface of the membrane is dry and not covered in 

ethanol before spotting of the samples, but keep the tissue underneath thoroughly 

wetted while applying the samples.  

10. Spot the calculated volume of protein solution in discrete spots in at least four 

replicates.  

11. Apply vacuum to the membrane and exchange with water for 15 minutes in order 

to remove salts. 

12. Dry the membrane at room temperature under vacuum. 

13. Stain the membrane in Alcian Blue 8GX for 30 minutes. 

14. Destain in methanol for 20 minutes and transfer the membrane in water. 

15. Carefully cut protein spots out of the membrane in four pieces and transfer them 

in a tube (1 tube per sample). 

16. Add 200 μl of methanol to the tubes and centrifuge for one minute at 16.100 g.  

17. Remove methanol and add 500 μl of 1% Polyvinylpyrrolidone (PV40) in 50% 

methanol as blocking solution and incubate for five minutes at room temperature. 

18. Discard PV40 and wash with 500 μl of water for five minutes (X3). 

19. Remove water, add PNGase F (0.5 μl in 100 μl of 50 mM NH4Ac, ph 8.4) and 

incubate at 37°C overnight. This step allows the release of the N-glycans from 

the membrane. 

20. The day after, sonicate for 30 seconds and centrifuge for one minute at 16.100 g. 

Collect the supernatant. 

21. Add 50 μl of water, vortex, centrifuge (one minute at 16.100 g), collect the 

supernant and combine it with the previous one.  

22. Dry the released N-glycans in a speed vacuum for 45°C for ~1.5 hours. 

23. Store at 20°C the PVDF membranes for the subsequent O-glycans release. 

24. Release O-glycans by β-elimination. Incubate the samples with 0.5 M NaBH4 in 

20 mM NaOH at 50°C overnight (25 µl per sample, check the pH=8).  

25. On the following day, stop both reactions by adding acetic acid (1.5 µl for O-

glycans and 2.5 µl to N-glycans preparations respectively). 

26. Desalt the samples using cation exchange resin (AG50W x 8) packed onto a 

ZipTip C18 column:  
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 Wash the resin using methanol (60 µl). Centrifuge at 400 g for 10 seconds 

(X2). 

 Wash the resin using 1M HCl (60 µl). Centrifuge at 400 g for 10 seconds 

(X2). 

 Change the tube and wash the resin using 1M HCl (60 µl). Centrifuge at 

400 g for 10 seconds (X2). 

 Change the tube and label with sample name. 

 Spin down, apply the samples (25 µl) to the resins and centrifuge at 400 g 

for 10 seconds. 

 Wash the samples tube with water (30 µl). Centrifuge at 400 g for 10 

seconds and add it to the column. 

 Centrifuge at 400 g for 10 seconds and dry in the speed vacuum for two 

hours at 45°C. 

27. Add additional methanol to remove residual borate by evaporation (100 µl and 

dry in the speed vacuum for 10 minutes (X5). 

N.2 Sample Preparation for N- and O-glycans Analysis using LC-ESI-MS/MS. 

Protocol for Low Starting Protein Amount (200 µg). 

1. Transfer the protein fraction in a spin filter (30kDa-cutoff).  

2. Centrifuge for five minutes at 11000 g. 

3. Wash the filter in 200 μl 7 M urea (3X), 2M thiourea and 40 mM Tris-HCl.  

4. Transfer the solution from the column to a fresh tube. 

5. Reduce the samples adding 1M mM Dithiothreitol (DTT) (10 µl) overnight at 

4C°.  

6. After incubation in 2.5-fold iodoacetamide (50 µl) (in the dark for one hour at 

room temperature, digest the samples with trypsin (100 ng/μl (1 μg) in 50 Mm) 

NH4HCO3 at 37°C overnight. 

7. Inactivate the trypsin by heating at 95°C for 10 minutes. 

8. Precipitate the obtained digested peptides in 800 μl of acetone, freeze for 30 

minutes and centrifuge at full speed for 20 minutes at 7°C and discard the 

supernatant. 

9. Wash the pellet with cold 50% methanol, freeze for 30 minutes and centrifuge at 

full speed for 20 minutes at 7°C (X2). 
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10. Discard the supernatant and dry the pellet overnight.  

11. Resuspend the dried pellet in 50 μl of 50 mM NH4Ac (sonicate and spin down) 

and digested with PNGase F enzyme in 50 mM NH4Ac (pH 8.4). This step 

ensures the release of N-glycans from the proteins. The sample will be incubated 

at 37°C overnight.  

12.  Separate N-glycans from O-glycopeptides/ polypeptides using a SEP-Pak C18 

cartridge. 

 Prewash the cartridges with 500 µl of 65% Acetonitrile, (AcCN)(X3), 500 

µl of 10% AcCN (X3)  and 500 µl of 65% AcCN (X3). 

 Load the sample in the C18 cartridge and rinse with 0.1% trifluoroacetic 

acid (TFA). This steps allows the collection of N-glycans that are contained 

in the eluted fractions.  

 Obtain peptides and O-glycopeptides fraction by washing with 65% 

acetonitrile (X3).  

 Dry the fractions containing N-glycans and peptides/O-glycopeptides, 

respectively, in a speed vacuum.  

13.  Reduce N-glycans by using 0.5 M NaBH4 in 50 mM NaOH at 50°C overnight 

(25 µl per sample, check the pH>8).  

14.  Perform N- and O-glycans reduction and the desalting procedure according to 

N.1 protocol (Follow from step 25). 

O. Proteomics Analysis 

O.1 Sample Preparation for TMT LC-ESI-MS/MS Proteomics 

Denaturation, Reduction and Alkylation  

To make sure that the samples were fully reduced and alkylated, they were 

supplemented with:  

1. 2% SDS (final) and 25 mM TCEP, mixed, heated at 60°C for 30 minutes to 

reduce disulfide bonds. Left on bench to cool down.  

2. N-Ethylmaleimide (NEM) was added (50 mM), mixed, and the sample was 

incubated in the dark at 37°C for 30 minutes to alkylate cysteines.  
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Methanol-chloroform Precipitation  

Work in a low bind Eppendorf tube (2 ml).  

1. Sample volume was made up to 200 μl with LC-MS grade H2O.  

2. 400 μl LC-grade methanol was added and vortexed. The solution was cloudy at 

this stage because it was very concentrated.  

3. 200 μl chloroform was added and the mixture was vortexed. 

4. 600 μl LC-grade water was added and vortexed extensively. A precipitate was 

formed.  

5. Pelleted at 14.000 g for five minutes, with slow deceleration. The solution 

separated into organic and aqueous phases.  

6. The aqueous (top) phase was removed. 

7. 600 μl of LC-grade methanol was added and the mixture was vortexed 

extensively.  

8. Pelleted at 9.0 g for two minutes.  

9. The supernatant was removed carefully.  

10. The pellet was air dried under a chemical hood for five minutes maximum,; note: 

over-drying to the point that water evaporates will result in the formation of 

aggregates which are very difficult to re-solubilize. For this reason, the pellet 

should not be stored dried.  

Protease Digestion  

1. Protein pellet was re-dissolved in 100 μl 8 M urea in 0.1 M TEAB (0.96 g/2 ml). 

Urea is not stable in water, so this solution must be prepared shortly before use. 

Resuspend as much as possible. Very concentrated samples may be difficult to 

fully resuspend. Continue with next step.  

2.  300 μl of 0.1 M TEAB was added, urea concentration was 2 M.  

3. 20 μl (10 μg) LysC was added per reaction and digest at 37°C overnight with 

shaking. 0.5 mg/ml LysC (Wako) was prepared by adding 40 μl H2O per vial.  

4. 600 μl of 0.1 M TEAB was added (urea concentration was 0.8 M). 

5. Trypsin was added (0.5 mg/ml trypsin stock, adding 200 μl 50 mM acetic acid 

per vial), 20 μl of sample (10 μg per reaction) was used and digested at 37°C for 

16 hours/overnight with shaking.  
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6. Digestion was stopped by adding 110 μl of 10% TFA in LC-grade water. Final 

conc. of 1% TFA, ready for C18 clean-up.  

C18 Sep Pak Clean-up  

1. Peptides were in TFA 1%.  

2. Vacuum was set up very low at the beginning and increased slowly to about one 

droplet per second.  

3. Plate was wet with 0.5 ml of 100% ACN.  

4. Equilibrated with 0.5 ml of 0.1% TFA.  

5. Sample was slowly applied in 1% TFA.  

6. Washed with 3 x 1 ml 0.1% TFA.  

7. Perform 1st elution with 0.5 ml 50% ACN in 0.1% TFA.  

8. Perform 2nd elution with 0.25 ml 80% ACN in 0.1% TFA for more complete 

sample recovery.  

9. A fraction of the peptides (100 μl from the 750 μl) was separated and dried at RT 

in the speed vacuum overnight in a separate tube to measure the final peptide 

concentration.  

10. Resuspend dried peptides in 50 μl 0.1M TEAB.  

Determination of Peptide Concentration  

1. The peptide concentration in the 7 samples was determined after digestion and 

desalting using the Thermo Scientific™ Pierce™ Quantitative Colorimetric 

Peptide Assay.  

2. Peptides were resuspended in 0.1M TEAB at a concentration of 2 μg/μL to 

normalise the volumes required to do the TMT labelling. 

TMT Labelling  

The Thermo Scientific™ TMT™ Mass Tag Labelling Kits and Reagents were used to 

do multiplex relative quantification by mass spectrometry (MS) of the processed 

samples.  

1. TMT reagents were equilibrated at room temperature.  

2. Using a positive displacement pipette (Drummond Digital Microdispenser), 20 

μl anhydrous ACN were added to each 0.2 mg TMT vial and dissolved for 5 

minutes with occasional vortexing. Centrifuged to collect the whole reagent.  
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3. The content of each freshly prepared reagent was transferred to the corresponding 

sample tube to be labelled. The peptide concentration was normalised to 2 μg/μl. 

100 μg of sample was labelled. Vortex, spin.  

4. Test the pH by placing 0.5 μl of the solution onto a pH paper (range 7-10). Add 

up to 5 μl 0.5 M TEAB to adjust the pH to 7.5-8.5.  The pH must be above 7.5.  

5. Accordingly, 20 μl of TMT reagent was mixed with the peptides and incubated 

for one hour at room temperature.  

6. Add 4 μl of 5% hydroxylamine (20 μl 50% hydroxylamine + 180 μl 0.1 M TEAB) 

were added to each sample, incubating for 15 minutes to quench leftover, 

unreacted TMT reagent.  

7. All labelled samples were combined in a new LoBind Eppendorf tube.  

8. Peptides were mixed and dried in a speed vacuum overnight at room temperature.  

9. Peptides were redissolved in 500 μl 1% TFA and cleaned up (Sep Pak).  

C18 Sep Pak Clean-up  

1. Peptides were resuspended in 500 μl of TFA 1%.  

2. Vacuum was set up very low at the beginning and increased slowly to about 1 

droplet per second.  

3. Wet plate with 0.5 ml of 100% ACN.  

4. Equilibrated with 0.5 ml of 0.1% TFA.  

5. Sample was slowly applied in 1% TFA.  

6. Washed with 3 x 1 ml 0.1% TFA.  

7. Perform the first elution with 0.5 ml 50% ACN in 0.1% TFA.  

8. Perform the second elution with 0.25 ml 80% ACN in 0.1% TFA for more 

complete sample recovery.  

9. A fraction of the peptides (100 μl from the 750 μl) was separated and dried at RT 

in the speed vacuum overnight in a separate tube to measure the final peptide 

concentration.  

10. The rest of the peptides was transferred into a new loBind 1.5 ml tube and dry in 

a Speed-vac with no heating, frozen at -80oC and sent for analysis.  

11. To determine the peptide concentration in the sample to be sent for MS analysis 

after TMT labelling, the Pierce Quantitative Colorimetric Peptide Assay was 

used.  
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O.2 MS Analysis  

The sample was fractionated into four fractions by offline High pH Reversed Phase 

chromatography. Each fraction was loaded onto a Reversed Phase column, eluted over 

a 2h30 gradient and injected by ESI on a Fusion Tribrid Orbitrap instrument operating 

in Data Dependent Acquisition (top-12) mode.  

O.3. Data Analysis  

O3.1 MaxQuant R Search  

1. Acquired Raw spectra files were searched in MaxQuant against a FASTA 

mouse reference proteome database from UniProt.  

2. Variable modifications included in the search were M-oxidation, N-term 

acetylation, deamidation (NQ), Gln->pyroGlu and Phospho (STY). The match 

between runs option was ticked to allow for propagation of MS2 identifications 

between samples and thus potentially higher coverage.  

Variable modifications included in the search were M-oxidation, N-term acetylation, 

deamidation (NQ), Gln->pyroGlu and Phospho (STY). The match between runs 

option was ticked to allow for propagation of MS2 identifications between samples 

and thus potentially higher coverage. Dependent peptide search was ticked to allow a 

deeper search for modified versions of already identified unmodified peptides. 

O3.2 R Analysis  

MaxQuant R output results were loaded in R for further analysis. Protein groups were 

filtered to exclude: proteins identified with only 1 peptide (dubious identifications), 

common contaminants, decoy database, hits proteins only identified by post-

translationally modified site.  

 O3.3 Bioinformatics Analysis using Ingenuity Pathway Analysis 

1. Upload protein dataset from mass spectrometry quantification which have 

UniProt identifier, LFQ intensity and that have a log2 p value >1.3 into IPA 

software for pathway analysis.  

3. Analyze the dataset with causal networks and species accordingly. 

4. Perform comparison analysis between the injury and treatment groups of using 

an empirical test based on fold change value as counts. 
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5. Extract the data including diagram, graph, log2 p value and Z score values from 

analysis results for canonical signaling pathways, regulators, and biological 

functions. 

P. Glycan Functionalization of the ELR HE5-cyclooctyne via Reductive 

Amination 

1. Reductive amination reaction allows the attachment of the sugar moieties to 

lysins that are reactive to –OH groups.  The percentage of lysine in the ELR 

HE5-cyclooctyne is 2%. The molecular quantity of lysins is calculated 

according to table Q1. The sugar has to be added in 100 equivalents. Tables 

Q1-2 show the calculation of the quantity of sugars needed for functionalizing 

5mg of HE5-cyclooctyne with lactose, maltose, 3’-sialyllactose and 6’-

sialyllactose. Lactose and maltose have the same MW as well as 3’-

sialyllactose and 6’-sialyllactose. 

2. Sodium cyanoborohydride (Aldrich Chemistry, Cat. No: 156159-10G) should 

be always half equivalent of the sugar. 

3. Dissolve 5 mg of the ELR HE5- cyclooctyne with 2 ml citrate buffer (pH 

should be 6 and it is absolutely crucial for the reaction). 

4. Add the sugar in the appropriate quantity, (see Tables A 2-3) to the solution. 

5. Add sodium cyanoborohydride (see Tables A 2-3) (If the quality of the reagent 

is questionable, then increase the amount). 

6. Mix the solution overnight at room temperature. 

4. Wash the functionalized ELR with Merck Amicon Ultra-4 Centrifugal filters 

(molecular cut-off is 3K) three times. First, perform wash filters three times 

with dH2O to remove glycerol on the filters. Each filter can take 2ml per time 

so if you have 4 ml sample, the samples should be washed in two steps. 

5. Each washing step with filters should be for 30 minutes at maximum speed. 

(4700 rpm with our centrifuge). It is important to remove sodium 

cyanoborohydride from samples as otherwise it is toxic. 

6. After washing steps, the samples are ready to use. If the samples are not going 

to be used your samples directly, store them in -80°C. 
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Table A. 2 Stoichiometric information for functionalizing 5 mg of HE5-

cyclooctyne with lactose and maltose via reductive amination. 

 MW mmol Equivalents Mg 

HE5-cyclooctyne 146.16 (lys) 0.000684 1 0.1  

3’/6’-sialyllactose 655.53 0.0684 100 44  

NaBH3CN 62.14 0.034 50 4.25 

Citrate Buffer 2 ml    

Table A. 3 Stoichiometric information for functionalizing 5 mg of HE5-

cyclooctyne with 3’-sialyllactose and 6’-sialyllactose via reductive amination. 

 

 

 

 

 

 

 

 

 MW mmol Equivalents mg 

HE5-cyclooctyne 146.16 (lys) 0.000684 1 0.1  

Lactose/Maltose 342.3 0.068 100 23.41  

NaBH3CN 62.14 0.034 50 2.12  

Citrate Buffer 2 ml    
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1. Marsico G., Russo L., Quandamatteo F., and Pandit A. Glycosylation and 

Integrin Regulation in Cancer. Trends in Cancer, Cell Press 4, 537-552 (2018).  

2. Milcovich G., Contessotto P., Marsico G., Ismail S., Pandit A. Synthetic/ECM-

inspired hybrid platform for hollow microcarriers with ROS-triggered 

nanoporation hallmarks. Scientific Reports. 13; 7 (1):13138 (2017).  

Under Peer Review 

1. Thomas D., Marsico G., Thirumaran A., Chen X., O'Brien T., Pandit A. 

”Macromolecular Concentration in a 3-D Microgel Environment Enhances 

Proangiogenic Capacity of Mesenchymal Stem Cells at a Low-Cell Density in a 

Severe Model of Critical Limb Ischemia” Proceedings of the National Academy 

of Sciences of the United States of America.  

In preparation   

1. Marsico G., Chunsheng J., Sunny AS., Brauchle E., Thomas D., Orbanić D., 

Chantepie S., Contessotto P., Papy-Garcia D.,  Rodriguez Cabello C., Kilkoyne 

M., Schenke-Layland K., Karlsson NG., McCullagh K. and Pandit A. An Elastin-

based Hydrogel induces Angiogenesis in Hindlimb Ischemia Model Modulating 

the Glycosignature.  

2. Marsico G., Russo L. and Pandit A. Glycan-Funtionalisation of Elastin-like 

Recombinamer Hydrogel.  

AA.2 Conference Podium Presentations 

1. Marsico G., Thomas D, Sunny AS., Brauchle E., Orbanić D., Contessotto P., 

Rodriguez Cabello C., Schenke-Layland K., Kilkoyne M., McCullagh K. and 

Pandit A. Elastin-like Hydrogel Restored Healthy ECM Profile and GAGs 

Contents in a Mouse Model of Hindlimb Ischemia. Oral presentation at Matrix 

Biology Ireland, 31th November-1st December 2017, Dublin, Ireland. 

2. Marsico G., Thomas D., Contessotto P., Sunny A.A., Kaur J., Kilcoyne M., 

Lokesh J., McCullagh K. and Pandit A. Angiogenesis in Ischemic Condition is 

Induced by an Elastin-like Recombinamer (ELR) based Hydrogel. Oral 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Chantepie%20S%5BAuthor%5D&cauthor=true&cauthor_uid=29729013
https://www.ncbi.nlm.nih.gov/pubmed/?term=Papy-Garcia%20D%5BAuthor%5D&cauthor=true&cauthor_uid=29729013
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presentation at 28th European Conference on Biomaterials, 4th–8th September 

2017, Athens, Greece. 

3. Marsico G., Thomas D., Contessotto P., Sunny A.A., Kaur J., Kilcoyne M., 

Lokesh J., McCullagh K. and Pandit A. Effect of Ischemia on the Glyco-

environment: a study on a Murine Model. Oral presentation at TERMIS-EU 

Conference, 26th-30th June 2017, Davos, Switzerland. 

4. Marsico G., Thomas D., Contessotto P., Sunny A.A., Kaur J., Kilcoyne M., 

Lokesh J, McCullagh K. and Pandit A. An Insight into the Glyco-environment of 

a Murine Model of Hindlimb Ischemia. Oral presentation at Matrix Biology 

Ireland, 16th November 2016, Galway, Ireland. 

5. Contessotto P., Milcovich G., Spelat R., Marsico G., Chaturvedi A., Orbanic D., 

Flora T., Da Costa M., Rackauskas M., Amenitsch H., McCartin M., Rodriguez-

Cabello J.C., Joshi L., Peter D., Kilcoyne M. and Pandit A. Towards an Elastin-

based Hydrogel Platform for the Repair of Myocardial Infarction. Oral 

presentation at WBC World Biomaterial Congress, 17th-22th May 2016, 

Montreal, Canada. 

6. Contessotto P., Browne S., Marsico G., Kilcoyne M., Joshi L. and Pandit A. 

Tissue Glycoprofiling in Rat Myocardial Tissue. Oral presentation at Matrix 

Biology Ireland, 21st November 2014, Galway, Ireland. 

7. Marsico G., Thomas D., Contessotto P., Kilcoyne M., Lokesh J., Quondamatteo 

F. and Pandit A. Glycocalyx and ECM Glycans Modification in a Murine Model 

of Critical Limb Ischemia”. Oral presentation at Matrix Biology Ireland, 21st 

November 2014, Galway, Ireland (Best Podium Presentation Award). 

AA.3 Conference Poster Presentations 

1. Marsico G., Thomas D., Sunny A.A., Brauchle E., D Orbanić, P Contessotto, 

Rodriguez Cabello, Schenke-Layland, Michelle Kilkoyne, K McCullagh and A 

Pandit. Elastin-like Recombenamer Hydrogel for Ischemic Conditions, an Insight 

into the Glyco-evironment. Poster presentation at EMBO Conference, The 

molecular and cellular basis of regeneration and tissue repair, 15–19 September 

2018, Malta. 

2. Spelat R., Rink E., Contessotto P., Marsico G., Grealy G. and Pandit A. 

Glycoprofile in Zebrafish Heart Regeneration. Poster presentation at TERMIS-

EU Conference, 28th June-1st July 2016, Uppsala, Sweden. 
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3. Marsico G., Thomas D., Contessotto P., Kilcoyne M., Joshi L., Quondamatteo 

F. and Pandit A. Lectin-profiling in Hindlimb Ischemia for Acquiring Design 

Parameters to Modulate the Glyco-enviroment Using a Hydrogel. Abstract 

accepted as poster presentation at WBC World Biomaterial Congress, 17th-22th 

May 2016, Montreal, Canada. 

4. Thomas D., Marsico G., Thirumaran A., Chen X., O'Brien T. and Pandit A. A 

Shape-controlled Microgel Cell Delivery Platform for Delivery of Primed Stem 

Cells for In Vivo Therapeutic Neovascularization. Abstract accepted as poster at 

TERMIS World Congress, 8th-11th September 2015, Boston, USA. 

5. Contessotto P., Marsico G., Joshi L., Kilcoyne M. and Pandit A. Distinct 

Glycosylation Patterns in the Myocardium of Rat Left Ventricle. Poster 

presentation at Microcirculation and Angiogenesis Research Symposium, 12th 

June 2015, Galway, Ireland. 

6. Milcovich G., Contessotto P., Marsico G. and Pandit A. Fabrication of ROS and 

Protease responsive Drug Delivery Systems. Poster presentation at the Advanced 

Functional Polymers for Medicine (AFPM) 2015, 22nd-25th March 2015, 

Galway, Ireland. 

7. Contessotto P., Browne S., Marsico G., Joshi L., Kilcoyne M. and Pandit A. 

Intraspecies Glycosylation in Myocardium of Dark Agouti and Lewis Rats. 

Poster presentation at the Advanced Functional Polymers for Medicine (AFPM), 

22nd-25th March 2015, Galway, Ireland. 

8. Marsico G., Thomas D., Contessotto P., Kilcoyne M., Joshi L., Quondamatteo 

F. and Pandit A. Glycoprofile Expression in a Murine Model of Critical Limb 

Ischemia. Poster presentation at the Advanced Functional Polymers for Medicine 

(AFPM), 22nd-25th March 2015, Galway, Ireland. 

9. Milcovich G., Contessotto P., Marsico G., Kraskiewicz H., Orbanić D., Flora T., 

Rodriguez Cabello J. C. and Pandit A. Fabrication of a Multi-modal Delivery 

System using an Elastin-like Recombinamer. Poster presentation at Advanced 

Functional Polymers for Medicine (AFPM), 27th May 2014, Liege, Belgium. 

10. Rooney P., Srivastava A., Marsico G., Contessotto P., Quinlain L. and Pandit A. 

Hyaluronic Acid Increases the Expression of Glycosaminoglycans in Human 

Urothelial Cells. Poster presentation at EMBO workshop “Glycobiology & 

Glycochemistry: Applications to human health and disease”, 26th-30th May 

2014, Lisbon, Portugal. 
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AA.4 Prizes and Awards 

1. 11-12/05/2017. Marie Sklodowska -Curie Actions 2017 Prizes, selected as one 

of the best ten researchers in communicating science. MSCA Prize Awards 

Competition, Malta.  

2. 21/11/2014. Best Presentation Award at Matrix Biology Ireland.  

AA.5 Grants Awarded 

1. 01/2018-08/2019. Science Foundation Ireland (SFI) and the European 

Regional Development Fund (Grant Number 13/RC/2073). 

2. 09/2018-12/2018. EMBO Travel Grant. This fellowship was awarded to 

conduct analysis of N-glycosylation changes induced by an elastin-like hydrogel 

in the ischemic limb in Dr. Karlsson laboratory at University of Gothenburg, 

Sweden. 

3. 01/2017-04/2017. DAAD Boehringer Ingelheim Fond Travel Grant. This 

fellowship was awarded to conduct Raman microspectroscopy analysis of the 

ischemic tissue response to an elastin-like hydrogel treatment in a mouse model 

of Critical limb Ischemia in Prof. Schenke Layland laboratory at Fraunhofer 

Institute for Interfacial Engineering and Biotechnology (IGB), Stuttgart, 

Germany and at Eberhard Karls University Tübingen, Germany. 

4. 02/2014-01/2017. Marie Curie Fellowship under AngioMatTrain 7th FP, 

Grant Agreement no.:317304.  

 


