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Abstract 

       GFs are signaling molecules that are principle mediators in tissue regeneration. 

Biomaterial scaffolds employed as wound dressings are often hampered by their 

limitations to deliver GFs exogenously due to their instability and low half-life. 

Overdosing is often required, which raises further concerns as severe as carcinogenesis. 

Effective restoration of blood supply at the degenerative site while minimising the use of 

exogenous GFs remains a pressing challenge for engineered regenerative medicine.   

The key to overcoming this challenge possibly lies in the better organisation and use 

of endogenous GFs, with an aim to abandon the use of exogenous proteins that are usually 

administrated at a supraphysiological level. The concentrations of endogenous pro-

regenerative GFs can be sufficiently high to initiate angiogenesis at the regenerative site.   

A strategy to maximise the production and action of endogenous pro-angiogenic GFs at 

the wound site may become a new strategy of therapeutic angiogenesis without delivering 

exogenous proteins. 

Considering such challenges, current research utilizes the exogenous and endogenous 

GFs sequestering ability of heparin functionalized PG nanofibrous dressings to facilitate 

synergistically driven tissue regeneration by utilizing combined therapeutic effect of 

exogenous and endogenous GFs, and thereby minimizing the sole dependency on 

exogenous GFs for tissue regeneration, that have severe concerns in terms of safety and 

efficacy.  Since heparin is well-known for its ability to sequester numerous GFs, these 

fabricated heparin functionalized dressings showed ability to sequester and stabilize pro-

regenerative GFs released at injury site and worked synergistically with exogenous 

loaded GFs to promote accelerated tissue regeneration.
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Chapter 1 

Overview of Dissertation 

1.1 Motivation and objective 

Since the discovery of insulin in the 1920s, protein-based therapeutics have been 

investigated for suitable routes of delivery and extended biological half-life[1]. Recently 

advanced techniques have been developed to enhance the efficiency of protein or peptide 

drugs for use in preventing and treating human injury and several life-threatening diseases. 

Growth factors (GFs) are attractive candidates because of their unique roles in signalling 

cells and regenerating tissues. There are currently over 6,000 clinical trials regarding the 

use of growth factors.  

When using GFs as candidate drugs, controlled and therapeutic delivery of these proteins 

is of pivotal importance for medicinal and economical reasons. Particularly in the case of 

multiple protein delivery, the order, location and duration of the release of each protein 

need to be carefully designed for the most therapeutic benefit. 

Current multi-protein delivery strategies mainly rely on hydrolysable scaffolds and thin 

films of protein-containing polymers, which cannot be programmed to respond to 

biological signals. For example, existing approaches to achieve either sustained release 

or sequential release of proteins rely on polymer hydrolysis or passive leaching. The 

Langer Laboratory at MIT pioneered the most successful example of this type of delivery, 

with proteins entrapped within PLGA scaffolds that are released as the polymer 

hydrolyses[2]. The Mooney group at Harvard University expanded this approach to allow 

sequential delivery of two proteins through differential entrapment methods[3]. Recent 

development includes the hybrid polymer matrices with different degrading rates, barrier 
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polymer films[4] for sequential delivery or orthogonal binding pairs to allow for multiple 

protein release, resulting in poor temporal control.  

However, these developments for ordered delivery of multiple proteins have certain 

limitations. First, the release is driven by hydrolysis; therefore, it is not responsive to the 

biological milieu and may not be adaptive to the pathological development of tissues[5-

7]. Second, in existing approaches, the incorporation of proteins into polymer matrices 

generally involves intense mixing and/or use of organic solvents; and only certain 

polymers are used. Such harsh chemical processes can easily denature the proteins, 

precluding their use as a general delivery vehicle[8-10]. Last, in previous attempts to 

achieve enzyme-responsive delivery of proteins from one scaffold, existing approaches 

are generally limited by the types and the number of available orthogonal-binding 

functional groups in the composition of the scaffold. Also, exogenous delivery increases 

the cost of treatment [11, 12] and has concerns over safety and efficacy[13-15]. 

In light of these developments and limitations, the current research aims to develop a 

biomaterial that have ability to sequester growth factors that are released at regenerative 

site and release them during the healing process to accelerate tissue regeneration with 

minimum dependency on exogenous delivery. In response to injury or ischaemia, the 

level of VEGF sharply increases[16, 17], and the platelets release ample PDGF in the 

early stages of wound healing[18]. Also, when a biomaterial is implanted, it also activates 

the local tissues and its elasticity and components trigger the surrounding cells to secrete 

many cytokines[19]. Importantly, macrophages, the principal mediator of inflammatory 

responses to injury or foreign bodies, are activated by injury signals, change their 

phenotypes and produce a cocktail of GFs at varying levels throughout this process[20-
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22]. These cells are the primary source of many GFs during tissue regeneration. A strategy 

to maximise the production and action of endogenous pro-regenerative GFs at the wound 

site may become a new strategy of therapeutic angiogenesis without delivering exogenous 

proteins. 

1.2 Research objective 

The main target of this research is to develop nanotechnology based wound dressing that 

can have the ability to sequester endogenous and exogenous GFs with high efficiency and 

can utilize the synergistic effect of these exogenous and endogenous proteins to promote 

accelerated tissue regeneration. The primary objectives are listed below: 

• To fabricate PG nanofibrous membranes that balances between mechanical 

characteristics and biocompatibility 

• Characterization of PG co-spun nanofibrous membranes as wound dressings 

• Heparinization of PG nanofibrous membranes (Hep-PG) and evaluation of their 

application as Novel Drug Delivery System (NDDS) to sequester endogenous and 

exogenous GFs 

• Application as wound dressings to treat full-thickness wounds to obtain complete 

tissue regeneration with minimum scarring based on the therapeutic effect of these 

sequestered exogenous and endogenous GFs 

1.3 Novelty of current study 

Restoration of blood supply at regenerative site is often required at earlier stages of 

healing to attain proper regeneration at later stages. As for a wounded tissue, this 

restoration is accelerated through the delivery of exogenous growth factors that stimulate 
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the process of angiogenesis at initial stage that can lead to an effective tissue regeneration. 

The supply of GFs from exogenous sources is indispensable, as the endogenous ones 

often undergo early degradation in the protease rich environment at regenerative site.  

Previous researches have basically relied on delivery of pro-angiogenic GFs individually 

or in combinations to enhance the process of angiogenesis. Also, many of current 

researches have proved that these pro-angiogenic GFs namely, VEGF, FGF and PDGF 

when used in combination can synergistically accelerate the process of angiogenesis at 

initial stages that have led to an effective and accelerated tissue regeneration [23-26]. So 

overall, considering the findings from previous studies, this current dissertation relies on 

delivering pro-angiogenic GFs by an ECM mimicking nanofibrous wound dressings. We 

believed that if these GFs combinations can be delivered, they can have strong synergistic 

effects to accelerate the process of angiogenesis, and thereby a quick and efficient 

regeneration can be achieved. 

To achieve our target, we applied a novel biomaterial-based approach to sequester pro-

angiogenic GFs into our nanofibrous dressing both from exogenous and endogenous 

source. Our fabricated dressing can retain these pro-angiogenic GFs at initial stages of 

healing and can deliver them at later stages that can lead to an accelerated tissue 

regeneration. We supplied FGF from exogenous source and VEGF and PDGF were 

sequestered by our matrix from endogenous sources. Overall, initially all three GFs were 

sequestered by our matrix and as healing progressed, delivery of these pro-angiogenic 

factors resulted in effective tissue regeneration. The schematic for such a phenomenon is 

shown below in figure 1-1.  
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Figure 1-1: Retention and release mechanism by our dressing. FGF was supplied from 

exogenous source whereas PDGF and VEGF were sequestered from endogenous source. 

These sequestered GFs can be released from our dressings at later stages of healing that 

can synergistically promote efficient angiogenesis at initial stages and proper tissue 

regeneration at later stages. 

We believe such accelerated tissue regeneration was possibly due to the synergistic effect 

of these pro-angiogenic GFs delivered by our dressings, that lead to quicker angiogenesis 

at initial stages and effective tissue regeneration at later stages. This was the first study 

till date to supply pro-angiogenic GFs with minimum dependency on exogenous delivery 

and utilizing GFs from endogenous source, which would have otherwise undergone 

degradation. We believe such findings can be valuable in the field of wound care and 

management, that has faced serious concerns related to efficacy and safety of delivering 

exogenous proteins.  
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 1.4 Thesis outline 

This thesis consists of 6 chapters. The chapters are arranged in order to achieve the basic 

objective of this study. The following paragraphs will give a glimpse of the work content 

of each chapter: 

Chapter 1: of the thesis discusses about the background and objective of this research. It 

also highlights the novelty of this study and how this study was advantageous over current 

available techniques for fabrication of wound dressings 

Chapter 2: of this thesis provides a comprehensive review on delivery systems for wound 

healing. It ushers in an introduction of wound healing and the mechanisms involved there 

forth outlining the physiology, mechanism of actions, wound types and wound 

management.  

Chapter 3: in this chapter, co-electrospinning technique was optimized to fabricate core-

shell type nanofabrics. By controlling various co-electrospinning parameters, uniform 

and bead-free PG nanofabrics were produced that showed excellent balance between 

mechanical properties and biocompatibility. Also, the fabricated nanofabrics met all the 

criterion for its application as wound dressings. Results showed that PG nanofabrics were 

an ideal material for application as wound dressings owing to their excellent mechanical 

properties that mimic the skin elasticity, enhanced biocompatibility due to presence of 

gelatin as shell component as well as ideal WVTR and surface wettability.  

Chapter 4: in this chapter, the fabricated core-shell type nanofabrics were endowed with 

the ability for sequestering GFs, both exogenous and endogenous ones. For this, we 

conjugated our fabricated nanofabrics to heparin via EDC/NHS mediated reaction. These 

heparin functionalized core-shell type nanofabrics, called as Hep-PG, showed excellent 
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capability in sequestering GFs both exogenous and endogenous ones. Results showed 

tremendous application of heparin in sequestering GFs both exogenous and endogenous 

ones with high efficiency. 

Chapter 5: in this chapter, the fabricated Hep-PG nanofabrics were employed as wound 

dressings to evaluate their potential in effective skin tissue regeneration. Endowed with 

properties of ideal wound dressings and capability in sequestering exogenous and 

endogenous GFs, Hep-PG nanofabrics promoted scarless and effective tissue 

regeneration within 14 days of treatment, by utilizing the synergistic effect between 

exogenously loaded bFGF and sequestered endogenous pro-regenerative GFs. Here we 

demonstrated a novel biomaterial-based approach with inclusion of heparin, to sequester 

GFs from exogenous and endogenous source, and how a synergistic effect of exogenous 

and endogenous GFs can lead to proper tissue regeneration. This was the first study till 

date which evaluated a combined role of exogenous and endogenous GFs based on 

heparin in achieving tissue regeneration. 

Chapter 6: of this thesis gives a general conclusion and future study that can be 

incorporated to further advance the current study 
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Chapter 2: Wound healing and Growth Factors 

2.1 Wound healing 

Healing process refers to the substitution of destroyed or damaged tissues by newly 

created tissues by a living organism [1]. Healing is defined in a sequential process of 

physical attributes (phases) which constitute the process of post-trauma repair. The 

epidermis (surface layer) and dermis (deeper layer) in fully intact skin form a barrier 

against the external environment [2, 3]. This process is divided into predictable phases: 

blood clotting (hemostasis), inflammation, tissue growth (cell proliferation), and tissue 

remodeling (maturation and cell differentiation). 

Not only the wound healing process is complex but also its fragile, and it is prone to 

disruptions or failure which results in the formation of chronic wounds. Factors 

contributing to non-healing chronic wounds are diabetes, venous or arterial disease, 

infection, and metabolic deficiencies of old age [3]. 

Wound treatment, by cleaning and protection from reinjuries or infection, facilitates and 

enhances wound healing process. It can range from the simplest first aid to entire nursing 

specialties, such as wound, ostomy, and continence nursing and burn centre care, 

depending on the needs of each patient. 

2.2 Phases of wound healing 

In an organized way, the stages of wound healing proceed and follow four processes: 

hemostasis, inflammation, proliferation and maturation. While the stages of wound 

healing are linear, depending on internal and external patient circumstances, wounds 

may progress backward or forward. The four wound healing stages are: 
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1. Hemostasis:  Hemostasis is the process of the wound being closed by clotting. When 

blood leaks out of the body [4], hemostasis begins. The first step of hemostasis is when 

blood vessels constrict to restrict the blood flow. Next, platelets stay together in order to 

close the gap in the wall of the blood vessel. Coagulation eventually occurs and reinforces 

the platelet plug with fibrin threads that are like a molecular binding agent. The 

hemostasis phase of wound healing tends to occur very swiftly. The platelets adhere to 

the sub-endothelium surface within seconds of the rupture of a blood vessel's epithelial 

wall. After that, in about sixty seconds, the first fibrin strands begin adhering. As the 

fibrin mesh begins, the blood is transformed from liquid to gel through pro-coagulants 

and the release of prothrombin. In the wound area, the formation of a thrombus or clot 

keeps the platelets and blood cells trapped. In the stages of wound healing, the thrombus 

is usually important but becomes a problem if it detaches from the vessel wall and passes 

through the circulatory system, possibly causing a stroke, pulmonary embolism or heart 

attack. 

2. Inflammatory Phase: Inflammation is the second stage of wound healing which starts 

right after the injury when the damaged blood vessels leak transudate (made of water, salt, 

proteins) causing localized swelling. Inflammation also regulates and prevents bleeding 

and infection at injury site [5]. The engorgement of the fluid allows the healing and repair 

cells to move to the wound site. During the inflammatory process, weakened cells, viruses, 

and bacteria are removed from the wound area. The swelling, heat, pain and redness 

commonly seen during this stage of wound healing are produced by these white blood 

cells, growth factors, nutrients and enzymes. Inflammation is a natural part of the wound 

healing process and only problematic if prolonged or excessive. 
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3. Proliferative phase: The proliferative process of healing process is when the wounds 

are rebuilt with new tissue which is composed of collagen and extracellular matrix. In the 

proliferative process, the wound contracts as new tissues are built [6]. In addition, a new 

network of blood vessels must be built so that the granulation tissue can be stable and 

receive adequate oxygen and nutrients. By grasping the wound edges and drawing them 

together using a mechanism similar to that of smooth muscle cells, myofibroblasts cause 

the injury to contract. Granulation tissue is pink or red and irregular in texture in healthy 

stages of wound healing. Moreover, healthy granulation tissue does not bleed easily. A 

symptom of infection, ischemia, or weak perfusion may be dark granulation tissue. 

Epithelial cells resurface the injury in the final step of the proliferative stage of wound 

healing. It is important to note that epithelialization occurs faster when wounds are kept 

moist and hydrated. Generally, they can retain proper tissue humidity to maximize 

epithelialization when occlusive or semi occlusive dressings are applied within 48 hours 

of injury. 

4. Remodeling phase: Often called the maturation stage of wound healing, the maturation 

process is when collagen is remodeled from type III to type I and the wound completely 

closes [7]. Apoptosis, or programmed cell death, eliminates cells that have been used to 

heal the wound, but are no longer required. It is disorganized as collagen is laid down 

during the proliferative process, and the wound is dense. Collagen is positioned along 

tension lines during the maturation process and water is reabsorbed to enable the collagen 

fibers to lie closer together and cross-link. Cross-linking of collagen decreases scar 

thickness and makes the surface region of the wound stronger. Remodeling usually starts 

around 21 days after an accident and can continue for a year or more. Even with cross-
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linking, healed wound areas appear to be weaker than uninjured tissue, typically only 

possessing 80 percent of the tensile strength of unwounded tissue. 

The stages of wound healing are a complex and fragile process. In the stages of wound 

healing, failure to progress may lead to chronic wounds. Venous disease, infection, 

diabetes and elderly metabolic deficiencies are factors which lead to chronic wounds. By 

keeping wounds moist, clean and safe from reinjuries and infection, diligent wound care 

will speed up the stages of wound healing. 

 

Figure 2-1: Phases of wound healing demonstrated pictorially 

2.3 Growth factors in wound healing 

Wound healing is a complex biological process in which a number of cells, including 

fibroblasts, myofibroblasts, smooth muscle cells, endothelial cells, keratinocytes and 

immune cells, involve cellular interactions. Numerous factors, such as growth factors, 

hormones, blood components and second messengers, mediate these interactions.  



18 
 

For wound healing, several growth factors which are released at the wound site are 

presumed to be required. The GFs mainly involved in skin wound healing are broadly 

classified into two categories: 

2.3.1 Pro-angiogenic or pro-regenerative growth factors 

For the healing of skin wounds and the regeneration of certain types of tissue, such as 

bone and skeletal muscle, the development of functional blood vessels at the injury site 

is essential [8-10]. The newly developed vasculature provides oxygen and nutrients to 

sustain cell growth and metabolism. Basically, pro-angiogenic growth factors are growth 

factors that are involved in supporting the development of vasculature at the regenerative 

site. These growth factors are also known as pro-regenerative factors, since vasculature 

is the most essential aspect for initiating the healing process. They are categorized as 

shown in table below: 

Table 2-1: Pro-regenerative GFs and their role in wound healing process. It can be clearly 

seen from table 2-1 that pro-regenerative GFs are utilized in almost all phases of healing.  
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2.3.2 Other growth factors 

These include other growth factors that are involved in the healing process. Though their 

role is inferior as compared to pro-regenerative GFs, their utilization is indispensable for 

proper tissue regeneration. They are majorly classified as shown in table below: 

Table 2-2: Other GFs and their role in wound healing process. Their role in healing 

process is supporting and less significant compared to pro-regenerative GFs [43]. 

 

2.4 Sequestering GFs to biomaterials 

Proteins secreted by cells that govern several biological processes are GFs. Although they 

have long been proposed as potent therapeutic agents, due to their short half-lives in 

biological environments, their administration in a soluble form has proven costly and 

ineffective. In regenerative medicine strategies, biomaterial-based methods are 

increasingly pursued as alternatives to boost the effectiveness or, preferably, substitute 

the need for exogenous administration of GFs. Overall, the numerous GF sequestering 

systems built so far have remarkably enhanced the operation of GFs at reduced doses and, 

in some cases, completely avoided the need for their exogenous administration to direct 

cell fates. Thus, these bioinspired principles allow the rational exploration in regenerative 

medicine of the full therapeutic potential of GFs. 
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2.4.1 Strategies for incorporating growth factors into biomaterials 

Various biomaterial-based approaches to deliver GFs for tissue engineering and 

regenerative medicine are broadly classified as: 

1. Conventional Controlled Release Systems: The goal of these strategies was to 

improve the efficiency of GF action on cells by allowing localized administration, 

reducing variability in GF levels over time, achieving cell activation signal persistence, 

and resolving diffusion constraints on soluble delivery [43, 44]. Conventional release 

strategies depend on the delivery of exogenously loaded GFs via a 3D matrix or porous 

scaffold. [45].  It is important to understand the physicochemical properties, such as 

molecular weight, isoelectric point, and site of action when designing a vehicle for GF 

delivery [46]. 

 

Figure 2-3: Pictorial representation of conventional release system. GFs are directly 

encapsulated into a 3-D polymeric matrix. 

Challenges of such systems: Despite the continued developments in this form of 

controlled release systems, there are numerous aspects of previously mentioned GF 
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signaling mechanisms that are not taken into consideration. They constitute an advanced 

delivery mechanism for recombinant GF variants, enabling some problems of soluble 

bolus administration to be bypassed by a more sustained and prolonged release. The 

dependence on physical trapping and diffusion mechanisms, however, makes it difficult 

to change the conduct of release, particularly when considering several molecules in a 

single application. In addition, the multiple effects, such as sequestering and solid-phase 

presentation, resulting from the micro-environmental control of GF action are generally 

not present [47]. 

2. Material with covalently bound GFs: Covalent binding of GFs to a supporting 

biomaterial presents several advantages over previously discussed alternatives. First, over 

time, the proteins do not disperse into the surrounding medium. Combined with the 

enhancement of GF activity resulting from their solid-phase presentation, this enables the 

use of even lower doses to achieve similar biological effects. Second, they are less 

vulnerable to hydrolytic and enzymatic degradation by tethering proteins to a strong 

support, helping to prolong their function. Moreover, it is possible to achieve more 

accurate patterning and spatial organization of GFs in these systems. One of the 

approaches is to utilize NHS activated carboxylic groups of 3-d matrix that can react with 

the amine groups of proteins [48]. Other approaches utilize thiol chemistry, which is a 

biocompatible and relatively efficient way to link GFs to solid phase supports by taking 

advantage of existing cysteines in the protein. Several groups explored it to conjugate 

VEGF to scaffolding biomaterials designed to promote vasculogenesis, a key process to 

increase graft survival [49, 50]. Another highly biocompatible conjugation alternative is 

the use of click chemistry, particularly copper-free reactions. For example, strain-

promoted azide–alkyne cycloaddition (SPAAC) has been used to couple azide-modified 
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EGF to primary amines in collagen, by means of dibenzo cyclooctyne (DBCO)–sulfo-N-

hydroxysuccinimide (NHS) ester [51]. 

 

Figure 2-4: Pictorial representation of above scheme. GFs are included into 3-D matrix 

through cleavable covalent bonds. Such system ensures more control and spatial 

organization of GFs compared to conventional systems. 

Challenges of this technique: They have the benefits of stabilizing and retaining GF on 

the scaffold supplied by covalent linking, while engineering their programmed release 

according to the stimuli provided. Thus, these systems can capture, to some degree, the 

complex actions of the natural ECM, and hold great promise for the near future. However, 

these advancements have been possible at the expense of a growing degree of complexity 

and related costs. In addition to the fact that they are still dependent on the inclusion of 

recombinant GFs and considering their previously stated disadvantages, it is important to 

consider whether large-scale development is feasible and economically viable. Indeed, 

their translation perspectives into commercial and clinical applications may still be far 

off, despite recent advances. 
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3. Platforms with Inclusion of ECM Components: Other research lines have been 

established to avoid the challenges associated with chemical reactions for covalent 

coupling and the increasingly complex biomaterials needed for controllable release. In 

order to effectively sequester these molecules from solution and present them at their 

surface for contact with cells, they have based on platforms with increased affinity for 

GFs. The way ECM and GFs interact in their natural environments, where noncovalent 

interactions predominate, is typically inspired by these biomimetic strategies. 

 

Figure 2-5: Pictorial representation of above scheme. GFs are directly sequestered by 

such systems through ECM components like fibronectin or heparin that are included 

into 3-D matrix. Such systems can recapitulate sequester and release mechanism of 

ECM. 

Till date this technique is most successful method for delivering GFs as it recapitulates 

ECM mechanism. Moreover, studies have used this technique wherein, regeneration can 

be achieved with no dependency on exogenous delivery, since these systems can 

sequester locally produced endogenous GFs (sequester) and release them during the 

healing process, thus recapitulating ECM functions. The use of easily accessible natural 
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components such as heparin and fibronectin constitute a highly versatile approach to 

increase effectiveness and, therefore, reduce the required doses of administered GFs. 

2.4.2 Various researches that have utilized above techniques for sequestering GFs 

to biomaterials for effective tissue regeneration 

The table below shows few of the current researches that have utilized different 

biomaterial-based approach for GF sequestration and delivery employed for different 

tissue engineering applications. 

Table 2-3: GF sequestration and delivery for biomedical application 
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As seen from above table, different polymeric matrices were employed for GF delivery. 

Till date most researches rely on exogenous GFs delivery through different approaches. 

Only few current researches have employed endogenous GFs power for obtaining 

effective tissue regeneration. None of the research till date have exploited the combined 

role of exogenous and endogenous GFs, and how such systems can promote 

synergistically mediated tissue regeneration by utilizing combined effects of exogenous 

and endogenous GFs. Considering such literature, it was our objective to design a GF 

sequestering biomaterial that can utilize GFs from both exogenous and endogenous 

sources, and to exploit how a synergistic effect of GFs from exogenous and endogenous 

source can promote an effective tissue regeneration. 

2.5 Conclusion 

Considering the above-mentioned challenges and advancement, in our current research 

we are utilizing nanofiber-based DDS system for sequestering GFs both form external 

source and the locally produced endogenous ones and utilize their synergistic therapeutic 

effect to promote proper tissue regeneration.  

To achieve such target, we considered three parameters that we believe can be considered 

prerequisite for fabrication of an ideal dressing. Firstly, to have minimum inflammatory 

response post transplantation and to facilitate proper cellular migration during the 

application, the dressing should closely mimic the structure of ECM. Skin is mostly 

composed of collagen, which have fibril like structure ranging up to few 100 of 

nanometres. To mimic such structure, nanofibrous dressings were fabricated. Further, to 

ensure closeness to skin ECM along with proper mechanical properties to allow ease of 

handling, co-axial electrospinning technique was adopted for dressing fabrication 
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wherein gelatin coated PCL nanofibrous patches with fiber diameter ranging few 100 of 

nanometers were fabricated. We chose PCL as core component due to its good 

mechanical properties whereas gelatin was chosen as shell component, to ensure the 

dressings closely mimic skin ECM, as gelatin is a derivative of collagen. Moreover, 

gelatin is cost effective and available in abundant compared to collagen. 

Secondly, the dressings should have the capability to stabilize the endogenous GFs by 

sequestering them. If biomaterials employed as wound dressings have this property, the 

therapeutic effect of endogenous GFs can be utilized, and tissue regeneration can be 

achieved with minimum dependency on exogenous GFs delivery. To endow nanofabrics 

with endogenous GFs sequestering capability, surface functionalization with heparin was 

achieved via EDC/NHS coupling, due to its well-known ability in binding and enhancing 

the function of heparin binding GFs both in-vitro and in-vivo. 

Thirdly, apart from being ECM mimicking and having capability to sequester endogenous 

GFs, the dressings should itself have therapeutic effect to enhance the tissue regeneration. 

To endow therapeutic capability into our fabricated dressings, we loaded limited amount 

of exogenous bFGF. bFGF was chosen as a candidate for exogenous delivery due to its 

well-known property to be involved in almost all phases of healing. Also, bFGF is known 

for its ability to promote scarless tissue regeneration when administered exogenously and 

has been clinically proven.  

These fabricated nanofabrics were then employed as wound dressings to treat full-

thickness wound using in-vivo rat model. By observing the morphology of wounds and 

through histological examinations, we showed that our nanofiber matrices not only 

accelerated the healing process, but also ensured scarless tissue regeneration. The 
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synergistic effect between externally loaded bFGF and sequestered endogenous GFs 

worked well, and we could obtain an accelerated tissue regeneration. To best of our 

knowledge, this is first report on the combined effect of endogenous and exogenous GFs 

in promoting proper tissue regeneration. We believe such valuable findings can find its 

application towards fabrication of ideal wound dressings. 
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Chapter 3 

Fabrication and Characterization of PG nanofibrous 

dressings 

3.1 Introduction 

ECM is a dense fibrous network of proteins and GAGs that regulates cell behaviour and 

function. [1, 2] Development of ECM mimicking scaffolds is a key challenge in tissue 

engineering. [3] With the emergence of nanofabrication techniques like electrospinning, 

researchers have been able to mimic the ECM structurally as the scaffolds produce using 

this technique are fibrous with fibers mostly in the Nano-sized range. [4] Electrospinning 

as a facile and universal fiber forming technique has enabled the fabrication of variety of 

biomaterials into micro/nanometre-diameter fibers, including synthetic polymers, [5, 6] 

proteins, [7, 8] and lipids.  

Scaffolds fabrication involves not only the structural similarity with ECM but also the 

biochemical characteristics of the developed scaffold. For the electrospun polymeric 

nanofibrous scaffolds, it is well known that both synthetic as well as natural polymers 

have their own pros and cons if electrospun individually, since the scaffolds can either 

possess good biocompatibility (in case of natural polymers) or can possess good structural 

stability (in case of synthetic polymers). Incorporating both structural as well as 

biochemical characteristics involves various surface modification techniques which 

require relatively complicated derivatization chemistry or time-consuming processing 

techniques for attaining the desirable surface characteristics. [9, 10] 
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Recently, a compound spinneret composed of two coaxial capillaries was developed for 

simultaneously co-electrospinning two distinctly different polymer solutions into core-

shell fibers.[11-13] This coaxial electrospinning technique has the potential of producing 

highly porous and fibrous scaffolds with tailored surface properties by co-processing two 

materials through a facile one-step procedure.[14] The ability of co-electrospinning 

technique to produce fibers in core-shell morphology has enabled the researchers to 

exploit the mechanical stability of synthetic polymers as well as biocompatibility of 

natural polymers to develop structurally stable porous scaffolds with tuned surface 

characteristics. Various ECM proteins (gelatin, collagen) in combination with synthetic 

polymers (PCL, PLLA, PLGA) have been successfully co-electrospun to develop core-

shell nanofibers in numerous researches. [12, 15, 16]. 

In this chapter, co-electrospinning nanofabrication technique was employed for 

fabrication of PG nanofibrous membranes and to characterize such membranes as ideal 

wound dressings. Biodegradable core-shell fibrous scaffolds (PG), with PCL forming the 

core of the fibers and gelatin being deposited on the surface of the PCL fibers, were 

prepared by coaxial electrospinning. PCL was used as the model material to form the core 

structure of the fibers because of its good mechanical properties and low biodegradability. 

[17] Gelatin was selected as the model material for deposition on the PCL fibers to form 

the shell structure because gelatin is well known to promote cell adhesion and 

proliferation, as it is an ECM component [18-22]. Also considering the application as 

wound dressing, gelatin in nanofibrous form is known to reduce inflammatory levels by 

coaxing macrophages towards an anti-inflammatory phenotype [23]. Also, gelatin is 

proven to have chemotactic effect on migratory fibroblasts [24].  
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These fabricated PG nanofibrous dressings were extensively characterized for their 

application as wound dressing. Compared to monofilament PCL or gelatin nanofibrous 

dressings, our PG nanofibrous dressings were superior and were coupled with the benefits 

of both PCL and gelatin monofilament nanofibrous dressings, which individually lacked 

in some or other aspect.  

3.2 Materials and method 

3.2.1 Co-axial electrospinning of PG nanofibrous patches 

Coaxial needle which consists of two stainless steel needles placed concentrically one 

inside the other (Inner needle 20G and outer needle 14G) was employed for the co- 

electrospinning process (Figure 3-1a, b). 7% w/v PCL (Mn 80000, Sigma Aldrich 

Corporation, USA) and 8% w/v Gelatin type A (Sigma Aldrich Corporation, USA) in 

2,2,2 Trifluoroethanol (TFE, 99.5% pure, FUJIFILM Wako Pure Chemical Corporation, 

Osaka, Japan) were chosen as core and shell materials, respectively. Electrospinning was 

done at an applied voltage of 15kV using a high voltage amplifier (Seiko Co. LTD., 

Tokyo, Japan) using a horizontal setup (Figure 3-1c). The two polymers were fed 

individually using two programmable syringe pumps (YMC Co., LTD. Tokyo, Japan) at 

a feed rate of 0.4 ml/h for PCL and 0.6 ml/h for Gelatin, respectively. The fibers were 

collected on metallic collector placed 12 cm from needle tip. The fibers were removed 

from collector, air-dried for 24 h and were cut into circular discs. Monofilament PCL and 

gelatin nanofibers were also electrospun for comparison. 



38 
 

 

Figure 3-1. Coaxial electrospinning setup.  (A) Custom design coaxial needle. Side 

view. (B) Cross-section view. (C) Horizontal electrospinning setup used in our research. 

3.2.2 Crosslinking of PG nanofibrous mats 

The crosslinking process was carried out by placing the scaffolds in a sealed desiccator 

containing a glutaraldehyde solution (25% w/v, Wako chemicals, Tokyo, Japan). The 

nanofibrous membranes were crosslinked in the glutaraldehyde vapor at room 

temperature for 1 h. [25] 

3.2.3 Physico-chemical characterization 

Morphology of nanofibers were observed using scanning electron microscopy (SEM, 

Hitachi SU3500) at an accelerating voltage of 15 kV. SEM images were utilized for 

measuring nanofiber diameter distribution, using an image analysis software (ImageJ, 

NIH, Bethesda, MD, USA).  

The core-shell structure of the electrospun PG nanofibers was examined by transmission 

electron microscopy (TEM, JEOL JEM-2100). For TEM observation, fibers were directly 

deposited on copper grids and vacuum dried for 48 h before observation. 
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The PG nanofibers were also characterized using attenuated total reflectance Fourier 

transform infrared (ATR-FTIR) spectroscopy (JASCO FT/IR 620, Tokyo, Japan) over a 

range of 400-4000 cm-1. 

The strength of the PG nanofibers was tested on a tensile and compression testing 

machine (LTS-50N-S100, Minebea Co., LTD. Nagano, Japan) at a rate of 10 mm/min. 

The samples were cut following the ASTM D3039 standard and the experiments were 

performed in triplicates. 

The swelling behaviour of PG nanofibers was studied in PBS (pH 7.4). For this study, 

dry nanofibers were accurately weighed (W0), immersed in PBS and incubated at 37 ℃. 

At defined time intervals, the nanofibers were withdrawn from the solution and weighed 

(Wt). The increase in the weight of the nanofibers was measured until saturation was 

reached. The percentage swelling of the nanofibers was calculated using the following 

equation:  

Percentage swelling = [(Wt -W0)/W0] *100 

where, W0 and Wt represent the dry and the wet weights of the nanofibers, respectively. 

For degradation analysis, PG nanofiber samples (n=3) were immersed in PBS of pH 7.4 

at 37 ℃ under mild stirring and weighed at 7- and 14-days post immersion. The samples 

were freeze-dried for 24 h before weighing. Degradations of pure PCL and pure gelatin 

nanofibers were also compared. 

Surface wettability of nanofibers were evaluated by calculating water contact angle at 

room temperature using Drop Shape Analyzer (DSA 100 KRUSS). WVTR values of the 
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nanofibers were determined according to ASTM E96-95 standard, which measures the 

weight lost to water vapor transfer. 

3.2.4 In-vitro evaluation 

Mouse fibroblast cell line L929 from Riken cell bank (Tsukuba, Japan) were cultured in 

DMEM supplemented with 10% FBS and antibiotics at 37 ℃ under a humidified 

atmosphere (5% CO2, 95% air). Passages 2–10 were used for the following experiments 

and cell culture media was changed every other day. Cells were seeded at density of 5000 

cells/cm2 on three nanofiber samples (PG, Gel and PCL). 

Cell adhesion and cytotoxic effects of three scaffolds (PG, Gel and PCL) were observed 

using cell staining after 48 h of seeding.  Cells were stained with Calcein-AM, a highly 

lipophilic dye; that can interact with cytosolic esterase in viable cells and produce green 

fluorescence. The cell proliferation was monitored after 1, 3, and 5 days by MTT assay. 

The mechanism behind this assay is the metabolic reduction of 3-(4,5-dimethylthiozol-2-

yl)-2, 5-diphenyltetrazo-lium bromide (MTT) by viable cells. 

To evaluate the cytoskeleton organization of the cells on the nanofiber samples, double 

staining was performed. After 5 days of cell seeding, cells on each of the nanofiber 

samples were fixed with 4% paraformaldehyde in PBS and permeabilized with 0.1% 

Triton X-100 in PBS for 15 min.  Thereafter samples were washed with PBS twice and 

were incubated with actin green 488 reagent (Thermo Fisher, Yokohama, Japan) for 30 

min. After 30 min of incubation, samples were washed with PBS twice and were 

incubated with diamidino-2-phenylindole (DAPI) (Thermo Fisher, Yokohama, Japan) for 

2 min. followed by PBS wash. Washed samples were then suspended in PBS for 

observation under fluorescent microscope (Olympus IX2-SP, Tokyo, Japan). 
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3.2.5 Statistical analysis 

Results are presented as mean ± standard deviation. The difference between the two 

groups was evaluated using a two-tailed Student’s t-test. *p<0.05 was considered as 

significant; **p<0.01 was considered highly significant. 

3.3 Results and discussion 

3.3.1 Evaluation of morphology 

3.3.1.1 Effect of polymer concentration on nanofiber morphology and core-shell 

structure 

With our optimized parameters, we were able to obtain bead-free uniform fibers. The 

SEM image (Figure 3-2; SEM panel) shows the morphology of fibers obtained using 

different concentrations of core and shell polymer. As evidenced from the SEM 

micrograph (Figure 3-2; SEM panel), an increase in polymer concentration of either the 

core or shell resulted in production of fibers in the micrometer range. However, when 

concentrations of both polymers were reduced (7% PCL and 8% gelatin; Figure 3-2; SEM 

panel), we were able to obtain bead free fibers in the nanometer range.  

The TEM image (Figure 3-2; TEM panel) clearly indicates the formation of the core-shell 

structure irrespective of polymer concentration, with the dark component inside the 

composite being a structural support of PCL. Such a structure resembles a “coating” of 

gelatin onto individual PCL nanofibers. 
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Figure 3-2: SEM and TEM micrograph of PCL/gelatin co-spun nanofabrics 

corresponding to different concentration of PCL and gelatin. (a) 10% PCL and 10% 

gelatin; (b) 10% gelatin and 8 % PCL; (c) 8% gelatin and 7% PCL. Feed rate used 0.6 

ml/hr. for gelatin, 0.4 ml/hr. for PCL. Scale bars: SEM-30 µm; TEM-1µm. 

3.3.1.2 Comparison with monofilament PCL and gelatin nanofibers 

With our optimized parameters, we were able to obtain bead free uniform fibers. The 

SEM image shows the fiber morphology of co-spun nanofibers shown in figure 3-3a, 

clearly depicted that the fiber structure and arrangement of PG nanofibers looked similar 

to its counterpart monofilament gelatin and PCL nanofibers produced using conventional 

electrospinning technique. Also, nanofibers produced using both conventional and 
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coaxial techniques show a normal distribution and average diameters of about 370 nm 

(Figure 3-3b). 

 

Figure 3-3: SEM micrograph of PG, gelatin and PCL nanofibers. (a) Showing 

structural similarity of PG nanofibers with their counterpart monofilament Gelatin and 

PCL nanofibers; (b) Diameter distribution. 

3.3.2 Physico-chemical characterization 

The FTIR and tensile tests for PG nanofibers are shown in Figure 3-4. The characteristic 

peak that are solely isolated to gelatin are described as: 3443 cm-1 (N-H stretching of 

amide bonds), 1640 cm-1 (C-O stretching) and 1543 cm-1 (N-H bending). For PCL, the 

characteristic peaks solely isolated to PCL are described as: 1740 cm-1 (C=O stretching), 

1240 cm-1 (C-O-C stretching). The peaks that are common to both PCL and gelatin are 

described as: 2949 cm-1 (asymmetric CH2 stretching) and 2865 cm-1 (symmetric CH2 

stretching) [26]. These peaks were analyzed to confirm the presence of both polymers. 

Presence of all above characteristics peak in FTIR spectrum of PG nanofibers before 
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washing gelatin shell confirms presence of both PCL and gelatin in the electrospun 

nanofabrics (Figure 3-4). Moreover, no peak shifts were observed in the spectra of PG 

nanofibers indicating no interactions between core and shell polymers. Also, the spectrum 

looked more dominated by gelatin characteristic peaks showing intense magnitude. 

However, when gelatin shell was removed, the spectrum showed increment in magnitude 

in the peaks solely isolated to PCL (1240 cm-1, 1727 cm-1). Alterations in peak intensities 

for PCL before and after washing can be another probable confirmation of core-shell 

structure. 

 

Figure 3-4: FTIR spectrum of Gelatin, PCL and PG nanofibers. 

Mechanical properties of PG nanofibers are shown in Figure 3-5 (a, b). An improvement 

in mechanical properties can be observed (Strain at fracture 45%, Ultimate Yield Strength 

5 MPa) compared to monofilament gelatin nanofibers which were inferior in terms of 

mechanical properties 
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Figure 3-5: Mechanical properties of PG nanofibers compared to their counterpart 

monofilament gelatin and PCL nanofibers. 

This effect of improvement in mechanical properties are further demonstrated in Figure 

3-6, which clearly shows that PG nanofibers were more elastic and can retain their 

structure which makes their handling easier which ensures their easy application at wound 

bed compared to their gelatin counterparts. 
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Figure 3-6: PG nanofibers shows good mechanical properties (a) and can maintain their 

structure post swelling (b). In comparison gelatin nanofibers were fragile and cannot 

maintain their structure post swelling which makes their handling difficult. 

Swelling behaviour of PG nanofibers are shown in Figure 3-7a. Good swelling ability is 

essential for wound dressings to absorb wound exudates upon application [27]. In terms 

of swelling behaviour PG nanofibers were comparable to their counterpart monofilament 

gelatin nanofibers and shows good swelling abilities. In contrary PCL nanofibers were 

inferior and lacks when it comes to swelling ability. Additionally, in terms of degradation 

rate, improvements can be observed (Figure 3-7b). PG nanofibers shows negligible 

weight loss (14-18%) till 14 days and were comparable to PCL nanofibers in terms of 

their degradability. On the other hand, gelatin nanofibers show high degradation with 70-
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80% weight loss within 14 days. Overall, PG nanofibers were ideal in terms of mechanical 

properties, swelling abilities and degradability and were coupled with the benefits of both 

PCL and gelatin monofilament counterparts, which were inferior in some or other context. 

Figure 3-7: Swelling and degradation analysis of PG nanofibers compared to their 

monofilament counterparts. (a) Swelling ability; (b) Degradation 

WVTR and surface wettability of PG nanofiber are shown in Figure 3-8a and b. Ideal 

WVTR value of dressing should be between 2000-2500 g/m2/day in order to prevent the 

dehydration and accumulation of extra exudates [28]. PG nanofibers shows WVTR value 

in the range 2467±243 g/m2/day (Figure 3-8a) revealing that the produced scaffolds were 

ideal wound dressings in terms of their WVTR values. The WVTR values of 

monofilament PCL and gelatin nanofibers were also in ideal range (Gelatin: 2657±509 

g/m2/day and PCL: 2500±300 g/m2/day). Contact angle measurements for nanofiber 

samples are shown in Figure 3-8b. In terms of surface wettability PG and gelatin 

nanofibers demonstrated outstanding hydrophilicity with no significant difference in 

contact angle measurement (PG: 20 ± 6º, Gel: 19.72 ± 2º) indicating their suitability as 

wound dressings. In contrast PCL monofilament nanofibers were poor in terms of surface 

wettability (PCL: 95 ± 3º). 
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Figure 3-8: WVTR and surface wettability of PG nanofibers compared to their 

monofilament Gelatin and PCL counterparts. (a) WVTR; (b) Contact angle 

measurement. 
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3.3.3 Biocompatibility evaluation of PG nanofibers 

Figure 3-9 shows calcein-AM staining of adhered cells. Cells adhered to each of the 

nanofiber samples. All the samples exhibited strong green florescence, indicating good 

live cell density on each scaffold, indicating no cytotoxicity of fabricated nanofabrics. 

 

Figure 3-9. Calcein-AM staining of different nanofiber samples. (A) PCL, (B) Gelatin 

and (C) PG. Scale bars 100 µm. 

Figure 3-10 shows the growth of cells on the three nanofiber samples. Cells proliferated 

in each scaffold till day 5 as seen from WST-8 data of cell proliferation. PG and gelatin 

nanofibers showed no significant difference in cell growth. However, the growth of cells 

on PCL nanofabrics was slower. This could be due to lack of integrin binding sites in 

PCL nanofabrics. 
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Figure 3-10: WST-8 cell proliferation assay. *p<0.05 

The results of cytoskeleton staining are shown in figure 3-11. As seen from figure 11, 

cells cultured on monofilament PCL nanofibers showed least spreading morphology. The 

spreading was significant higher on monofilament gelatin nanofibers and highest on PG 

nanofibers, indicating that PG nanofibers were superior in promoting proper cell growth 

and spreading compared to monofilament PCL or gelatin nanofibers. The reason for this 

superiority of PG nanofabrics over monofilament counterparts is their closeness to skin 

in terms of mechanical characteristics (Tensile strain: 48%, close to skin elasticity which 

ranges from 50-75%) as well as ECM mimicking nature. In contrast, though gelatin 

nanofabrics were ECM mimicking, they showed fragile nature which ensures a mismatch 

with skin mechanical properties. On the other hand, though PCL nanofabrics showed 

good mechanical characteristics, they lack integrin binding sites. 

* 

** 
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Figure 3-11: Cytoskeleton arrangement of cells cultured on different nanofiber 

samples. (a) Actin/DAPI staining showing cytoskeleton arrangement; (b) Actin area. 

*p<0.05; **p<0.01. Scale bars: 200 µm. 
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3.5 Discussion 

Tissue engineering aims to develop scaffolds which mimics the in vivo environment 

structurally as well as functionally to promote good cell-scaffold interaction [29]. 

Because of which electrospinning technique has been widely used by researchers to 

develop scaffolds due to structural integrity between native ECM and electrospun 

scaffolds [30, 31]. The effectiveness of nanofibrous structure in promoting cell growth 

has been demonstrated by numerous researchers. Various natural ECM proteins have 

been successfully electrospun to nanofibrous structure to promote bioactivity as well as 

functionality, however electrospun natural polymeric scaffolds often possess poor 

mechanical properties that limits their capability to be used as scaffolds. Electrospun 

synthetic polymers though possess tuned mechanical characteristics, often lacks 

bioactivity. Incorporation of both mechanical as well as bioactivity to scaffolds is difficult 

to achieve using electrospinning technique.  Because of which, hybridisation techniques 

like co-electrospinning plays an important role wherein both the characteristics can be 

incorporated onto the scaffolds through a simple one step procedure.  

Numerous researches have shown the effectiveness of co-electrospinning in incorporating 

bioactivity as well as structural stability to the scaffolds. Zhang et al. demonstrated the 

effectiveness of PCL/collagen co-spun scaffolds over surface modified scaffolds. [32] 

Also Merkle et al. demonstrated the efficiency of this technique to develop tissue 

engineered artificial blood vessel over blend polymeric scaffolds. [33] 

Our objective was to employ co-electrospinning technique, owing to its advantage over 

other scaffold fabrication technique and to evaluate the effectiveness of these co-axial 

electrospun nanofibrous membranes as ideal wound dressings. The first and foremost 
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important pre-requisite of an ideal dressing is its balance between biocompatibility and 

mechanical properties. As reported previously [34], elasticity of 50-75% is ideal to mimic 

the mechanical properties of native skin and to promote proper migration of fibroblasts, 

that are principle cells in skin regeneration. By employing co-axial electrospinning 

technique, we were able to obtain nanofibrous membranes that showed elasticity close to 

this value (Tensile strain: 48%), without compromising with its ECM mimicking nature 

due to presence of ECM component, gelatin, on its surface. These nanometre range 

gelatin coated PCL nanofibrils can closely mimic skin structurally as well as in terms of 

its mechanical properties [35]. 

Apart from having good mechanical properties, an ideal dressing should also have 

excellent surface wettability as well as ideal WVTR values. This ensures proper cell 

migration as well as prevents the dehydration and accumulation of extra exudates at 

wound site. Our PG nanofibrous membranes showed excellent surface wettability as well 

as ideal WVTR [28] values that ensures their suitability to be employed as wound 

dressings. 

Lastly, dressings should not have any cytotoxic response as well as should support proper 

cellular growth. Our PG nanofabrics were not cytotoxic to the cultured fibroblast and 

supported proper cellular growth and spreading, ensuring that the nanofabrics showed 

suitability in terms of this parameter. Overall, our PG nanofabrics were endowed with all 

the capabilities of ideal wound dressings.  

3.6 Conclusion 

PG nanofibrous scaffolds with improved biochemical as well as mechanical properties 

was fabricated in our research. The scaffold possesses good mechanical strength as well 
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as promoted proper cell growth and spreading compared to monofilament nanofibrous 

scaffolds fabricated using traditional techniques. Also, the fabricated nanofabrics showed 

outstanding surface wettability and ideal WVTR values. Owing to these characteristics, 

such fabricated nanofabrics can show tremendous application to be applied as wound 

dressings. 
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Chapter 4 

 Inclusion of heparin to PG nanofabrics and evaluation of 

their exogenous and endogenous growth factors sequestration 

ability 

4.1 Introduction 

GFs based therapeutics has been the most researched among all protein-based 

therapeutics. Especially when it comes to wound healing applications, GFs have been the 

most researched proteins owing to their involvement in all phases of healing. Among 

most available biomaterial-based approach in delivering GFs, functionalization or 

inclusion of a biomaterial with heparin is the most widely used technique, due to ability 

of heparin in interacting with several GFs via electrostatic interactions [1-4]. Heparin has 

strong affinity for numerous GFs; importantly for pro-regenerative GFs, VEGF and 

PDGF; the concentration of which drastically increases at the site of injury [5-7]. Also 

though heparin is unlikely to form a matrix on its own, it can be covalently conjugated as 

functional cues in a 3-D ECM mimicking scaffold to sequester these locally produced 

GFs (Scheme 1), thanks to its structural and functional similarity with heparan sulphate, 

which is the primary GAG molecule in the mammalian cell matrices that stabilizes and 

empower several endogenous GFs [8-10]. 
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Scheme 4-1. Mechanism showing heparin conjugation to ECM via amide bond 

formation. The negatively charged heparin molecule can then interact with several GFs 

via electrostatic forces. 

Though heparin has been widely incorporated as a GF sequestering moiety in tissue 

engineering scaffolds, to sequester and release a range of GFs and has been well reported 

in numerous researches, none of the researches conducted so far has demonstrated the 

efficacy of heparin conjugated biomaterials to sequester locally produced endogenous 

GFs at injury site and utilize the endogenous GFs power for obtaining regeneration with 

minimum dependency on exogenous proteins that have concerns related to safety and 

efficacy. Therefore, in this chapter, an attempt has been made to evaluate the ability of 

PG nanofabrics fabricated in previous chapter in sequestering GFs from exogenous and 

endogenous sources through functionalization with heparin. PG nanofabrics 

functionalized with heparin via EDC/NHS coupling, called as Hep-PG, were extensively 

evaluated for their exogenous and endogenous GFs activity. From our results, our 

fabricated Hep-PG nanofabrics showed tremendous potential in sequestering GFs from 

both exogenous and endogenous sources. 
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4.2 Materials and method 

4.2.1 Fabrication of nanofabrics 

Coaxial needle which consists of two stainless steel needles placed concentrically one 

inside the other (Inner needle 20G and outer needle 14G) was employed for the co- 

electrospinning process. 7% w/v PCL (Mn 80000, Sigma Aldrich Corporation, USA) and 

8% w/v Gelatin type A (Sigma Aldrich Corporation, USA) in 2,2,2 Trifluoroethanol (TFE, 

99.5% pure, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) were chosen as 

core and shell materials, respectively. Electrospinning was done at an applied voltage of 

15kV using a high voltage amplifier (Seiko Co. LTD., Tokyo, Japan). The two polymers 

were fed individually using two programmable syringe pumps (YMC Co., LTD. Tokyo, 

Japan) at a feed rate of 0.4 ml/h for PCL and 0.6 ml/h for Gelatin, respectively. The fibers 

were collected on metallic collector placed 12 cm from needle tip. The fibers were 

removed from collector, air-dried for 24 h and were cut into circular discs. These discs 

were then immobilized with heparin and were evaluated for their exogenous and 

endogenous GFs sequestration ability. 

4.2.2 Heparin immobilization and quantification 

Heparin was conjugated to PG scaffolds using the procedure below [11, 12]. PG 

nanofibers were soaked in activated solution of heparin sodium (1 mg/ml; FUJIFILM 

Wako Pure Chemical Corporation, Osaka, Japan) containing 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC; 1 mg/ml; FUJIFILM Wako Pure Chemical 

Corporation, Osaka, Japan) and N-Hydroxy succinimide (NHS; 0.6 mg/ml; FUJIFILM 

Wako Pure Chemical Corporation, Osaka, Japan) in 0.05 M MES buffer (800 µl/sample). 

Nanofibers without heparin conjugation (PG) and conjugated to heparin without use of 

EDC/NHS (Hep-PG-E) were taken as control. The conjugation reaction was carried out 
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for 2 h at room temperature under mild stirring. After 2 h, the supernatants were collected, 

and immobilized density was calculated using TB assay by evaluating the unreacted 

heparin in the supernatant using a previously generated standard curve. Samples were 

also stained using TB to obtain a visual confirmation [13,14]. 

4.2.3 Evaluation of exogenous and endogenous sequestering capability of Hep-PG 

nanofibers 

To evaluate the exogenous GF sequestering capability of Hep-PG nanofibers, bFGF was 

taken as a representative example. For the immobilization of bFGF (Recombinant human 

bFGF; R&D Systems; USA), Hep-PG nanofibers were equilibrated in PBS overnight at 

4 ℃. All scaffolds were then blocked with 1% bovine serum albumin in PBS solution for 

1h to minimize the passive adsorption of bFGF. Blocked membranes were then treated 

with different concentration of bFGF (10 ng/ml, 50 ng/ml in PBS; 200 µl/scaffold) for 3 

h at 4 ℃. Post 3 h treatment, the supernatants were collected and the sequestered bFGF 

was calculated by assaying the amount of unbounded bFGF in the supernatant using the 

bFGF ELISA kit (R&D Systems; USA) following the manufacturer’s protocol [15, 16]. 

Non heparin functionalized membranes (PG) were taken as control for comparison.  

To evaluate the endogenous GFs sequestering capability of Hep-PG nanofibers, nanofiber 

discs were directly placed at the wound site for 3 days (n=4). Non heparin functionalized 

membranes (PG) were taken as control for comparison. Post 3 days, nanofibers were 

recovered from the wound site, washed gently using PBS 3 times and were soaked in 

collagenase solution (1 mg/ml; FUJIFILM Wako Pure Chemical Corporation, Osaka, 

Japan) for 3 h at 37 ℃ to completely degrade the gelatin. Post 3 h incubation at 37 ℃, 

the supernatant post degradation was collected and amount of one of the pro-regenerative 
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endogenous GF, VEGF, in the supernatant was checked using VEGF ELISA (R&D 

Systems; USA) following manufacturer’s protocol. 

4.2.4 In vitro cell culture study 

4.2.4.1 Preparation of electrospun scaffolds 

For cell culture studies, nanofibers were electrospun onto glass cover slips (13 mm 

diameter), that can completely cover the base of 24-well plate using the above-mentioned 

electrospinning parameters. The coverslips were air-dried for 24 h in fume-hood and were 

crosslinked for 1 h in desiccator. The crosslinked membranes (PG) were further air dried 

for 24 h and were then conjugated to heparin.  Heparin conjugated nanofibers (Hep-PG) 

were then sterilized using subsequent washings with 70% ethanol and PBS. These 

sterilized membranes were then treated with a solution of bFGF for 3 h at 4 ℃ (100 ng/ml, 

50 ng/ml). Post 3 h of treatment, membranes were washed with PBS to remove physically 

adsorbed bFGF. Hep-PG nanofibers without bFGF treatment were also prepared as 

control groups. 

4.2.4.2 Cell culture 

Mouse fibroblast cell line L929 from Riken cell bank (Tsukuba, Japan) was cultured in 

DMEM supplemented with 10% FBS and antibiotics (1% Penicillin/Streptomycin) at 

37 ℃ under a humidified atmosphere of 5% CO2/95% air [17]. Cells at passages 2-10 

were used for this experiment. Cells were seeded on nanofiber samples with and without 

bFGF treatment. Cells were cultured for five days in media containing 5% FBS to analyze 

the effect of sequestered bFGF on cell growth.   
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4.2.4.3 Cell viability and cytoskeleton arrangement 

To analyze the live/ dead cell density on nanofibrous membranes, cells at 2 and 4 days of 

culture were stained using Calcein-Am (Thermo Fisher Scientific; USA)/ Propidium 

Iodide (PI, Thermo Fisher Scientific; USA) double staining [18]. Stained samples were 

observed using fluorescence microscope (Olympus IX 73). For cytoskeleton staining, 

cells at Day 5 of culture were fixed using 10% formalin for 30 min. Fixed samples were 

blocked using 1% BSA solution and were double-stained for actin using Alexa Fluor 594 

Phalloidin (Thermo Fischer Scientific, USA) for 30 min, and for nuclei using 4′,6-

diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific, USA) for 5 min. The stained 

samples were then observed using a confocal laser microscope (TCS SP8; Leica 

Microsystems, Wetzlar, Germany). 

4.2.5 Statistical analysis 

Results are presented as mean ± standard deviation. The difference between the two 

groups was evaluated using a two-tailed Student’s t-test. *p<0.05 was considered as 

significant; **p<0.01 was considered highly significant. 

4.3 Results and discussion 

4.3.1 Fabrication of wound dressings 

Figure 4-1a shows the nanofiber sheet withdrawn from collector. The collected nanofiber 

sheet was air-dried for 24h and were then cut into circular discs of 10mm diameter. These 

discs were then immobilized with heparin to get the final heparin immobilized wound 

dressings (Figure 4-1b). 
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Figure 4-1: (a) Nanofiber sheet removed from metallic collector; (b) Punched heparin 

functionalized nanofiber discs. 

4.3.2 Evaluation of heparin functionalization 

The results of TB staining and quantification analysis is shown in Figure 9 (a, b, c). It can 

be clearly seen from TB staining (Figure 4-2) that under conjugation in presence of 

EDC/NHS, the scaffolds were completely stained with TB whereas scaffolds conjugated 

without EDC/NHS (Hep-PG-E) showed almost negligible staining, comparable to the 

nanofibers with no heparin coupling (PG).  
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Figure 4-2. Toluidine blue staining for visual observation of heparin coupling. PG 

represents PCL/gelatin co-spun nanofibers with no heparin conjugation, He-PG-E 

represents PCL/gelatin co-spun nanofibers wherein heparin conjugation was carried 

without EDC/NHS and Hep-PG represents PCL/gelatin co-spun nanofibers with 

EDC/NHS mediated heparin coupling. 

The results of quantification are listed in Figure 4-3. Significant higher amount of heparin 

was conjugated in presence of EDC/NHS (Figure 4-3a; **p<0.01; 250 µg/cm2) with a 

conjugation efficiency of 50% (Figure 4-3b). In comparison, amount of conjugated 

heparin without EDC/NHS was low (80 µg/cm2, Figure 4-3a) with efficiency as low as 

17% (Figure 4-3b). 
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Figure 4-3. Quantification of immobilized heparin. (a) Conjugated amount; (b) 

Conjugation efficiency. **p<0.01. 

Further coupling of heparin to PG nanofabrics was also evaluated through FTIR analysis. 

FTIR spectrum of PG and Hep-PG nanofibers is shown in Figure 4-4. The characteristic 

peak that are associated to gelatin are described as: 3443 cm-1 (N-H stretching of amide 

bonds), 1640 cm-1 (C-O stretching) and 1543 cm-1 (N-H bending). Similarly, the 

characteristic peaks associated to PCL are described as: 1740 cm-1 (C=O stretching), 1240 

cm-1 (C-O-C stretching), 1160 cm-1 (symmetric C–O–C stretching). The peaks that are 

common to both PCL and gelatin are described as: 2949 cm-1 (asymmetric CH2 

stretching) and 2865 cm-1 (symmetric CH2 stretching). Presence of all above 

characteristics peak in FTIR spectrum of PG confirms presence of both PCL and gelatin 

in the electrospun nanofabrics (Figure 4-4). Additionally, when functionalization with 

heparin was achieved (Hep-PG), the peaks at 1240 cm-1 and 1160 cm-1 (peaks highlighted 

in green, Figure 4-4) showed increment in magnitude. These peaks were associated to 

asymmetric and symmetric stretching vibrations of the O=S=O group in the heparin, 

which confirms the heparin coupling. 
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Figure 4-4: FTIR spectrum of PG and Hep-PG nanofabrics. Alterations in peak 

associated to heparin confirms heparin coupling. 

Further the contribution of physical adsorption and chemical conjugated amount in Hep-

PG nanofabrics was evaluated. To evaluate the contribution of physically adsorbed 

heparin, the release profile of heparin from Hep-PG (nanofibers with covalently 

conjugated heparin) and Hep-PG-E (nanofibers with physically adsorbed heparin) was 

performed. The results are illustrated in figure 4-5. Complete removal of heparin was 

observed from nanofibers within 48 h when there was no covalent conjugation, indicating 

that physically adsorbed heparin was completely removed within 48 h. In case of Hep-

PG nanofibers, it was 5-6% heparin that was released within 48 h, with no further release 

indicating that covalent conjugation of heparin is indispensable to prevent loss of heparin 
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from dressings. Preventing loss of heparin from dressings is essential as, firstly, heparin 

should be retained as it is responsible for sequestration of GFs from endogenous source. 

Secondly, controlled release is important as excess heparin released on wound bed may 

interfere with clotting cascade. Simply adding heparin to the electrospun nanofabrics or 

by adding it to the spinning solution may risk in burst release profile. Hence, we 

conjugated heparin covalently to ensure there is minimum release of heparin from our 

nanofabrics. 

 

Figure 4-5: Release profile of heparin from nanofibers under different condition of 

immobilization. Hep-PG represents nanofibers with covalently conjugated heparin; 

Hep-PG-E represent nanofibers with physically adsorbed heparin. 

4.3.3 Evaluation of exogenous bFGF sequestration ability of Hep-PG nanofibers 

Ability of Hep-PG nanofibers to sequester exogenous bFGF is shown in Figure 4-6 (a, b). 

As seen from Figure 4-6a, when nanofibers were functionalized with heparin (Hep-PG), 

significant higher amount of bFGF was immobilized (approximately 2 ng/cm2 when 

added amount was 10 ng/ml and approximately 6 ng/cm2 when added amount was 50 

ng/ml; **p<0.01) compared to control groups with no heparin functionalization (PG; 

approximately 0.6 ng/cm2 when added amount was 10 ng/ml and approximately 2 ng/cm2 
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when added amount was 50 ng/ml). An estimated 82% of the bFGF was incorporated into 

the heparinized nanofibrous membranes (Hep-PG; Figure 4-6b) and the corresponding 

degree of incorporation was as low as 30% under non-heparinized condition (PG; Figure 

4-6b). These results clearly indicate the effectiveness of heparin molecules to sequester 

exogenous GFs with high efficiency. Since through functionalization with heparin, we 

can achieve high efficiency to load exogenous bFGF into our dressings, we believe these 

loaded GFs based on heparin can be released in a controlled manner once a dressing is 

applied at the wound site, as heparin based delivery have been well proven to be sustained 

and controlled. 

 

Figure 4-6: Exogenous bFGF sequestration capability of Hep-PG nanofibers. (a) 

Density of immobilized bFGF; (b) Efficiency of immobilized bFGF. **P<0.01. 

4.3.3 Evaluation of endogenous pro-regenerative GF sequestration ability of Hep-

PG nanofibers 

The endogenous GF sequestering capability of Hep-PG nanofibers is shown in Figure 4-

7a. Compared to non-heparin functionalized membranes (PG), Hep-PG nanofibers can 

sequester 15-fold higher amount of endogenous VEGF indicating the efficiency of 

heparin molecules in sequestering endogenous pro-regenerative GFs. It is to be noted that 
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even with preloaded bFGF, the sequestration trend of endogenous VEGF was similar and 

showed no significant difference (Figure 4-7b), indicating that exogenous loading of 

bFGF does not affect the endogenous sequestration ability of Hep-PG nanofibers. At this 

stage, we demonstrated availability of heparin to sequester GFs from endogenous source. 

Such sequestration is very important, as GFs released at wound sites often undergo early 

degradation due to protease rich environment. By employing our fabricated dressings, 

these GFs can be sequestered in earlier stages of healing and can be utilized at later stages 

of healing, which would have otherwise undergone degradation. This is what previous 

researches have failed to demonstrate and have utilized GFs only from exogenous sources. 

We believe our findings can be valuable in the field of wound care and management, 

towards utilizing power of endogenous GFs and reducing the dependency on exogenous 

protein that suffer from concerns related to safety and efficacy. 

 

Figure 4-7: Endogenous pro-regenerative GFs sequestration capability of Hep-PG 

nanofibers demonstrated by using VEGF as a representative example. (a) Sequestration 

of endogenous VEGF by Hep-PG nanofibers; (b) Sequestration of endogenous VEGF 

with pre-immobilized exogenous VEGF. 
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4.3.4 In-vitro evaluation by culturing L929 fibroblast cells 

Hep-PG nanofibers can stabilize GFs by sequestering them. To confirm this phenomenon, 

difference in cellular behaviour were observed by culturing cells (L-929 mouse 

fibroblast) on Hep-PG nanofibers with and without bFGF treatment, by assaying the cell 

viability and cytoskeleton arrangement of cells. When Hep-PG nanofibers were treated 

with solution of bFGF (50 ng/ml, 100 ng/ml), they can maintain higher viability of 

cultured fibroblast, compared to Hep-PG nanofibers that were not treated with bFGF 

solution (Figure 4-8). 

 

Figure 4-8: Calcein-AM/PI staining of L929 cells cultured on Hep-PG nanofibers 

treated with different concentration of exogenous bFGF. Green: Live cells; Red: Dead 

cells. Scale bars: 200 µm. 

To further confirm this effect, the cytoskeleton arrangement of cells was observed on 

Hep-PG nanofibers with and without bFGF treatment. Clear differences in cellular 

morphology can be seen (Figure 4-9a) with significant higher cell spreading on 

membranes treated with bFGF (Figure 4-9b). This data confirms their ability to not only 
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sequester bFGF with high efficiency, but also in stabilizing the activity of bFGF by this 

mechanism. 

 

Figure 4-9: Cytoskeleton arrangement of L929 cells cultured on Hep-PG nanofibers 

immobilized with different concentration of bFGF. (a) Actin/DAPI stained L929 cells; 

(b) Actin area plot. **p<0.01. 
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4.4 Discussion 

Wound dressings that can stimulate proper tissue regeneration are highly demanded. Over 

the years, numerous researches have been conducted to fabricate ideal dressings that can 

promote effective tissue regeneration. Nevertheless, few current biomaterials scaffolds 

could recapitulate the prominent feature of ECM, to sequester and release GFs which are 

key meditators in tissue regeneration. It emerges as a pressing need to device a scaffold 

that can mimic ECM in sequestering the endogenous, pro-regenerative GFs around the 

site of injury and thereby create a suitable niche to facilitate endogenously driven tissue 

regeneration.   

To achieve such target, we considered three parameters that we believe can be considered 

prerequisite for fabrication of an ideal dressing. Firstly, to have minimum inflammatory 

response post transplantation and to facilitate proper cellular migration during the 

application, the dressing should closely mimic the structure of ECM. Skin is mostly 

composed of collagen, which have fibril like structure ranging up to few 100 of 

nanometers [19]. To mimic such structure, nanofibrous dressings were fabricated. Further, 

to ensure closeness to skin ECM along with proper mechanical properties to allow ease 

of handling, co-axial electrospinning technique was adopted for dressing fabrication 

wherein gelatin coated PCL nanofibrous patches with fiber diameter ranging few 100 of 

nanometers were fabricated. We chose PCL as core component due to its good 

mechanical properties whereas gelatin was chosen as shell component, to ensure the 

dressings closely mimic skin ECM, as gelatin is a derivative of collagen. Moreover, 

gelatin is cost effective and available in abundant compared to collagen. Apart from ECM 

mimicking nature, our fabricated PG nanofabrics showed excellent mechanical properties 
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and ideal wettability and WVTR values. All these properties make it effective to be 

employed as wound dressing as a first prerequisite.  

Secondly, the dressings should have the capability to stabilize the endogenous GFs by 

sequestering them. If biomaterials employed as wound dressings have this property, the 

therapeutic effect of endogenous GFs can be utilized, and tissue regeneration can be 

achieved with minimum dependency on exogenous GFs delivery. To endow nanofabrics 

with endogenous GFs sequestering capability, surface functionalization with heparin was 

achieved via EDC/NHS coupling, due to its well-known ability in binding and enhancing 

the function of heparin binding GFs both in-vitro and in-vivo. From our results, we were 

able to show tremendous capability of Hep-PG nanofabrics in sequestering endogenous 

pro-regenerative GFs with high efficiency. 

Thirdly, apart from being ECM mimicking and having capability to sequester endogenous 

GFs, the dressings should itself have therapeutic effect to enhance the tissue regeneration. 

To endow therapeutic capability into our fabricated dressings, we loaded limited amount 

of exogenous bFGF. bFGF was chosen as a candidate for exogenous delivery due to its 

well-known property to be involved in almost all phases of healing. Also, bFGF is known 

for its ability to promote scarless tissue regeneration when administered exogenously and 

has been clinically proven [20-23].  

Our fabricated Hep-PG nanofabrics showed all the above capabilities. Thus, our 

fabricated biomaterial was coupled with the benefits of an ideal wound dressing plus with 

therapeutic capability due to its ability to sequester GFs both from exogenous and 

endogenous sources.  
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4.5 Conclusion 

This chapter demonstrated an ideal way to fabricate wound dressings with minimum 

dependency on exogenous GFs and utilizing endogenous GFs therapeutic effect for 

obtaining cost-effective and accelerated tissue regeneration. Hep-PG nanofibers were 

analyzed for their exogenous and endogenous GF sequestering capability. Taken together, 

we demonstrated an innovative and feasible biomaterials-based approach to sequester 

GFs from both exogenous and endogenous sources based on heparin functionalization to 

biomaterial. We believe our fabricated Hep-PG nanofabrics might promote accelerated 

tissue regeneration by utilizing the synergistic effect between exogenous bFGF and 

endogenous GFs sequestration ability.  
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Chapter 5 

In-vivo evaluation of Hep-PG nanofibers with exogenous 

bFGF loading capability and endogenous growth factors 

sequestration ability in promoting accelerated tissue 

regeneration 

5.1 Introduction 

Skin wound healing involves complex dynamics and a series of multicellular processes 

as the tissue regenerates [1]. Although the skin tissue can regenerate itself in due course, 

the healing often takes time and can result in improper tissue regeneration with scarring 

and lack of skin appendages [2, 3]. This is especially true for chronic wounds, which 

affects millions of patients and have been associated with an economic cost of USD 20 

billion annually [4]. Traditional wound dressing materials are usually insufficient to allow 

the regeneration of damaged tissues as they only protect the wounded skin from the 

external environment by providing a temporary barrier [5]. The use of skin grafts in 

treatments is very costly and does not guarantee the full regain of skin functionalities.  

Cost effective treatment involves design of biomaterials for wound healing and tissue 

regeneration which aims to restore the physical and biological functions of extracellular 

matrix (ECM), which is the natural scaffold for tissue cells [2, 6]. In addition to its 

fundamental roles in supporting cell growth and guiding tissue formation, one key feature 

of ECM is its affinity to sequester and stabilize numerous growth factors (GFs) that are 

key mediators in healing process. These GFs are stabilized by a class of ECM component, 

glycosaminoglycans (GAGs) [7-9], that protect them from degradation, enrich their local 
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concentration and enable them to interact with cellular receptors [10, 11]. Thus, 

establishing proper binding of GFs to a matrix is an essential pre-requisite for GFs to 

exert their biological actions [12, 13]. 

Since GFs are known to be key mediators in healing and need stabilization for exerting 

their therapeutic effect [14], various biomaterials scaffolds have been designed for 

application as wound dressings that have ability to bind and stabilize a number of GFs 

exogenously and deliver them at the wound bed upon application. [15-18] Such dressings 

have made an attempt to recapitulate the sequester and release mechanism of ECM to a 

certain extent, by immobilizing and stabilizing these exogeneous proteins (sequester) and 

releasing them at the wound site upon application (release). Though such dressings have 

been proven effective in accelerating tissue regeneration by utilizing the therapeutic effect 

of exogenous GFs, they have faced challenges such as delivering adequate amount of 

these GFs, often delivering them in supraphysiological levels that have serious 

concerns.[19, 20] Moreover, there have always been concern over the low stability of 

these exogenous proteins, which often cause a loss in their efficiency even before they 

are delivered at wound bed [21, 22]. Also, delivering them exogenously results in 

increasing the treatment cost.  

Due to concerns over efficacy and safety of these exogenous proteins, recent researches 

moved towards fabrication of smart dressings in the form of various hydrogels [23-25], 

nanofibers [26, 27], sponges [28, 29] and films [30]; which can provide certain cues at 

the injury site to accelerate the healing process without depending on exogenous GFs. 

Though these dressings have been proven to be effective in promoting regeneration, they 

fail to consider the therapeutic effect of GFs, which are principle mediators in tissue 
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regeneration. Also, neither of these two strategies can hardly enrich endogenous GFs and 

fail to provide an insight into how the stabilization of endogenous GFs can be effective 

and indispensable in tissue regeneration. 

The key to overcome this challenge lies in fabrication of dressings, that can sequester and 

stabilize GFs that are released at wound site. At injury site, concentration of GFs increases 

drastically to initiate angiogenesis and propagate tissue regeneration. These mainly 

include pro-regenerative GFs, vascular endothelial growth factor (VEGF) and platelet 

derived growth factor (PDGF), as reported previously. [31-34] However, due to loss of 

ECM at injury site, they cannot be sequestered which leaves them unstable and 

unprotected. Application of a 3-D, GF sequestering matrix will not only provide a 

physical barrier but can also act as an ECM mimicking GF reservoir. Such dressings can 

stabilize the released GFs activity and can enhance their therapeutic effect and thereby 

the process of tissue regeneration. This can go towards fabrication of dressings that can 

promote tissue regeneration with minimum dependency on exogenous GFs while utilizing 

the power of endogenous GFs by sequestering and stabilizing them. 

In this chapter, the fabricated Hep-PG nanofabrics were employed as wound dressings to 

evaluate their potential in effective skin tissue regeneration. Endowed with properties of 

ideal wound dressings and capability in sequestering exogenous and endogenous GFs, 

Hep-PG nanofabrics promoted scarless and effective tissue regeneration within 14 days 

of treatment, by utilizing the synergistic effect between exogenously loaded bFGF and 

sequestered endogenous pro-regenerative GFs. Here we demonstrated a novel 

biomaterial-based approach with inclusion of heparin, to sequester GFs from exogenous 

and endogenous source, and how a synergistic effect of exogenous and endogenous GFs 
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can lead to proper tissue regeneration. This was the first study till date which evaluated a 

combined role of exogenous and endogenous GFs based on heparin in achieving tissue 

regeneration. 

5.2 Materials and method 

5.2.1 In-vivo rat model 

6-week-old SD rats (male, SLC, Japan) weighing 180 g were used for in vivo full-

thickness skin wound healing studies. All animals were treated and analyzed according 

to a protocol approved by the Japanese Association for Laboratory Animal Sciences 

(JALAS). Animals were anesthetized with exposure to isoflurane vapors and then shaved 

on the back. An 8 mm-diameter biopsy puncher was used to create wounds along the 

dorsal side of the skin (Figure 5-1a). Two wounds were created on each rat and four rats 

were used for each time point. Wounds were covered using PG nanofibrous dressings 

with or without heparin functionalization as shown in figure 5-1b. 

 

Figure 5-1. (a) Full thickness wound generation at back using biopsy punch; (b) 

Circular discs of nanofibers were placed on wounds as dressings. 

Three conditions of treatment were used. bFGF (+) and bFGF (-) groups represents 

wounds dressed with PG nanofibrous dressings functionalized with heparin but with or 
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without pre-loaded bFGF. Control groups represents wound dressed with PG 

nanofibrous dressings with no heparin functionalization. The details are listed in table 

below. 

Table 5-1: Treatment groups 

 

5.2.2 Evaluation of wound area 

Changes in the wound areas were measured using ImageJ software (NIH, Bethesda, MD, 

USA) at days 0, 7 and 14. At each time point, animals were euthanized by exposure to 

isoflurane vapor.  

5.2.3 HE and MT staining evaluation 

At each time point, animals were euthanized by exposure to isoflurane vapor. The 

surrounding skin and muscle, including the wound areas, were then removed and fixed in 

10% neutral, buffered formalin. Tissue samples were embedded in paraffin and sectioned. 

Haematoxylin and eosin (HE) staining and Masson`s Trichrome (MT) staining was 

performed to analyze the skin tissue sections. 
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5.2.4 Immunohistochemical analysis 

The sections were also analyzed for immunohistochemistry analysis (IHC) for CD68 to 

evaluate inflammatory levels. For this the sections were pre-treated in a microwave oven 

for 20 min at 98℃. Immunohistochemical stain was performed with antibody of anti-

CD68 (rabbit polyclonal; ab125212; 1:200; abcam). The number of CD68-positive 

macrophages was evaluated by total counts at three high-power (X400) fields in the 

inflammatory lesion. 

5.2.5 Statistical analysis 

Results are presented as mean ± standard deviation. The difference between the two 

groups was evaluated using a two-tailed Student’s t-test. *p<0.05 was considered as 

significant; **p<0.01 was considered highly significant. 

5.3 Results and discussion 

5.3.1 Wound area evaluation 

To evaluate the process of healing, wounds were observed at days 0, 7 and 14 days and 

the wound area was calculated. Figure 5-2a shows the images of wounds treated using 

different nanofiber groups (bFGF (+) represents treatment using Hep-PG nanofiber with 

externally loaded bFGF; bFGF (-) represents treatment using Hep-PG nanofibers but no 

GF was loaded externally; Control represents treatment with non-heparin conjugated 

nanofibers). The rats in the bFGF (+) group shows accelerated healing with completely 

regenerated skin and the absence of scarring at the end of 2 weeks. In contrast, rats in the 

bFGF (-) group showed slower healing; wounds were not completely healed at the end of 

2 weeks of treatment and some amount of scarring can be observed. Healing was the 

slowest in the control group with large amount of unhealed area post 14 days of treatment. 
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The wound areas on different days were plotted for analysis (Figure 5-2b). Faster wound 

closure rate (**p<0.01) in bFGF (+) groups compared to bFGF (-) groups confirms better 

therapeutic effect due to combined effect of externally loaded bFGF and sequestered 

endogenous GFs. In contrast, control groups showed highest wound area due to absence 

of both endogenous and exogenous GFs. 

From wound closure rates, we were able to support our hypothesis, that sequestering and 

stabilizing endogenous GFs, can lead to a proper tissue regeneration. This was evident 

form different in healing levels between bFGF (-) groups and control groups. Further 

complete regeneration in bFGF (+) groups demonstrates that by supplying a limited 

amount of GF from exogenous source and endowing biomaterial with endogenous GFs 

sequestration ability, these exogenous and endogenous proteins can have strong 

synergistic effect to accelerate the healing process. Such findings can be a valuable 

contribution in the field of wound care and management and can go towards reduction in 

treatment cost by utilizing the power of endogenous pro-regenerative GFs. 
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Figure 5-2. Analysis of wound on days 0, 7, and 14. (a) Images showing wounds on 

respective days. (b) Surface areas of the wounds on the respective days (n=8). Scale 

bars: 4mm.  *p < 0.05; **p < 0.01. 

5.3.2 HE evaluation 

Figure 5-3 shows HE stained sections of the rats under different groups at day 7. As seen 

from figure 5-3a, rats under bFGF (+) groups showed well defined epidermal and dermal 
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junctions. Wound contraction was finished at day 7, which was indicated by presence of 

intact epithelium. Also, lesser inflammatory level was evident from lesser number of 

protruding blood vessel.  Also, skin appendages started to develop. All these parameters 

were testimony to the ending of inflammatory phase and beginning of late proliferative 

phase.  

In contrast, rats under bFGF (-) groups still lacks presence of well-defined epidermal and 

dermal junctions. However, crawling epithelium as well as developing skin appendages 

were testimony to finishing of inflammatory phase and beginning of early proliferative 

phase. 

The condition of rats under control groups at day 7 looked worst. No epidermal-dermal 

junctions, no epithelium, no skin appendages and excess amount of protruding blood 

vessels were testimony that wounds were still under inflammatory phase. The afore 

mentioned parameters have also been shown in figure 5-3b, which showed that healing at 

day 7 was in late proliferative phase in bFGF (+) group, at early proliferative phase in 

bFGF (-) group and still in inflammatory phase under control groups. 
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Figure 5-3. (a) HE stained tissue sections of rats under different treatments at Day 7. 

SA indicates skin appendages; (b) Table demonstrating status of various parameter at 

day 7 from HE staining. Scale bars: 200 µm. 

HE stained sections of rats after 14 days of treatment are shown in figure 5-4. As seen 

from figure 5-4a, well-defined epidermal-dermal junctions were present. Also, negligible 

blood vessels and high amount of skin appendages were testimony to perfect regeneration 

under bFGF (+) groups. 

In contrast, rats under bFGF (-) groups showed well-defined epidermal-dermal junctions 

with presence of intact epithelia. Also, many skin appendages can be seen, and wound 

contraction was over. All these afore parameters were testimony that wounds were in late 

proliferative phase. 

For rats under control groups, crawling epithelium with little mount of developing skin 

appendages were testimony that inflammatory phase was over and wounds were under 

initial proliferative phase. These parameters have also been mentioned in figure 5-4b, that 
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showed perfect regeneration under bFGF (+) group, moderate regeneration under bFGF 

(-) group and sections looked still healing under control groups. 

 

Figure 5-4: (a) HE stained tissue sections of rats under different treatments at Day 14. 

SA indicates skin appendages; (b) Table demonstrating status of various parameter at 

day 14 from HE staining. Scale bars: 200 µm. 

5.3.3 MT evaluation 

The results of MT staining at day 7 is shown in figure 5-5. As seen from figure 5-5a, 

tissue sections of rats under bFGF (+) groups showed only little amount of immature 

collagen. Most of area was healed with well-defined collagen fibrils. Also, skin 

appendages can be seen developing with minimum protruding blood vessels. 

In contrast, sections of rats under bFGF (-) groups showed larger amount of area with 

immature collagen. Also, many blood vessels were seen protruding. However, crawling 

epithelium can be seen indicating wound contraction started. 
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Control groups showed highest amount of area with immature collagen at day 7. Also, 

no epithelium was visible, and no skin appendages were visible. The afore mentioned 

parameters level have been shown in figure 5-5b. Overall, the results at day 7 were in 

accordance with HE stained sectioned, which indicated late proliferative phase under 

bFGF (+) sections, early proliferative phase under bFGF (-) sections and wounds were 

still in inflammatory phase under control groups. 

 

Figure 5-5. (a) MT stained tissue sections of rats under different treatments at Day 7; 

(b) Table demonstrating status of various parameter at day 14 from MT staining. Scale 

bars: 200 µm. 

Day 14 evaluations of MT are shown in figure 5-6. As seen from figure 5-6a, tissue 

sections of bFGF (+) groups showed well-defined mature collagen fibril with lots of skin 

appendages that was a testimony to perfect tissue regeneration. 
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In contrast, rats under bFGF (-) groups showed intact epithelium indicating contraction 

was finished. Also. Only small amount of area can be seen with immature collagen, 

indicating that the wounds were in late proliferative phase. 

Control group section on the other hand, start to show wound contraction by day 14. 

Crawling epithelium was visible, however large amount of area with immature collagen 

can be seen. Also, some skin appendages were visible. All these parameters indicate the 

wounds were in early proliferative phase, which is marked by wound contraction, 

collagen deposition and development of skin appendages. The afore mentioned 

parameters are further demonstrated in figure 5-6b, which clearly indicate perfect 

regeneration under bFGF (+) group, moderate under bFGF (-) groups and slowest in 

control groups. The results of HE and MT staining were in accordance with the analysis 

made from direct wound observation. 

 

Figure 5-6. (a) MT stained tissue sections of rats under different treatments at Day 14; 

(b) Table demonstrating status of various parameter at day 14 from MT staining. Scale 

bars: 200 µm. 
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5.3.4 Immunohistochemical analysis 

Tissue sections were also analyzed for inflammatory levels, by performing IHC analysis 

for CD68 post 14 days of treatment (Figure 5-7). CD68 stains migratory macrophages, 

which invades the wound bed during the inflammatory phase of healing. Though 

inflammatory phase is important for healing process, it should gradually decrease with 

time, as prolonged inflammation leads to scar formation. This is indicated by lower 

number of macrophages in the wound bed as tissue regenerates [35]. As seen from Figure 

5-7, lesser number of macrophages were visible in tissue sections of bFGF (+) groups 

post 14 days of treatment (indicated by arrow), indicating minimum inflammation. The 

number looked little higher in bFGF (-) groups, indicating moderate inflammation and 

highest in tissue sections of control groups, indicating severe inflammation. 

 

Figure 5-7: Macrophages infiltration at wound sites. (a) Immunohistochemical staining 

of CD68 in wound site at 14 days after treatment. 
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5.3.5 Quantification of various parameters: Skin appendages, Scar width, 

protruding blood vessels and CD68+ cells 

The level of healing was also evaluated by quantifying different parameters that are 

markers of proper healing. Figure 5-8 shows quantified parameters. Proper healing is 

indicated by the formation of intact epithelia, well-defined epidermis-dermis junctions, 

the presence of mature collagen fibrils, the formation of skin appendages, minimum scar 

formation and a reduction in blood vessels as the tissue becomes mature [36-38]. Also, 

proper healing is marked by decrease in number of CD68+ cells in wound bed. All these 

afore parameters were quantified and shown in figure 8. The healing process was almost 

complete within two weeks of treatment in bFGF (+) treated groups. This was indicated 

by the significantly higher number of skin appendages which is a sign of proper healing 

(Figure 5-8a). There were also significantly fewer blood vessels, which indicated lower 

inflammation in the newly born granulation, compared to rats in the bFGF (-) group 

(Figure 5-8b). Minimum scarring was also observed in the bFGF (+) groups (Figure 5-

8c). Also, minimum number of CD68+ cells were observed indicating minimum 

inflammation which is another marker of proper healing (Figure 5-8d). 

Although the healing of the wounds treated with heparin-loaded nanofibers without bFGF 

(bFGF (-) group) was inferior compared to that in the bFGF (+) group, their tissue sections 

shows well-defined epithelia with the presence of dermis and epidermis junctions. Also, 

compared to the control group, there were significantly more newly formed skin 

appendages and fewer blood vessels. Collagen fibril in maturing phase were also present. 

Although some scarring was observed, the widths of the scars were significantly smaller 

than that present in the control groups. Also, inflammation levels were moderate as 

compared to control groups (Figure 5-8). 
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The control groups have shown the least amount of healing. No well-defined epithelia 

were observed after fourteen days of treatment. In addition, no dermal and epidermal 

junctions were observed. A larger number of blood vessels with almost no skin 

appendages were also observed. This indicated that the wounds were still healing. The 

skin sections also show a large amount of scarring, which confirms that the healing in 

control rats was imperfect. Also, severe inflammation levels were observed (Figure 5-8). 

 

 

Figure 5-8: Quantification of various parameters that are indicators of healing. (A) Skin 

appendages; (b) Number of protruding blood vessels; (c) Scar width and (d) CD68+ 

cells/HPF. 

Overall, the results of histological evaluations and IHC analysis showed that healing was 

best under synergistically mediated treatment, moderate under endogenously mediated 
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treatment and worst when no GFs were employed. The regeneration levels are further 

summarized in Table 5-1 by indicating levels of parameters from histopathological and 

IHC analysis, that concludes the level of healing under each treatment groups. As stated 

previously, proper tissue regeneration is marked by lower inflammatory levels, lower 

scarring levels, lesser number of macrophages infiltration and formation of epidermal 

coating. The table further demonstrates excellent healing under bFGF (+) groups, 

moderate under bFGF (-) groups and worst under control groups. 

Table 5-2: Summary of various parameters obtained from histological and IHC analysis  

 

5.4 Discussion 

Wound dressings that can stimulate proper tissue regeneration are highly demanded. Over 

the years, numerous researches have been conducted to fabricate ideal dressings that can 

promote effective tissue regeneration. Nevertheless, few current biomaterials scaffolds 

could recapitulate the prominent feature of ECM, to sequester and release GFs which are 

key meditators in tissue regeneration. It emerges as a pressing need to device a scaffold 

that can mimic ECM in sequestering the endogenous, pro-regenerative GFs around the 

site of injury and thereby create a suitable niche to facilitate endogenously driven tissue 

regeneration.   
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In this chapter, Hep-PG nanofibers loaded with exogenous bFGF and having endogenous 

GFs sequestration ability were employed as wound dressings to evaluate their ability in 

promoting accelerated tissue regeneration using in-vivo full thickness rat wound model. 

By observing the morphology of wounds and through histological examinations, we 

showed that our nanofiber matrices not only accelerated the healing process, but also 

ensured scarless tissue regeneration. The synergistic effect between externally loaded 

bFGF and sequestered endogenous GFs worked well, and we could obtain an accelerated 

tissue regeneration. To best of our knowledge, this is first report on the combined effect 

of endogenous and exogenous GFs in promoting proper tissue regeneration. We believe 

such valuable findings can find its application towards fabrication of ideal wound 

dressings. 

5.5 Conclusion 

This chapter demonstrated an ideal way to fabricate wound dressings with minimum 

dependency on exogenous GFs and utilizing endogenous GFs therapeutic effect for 

obtaining cost-effective and accelerated tissue regeneration. Heparin functionalized 

PCL/gelatin co-spun nanofibers were analyzed for their exogenous and endogenous GF 

sequestering capability. When employed as wound dressings, a synergistic effect between 

exogenous bFGF and sequestered endogenous GFs promoted proper tissue regeneration. 

Taken together, this study demonstrated an innovative and feasible biomaterials-based 

approach to exploit the power of endogenous GFs in promoting accelerated tissue 

regeneration with minimum dependency on exogenous GFs.  
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Chapter 6: 

General Conclusion and Future Study 

6.1 Conclusion 

Ideal wound dressings that can promote proper tissue regeneration our highly demanding. 

As discussed previously, since growth factors (GFs) are actively involved in tissue 

regeneration, their delivery is indispensable in proper tissue regeneration. However, since 

exogenous delivery have issue related to safety and concerns, the current research made 

an attempt to provide a solution through stabilizing endogenous pro-regenerative factors 

through inclusion of ECM component into a nanofibrous dressing. Firstly, fabrication of 

dressing was done using co-axial electrospinning technique and optimization was made 

to fabricate Gelation coated PCL nanofibrous dressings that can balance between 

mechanical characteristics and biocompatibility. The fabricated dressings were 

extensively characterized in-vitro for their suitability as wound dressings. At next stage, 

to endow GFs sequestration ability into fabricated nanofabrics, heparin conjugation was 

achieved via EDC/NHS coupling. These heparin functionalized PCL/gelatin co-spun 

nanfabrics, called as Hep-PG were analysed for their ability to load exogenous GFs and 

for their ability to sequester and stabilize endogenous pro-regenerative GFs released at 

regenerative site. Finally, these Hep-PG nanofibers with capability to sequester both 

exogenous and endogenous GFs were employed as wound dressing to promote 

synergistically mediated tissue regeneration by utilizing combined effect of externally 

loaded bFGF and sequestered pro-regenerative GFs. We were able to defend our 

hypothesis and these Hep-PG nanofibers were able to promote complete tissue 

regeneration within 14 days of treatment. Taken together, this study demonstrated an 
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innovative and feasible biomaterials-based approach to exploit the power of endogenous 

GFs in promoting accelerated tissue regeneration with minimum dependency on 

exogenous GFs. 

 

Figure 6-1: Summary of research shown pictorially 

6.2 Future Study 

In the current study, we demonstrated the potential of Hep-PG nanofibers as a potent for 

sequestering both exogenous and endogenous GFs and in mediating complete tissue 

regeneration by utilizing the power of these proteins. This thesis provides an ideal 

biomaterial-based approach to utilize endogenous GFs as a source while reducing the 

supply of exogenous delivery. 

However, we showed a synergistic effect of externally loaded bFGF and endogenous GFs 

in this process. The aim of my research was to minimize dependency on exogenous 

factors, however still some amount was utilized. Exogenous delivery worked well with 
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endogenous sequestration ability, however in future work I want to totally ignore 

dependency on exogenous factors and just utilize properties of my dressing for obtaining 

effective regeneration. 

For this, my target is to employ the same co-electrospinning technique, but to replace 

gelatin with quaternized chitosan-graft- polyaniline (QCSP) as shell component. QCSP 

has been well reported to promote tissue regeneration due to its elector-activity and 

antioxidant properties. By functionalizing such core-shell type PCL/QCSP nanofabrics 

with heparin, further these dressings can be incorporated with ability in sequestering 

endogenous pro-regenerative GFs. Having antioxidant, electroactive properties as well as 

anti-bacterial characteristics coupled with endogenous GFs sequestration abilities, such 

dressings can utilize the synergistic effects of all afore mentioned parameters and can 

promote accelerated tissue regeneration. Thus, a dressing with no dependency on 

exogenous factors can be developed. This is my current study and it’s still ongoing. 

 

 

 

 

 

 

 



108 
 

Acknowledgement 

Firstly, I am very grateful to my supervisor, Prof. Hiroyuki Ijima, for his patience and 

valuable guidance during the period of my Ph.D. study. He taught me how to study and 

think, what to innovate and dedicate. Under his guidance, I gained not only a wealth of 

knowledge but also advanced concepts. 

I am also thankful to Prof. Masamichi Kamihira and Prof. Noriho Kamiya, for their 

critical views on modifying this thesis.  

I am thankful to Assistant Prof. Yusuke Sakai, who always helped me during 

discussions and during operating various equipment in lab. Also, his kind and friendly 

attitude always helped me to stay motivated. 

I am also thankful to Prof. Matsune and Prof. Mizumoto for providing me valuable 

guidance. Special thanks to Prof. Matsune for helping me during TEM operations. 

I would also like to acknowledge Prof. Aishima for helping me in the studies related 

to immunohistochemical analysis. 

I should also thank JICA for their financial and moral support during my PhD. I would 

like to especially thank all JICA coordinators who were always faithful and showed trust 

in me that motivated me to continue my study at Kyushu University. Special thanks to 

Sakono san and Masamoto san for boosting my morale at times when I felt low.  

Apart from this, I would also like to thank all my laboratory friends at Kyushu 

University for their caring and helping nature during my research period. I specially thank 

Mr. Xu Zhe and Dr. Jannatul Fardous for their frequent availability as and when I 

needed their help and support. A special thanks to all the Indian collaborators, especially 

to Mr. Akshay Joshi, Dr. Tejinder Kaur and Dr. Senthil Guru, IIT Delhi, India, for their 

valuable suggestions and contributions. Finally, I would like to thank my family, specially 

my mother, friends in India for their moral and emotional support. 


