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ABSTRACT  

  

Barbosa, Raul C, Development of Plant Extract-Based Composite Fibers and Aerogels. 

Master of Science Engineering (MSE), August 2020, 81 pp; 37 figures, 188 references. 

The aim of this study is to use the solid templating process of pullulan nanofibers in 

order to produce biocompatible, biodegradable, and antibacterial aerogels. The developed 

aerogels were produced using cross-linked pullulan nanofibers, which provide a water-

stable structure allowing them to be used as wound dressing material. The morphology, 

thermal properties, water solubility, and thermal and physical properties of the nanofibers 

and aerogels were characterized. Furthermore, the antibacterial effect against gram-

negative bacteria, Escherichia coli, and the biocompatibility using mouse embryonic 

fibroblasts (NIH 3T3) were investigated. 
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CHAPTER I 

 

 

INTRODUCTION 

 

 

Wound healing is a normal biological response in the human body achieved through four 

sequential phases: hemostasis, inflammation, proliferation, and remodeling. Effective and 

efficient wound healing is possible through harmonious and timely achievement of the 

aforementioned phases. However, there are many factors that can adversely affect this process, 

which may lead to chronic wounds and improper tissue repair. Wounds that failed to properly 

proceed through the normal stages of healing, or in the expected amount of time, are considered 

chronic wounds. These types of wounds result in a delayed or incomplete healing process which 

can cause significant burden to the patients, healthcare system, and society.   

A wide variety of innovative wound dressings, specifically designed to treat chronic 

wounds, have been developed in the last years. They typically replace damaged tissue and 

provide a favorable environment for proper wound healing. Aerogels are one of these special 

wound dressings. An aerogel is a nanostructured network with open pores, high specific surface 

area, and porosity of at least 90%. Its three-dimensional structure exhibits extraordinary 

properties, including absorption of high amounts of exudate, thus, preventing wound infections.  

They can also be used to incorporate ingredients that facilitate and accelerate the healing cycle.   
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 Polysaccharide-based aerogels for wound healing application have attracted a lot of 

attention due to their inert nature, biocompatibility, and good chemical and mechanical 

properties.   Enhancement of such aerogels have been obtained with the addition of natural 

and synthetic ingredients. The aim of this study is to use the solid templating process of 

pullulan nanofibers, with the addition of aloe vera extract, to produce biocompatible, 

biodegradable, and non-toxic aerogels which can be used as an alternative or complement to 

current wound healing methods.   
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CHAPTER II   

 

 

REVIEW OF LITERATURE 

 

 

2.1 Wound Healing Process 

 Wound healing is a normal biological response in the human body achieved through four 

sequential phases: hemostasis, inflammation, proliferation, and remodeling [1]. An overview 

illustrating the normal wound healing phases is presented in Fig. 1. Effective and efficient wound 

healing is possible through harmonious and timely achievement of the aforementioned phases.  

However, there are many factors that can adversely affect this process, which may lead to 

chronic wounds and improper tissue repair [3]. 

2.1.1 Hemostasis 

 The normal wound healing process starts with hemostasis, which enables the process of 

blood clotting, vascular repair, and activation of the platelets. At the injury site, adhesion and 

aggregation of platelets to the damaged site begin, followed by the generation of thrombin by the 

exposure of subendothelial tissue factor to the bloodstream. Thrombin converts soluble 

fibrinogen into fibrin fibers that crosslink near fibrin chains to form a polymerized flexible fibrin 

clot at the wound site. That clot minimizes blood loss and serves as a scaffold to support initial 

cellular infiltration and epithelial migration. In addition, the small amount of thrombin enables 

activation of different coagulation elements and platelets. [1, 3, 4] 
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Figure 1. Details about timeframe, cells involved, function, and cellular/biophysical events found 

in each phase of the normal wound-healing process. [2] 

 

2.1.2 Inflammation 

 In the inflammation phase, histamine promotes vessel dilation and causes the formation 

of pores in the blood vessel walls. This allows facile access of necessary cells into the damaged 

area. Furthermore, the activation of platelets releases growth factors, (e.g. transforming growth 

factor-beta [TGF-β] and platelet-derived growth factor [PDGF]), which promote proliferation of 

inflammatory cells such as neutrophils and monocytes, as well as cell migration of fibroblast and 

vascular endothelial cells. [5] Neutrophils are the first cells to arrive at the wound area and are 

responsible for removing invading microbes and cellular debris, which helps to prevent 

infection; they also release cytokines that help attract monocytes. Subsequently, monocytes enter 
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the wound area and turn into macrophages. Macrophages implement different functions such as 

perpetuating inflammatory reactions, phagocytosis, and the release of various growth factors.  

Macrophages phagocytize pathogens, cells and debris, which further help clean and protect the 

wound from foreign substances and infections. Besides helping to maintain a clean environment 

within the wound, macrophages release certain growth factors that activate different signals used 

to coordinate and facilitate the wound healing process. [6,7] 

2.1.3 Proliferation 

 During the proliferation phase, the emergence of new granulation tissue and epidermis 

begins. Granulation tissue is composed of macrophages, fibroblasts, collagen, new blood vessels, 

and antibodies which provide support for the new epidermis. The formation of granulation tissue 

starts by the attraction and proliferation of fibroblasts into the wound as a result of the 

coordinated release of growth factors by the macrophages. [8] Fibroblasts produce collagen (type 

III), which is a high tensile strength protein that’s formed in strands inside the wound.  

Additionally, they produce the ground substance, which is an amorphous, gel-like material that 

fills up the gaps between cells and collagen strands. Once Fibroblasts have produced enough 

collagen to support further cell migrations, they will differentiate into myofibroblasts due to 

growth factor stimuli. Myofibroblasts begin linking with each other and use collagen strands to 

start holding the edges of the wound together thereby starting contraction. Contraction can 

reduce the wound size by 40% to 80% its original size and can continue contracting after 

complete re-epithelialization. [9, 10] Macrophages release growth factors (e.g. vascular 

endothelial growth factor and PDGF) that go into the surrounding blood vessels. This promotes 

the adjacent vascular endothelial cells to form new blood vessels (angiogenesis) by following a 
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coordinated series of vascular morphogenic steps. The new blood vessels infiltrate the wound, 

where they play the vital part of providing oxygen and nutrients. [11,12]    

 While the granulation tissue is being formed, re-epithelialization of the wound is 

occurring. Basal keratinocyte cells from the wound margin dissolve the intervening basement 

membrane and start migrating with minimum proliferation along the edges. As the cells cover 

the edges of the wound, they start proliferating to provide a viable way to migrate across. This 

movement of the cells is promoted by nitric oxide as well as the lack of contact inhibition. The 

keratinocytes migrate underneath the blood clot and over the granulation tissue, depositing 

basement membrane proteins and growth factors that help in the epithelialization process and in 

the wound’s immune defense. Ultimately, keratinocytes will come from both sides and meet in 

the midline, causing them to stop due to point contact inhibition. At that point re-epithelialization 

of the wound will be complete (usually within 48 hours). [13-16] 

2.1.4 Remodeling 

 In the remodeling phase, type III collagen proteins are replaced by type I collagen 

proteins, which then are reorganized, remodeled, and matured. During this period, disorganized 

collagen fibers are rearranged, and excess collagen is removed. Absorbance of water from the 

scar allows collagen fibers to come closer to each other promoting cross-linking of the fibers; 

thus, increasing the wounds tensile strength. [1,17,18] 

 During this phase, endothelial cells, myofibroblasts, and macrophages either exit the 

wound or undergo apoptosis (programmed cell death) while protein synthesis decreases. The 

remaining components in the wound include collagen, cells, and some extracellular-matrix 

proteins. [19] As the wound’s tensile strength increases, it reaches a maximum strength of 80% 
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of the original tissue, which is characterized by the evolution of a softer granulation tissue into a 

strong mature scar. This process continues for weeks and can last months, even years, depending 

on the severity of the wound. [7,10,20] Many factors can adversely affect the wound healing 

process and can lead to health complications and chronic wounds. 

2.2 Chronic Wounds 

 Wounds that failed to properly proceed through the normal stages of healing or in the 

expected amount of time are considered chronic wounds. The main local and systematic factors 

that can adversely affect the wound healing process include infection, poor blood supply, 

presence of necrotic tissue, inadequate nutrition, and advanced age. This results in a delayed or 

incomplete healing process which can cause significant burden to the patients, healthcare system, 

and society. [21]  

 Infections develop from the proliferation of pathogenic microorganisms in the wound 

which give rise to the features of inflammation. [22] Infected wounds may take a longer time to 

heal, or don’t heal at all and become chronic. Infected wounds contain pathogens that release 

toxins, causing ongoing damage to the tissues and preventing wound healing from taking place.  

Proper usage of localized wound cleaning treatments and good management can minimize and 

eliminate the infection thus allowing the wound to heal properly. 

 Another factor that may cause chronic wounds is necrotic tissue. The presence of necrotic 

tissue that wasn’t removed by macrophages entails negative consequences for different reasons.  

For example, the necrotic tissues act as a habitat and a source of food for bacteria, which highly 

increases the chances of developing an infection. [23] Also, living cells need to move over living 
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cells, so having necrotic tissue prevents cellular migration which results in unsuccessful 

completion of the wound healing process.   

 Poor circulation, which results in a minimized blood supply, limits the oxygen and 

nutrients supplied to the wound and may also result in improper healing. Furthermore, advanced 

age can contribute to chronic wounds. The ability of aged skin to repair wounds declines over 

time, making it more susceptible to infections and generating a variety of health complications.  

This degeneration of the wound healing process is attributed to less efficient keratinocytes. They 

exhibit reduced proliferation and migration which decreases the efficiency in re-epithelization. 

[24] 

 Nutrition is also an important systematic factor affecting wound healing. In order to 

properly undergo this metabolically demanding process, the energy from carbohydrates is 

utilized. If enough carbohydrates are not present, the body will start breaking down its protein 

supply into amino acids in order to use them to produce energy. Carbohydrates are important in 

preventing excessive muscle break down and in the anabolic process during the proliferative 

phase; proteins are essential to angiogenesis, fibroblast proliferation, immune function and to 

build up the new tissues. [25] Deficiency or inadequate basic nutrition can result in a poor 

immune system and negatively affect the phases of the wound healing process. 

 Chronic wounds are a current problem that is rising in a correlated manner every year 

with the increasing incidences of conditions that limit or adversely affect the normal wound 

healing process. Worldwide chronic wound care has become such a major challenge in the 

healthcare system, that a specialty treating this condition has been established. [26] 
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2.3 Chronic Wounds Classifications 

 Chronic wounds can be classified in three main categories: diabetic ulcers, pressure 

ulcers, and venous ulcers.  There are similar features shared among these wounds, however, the 

underlying pathologies differ for each one of them. [26] 

2.3.1 Diabetic Ulcers 

 Diabetic foot ulcers (DFUs) are a chronic complication of diabetes that occur as a result 

of various factors including neuropathy, foot deformity, and peripheral arterial disease (PAD) 

[27,28] Neuropathy is used to describe disorders affecting the peripheral nerves, which are 

located outside the brain and spinal cord where they communicate information to and from the 

rest of the body. PAD is a circulatory problem in which narrowed arteries, due to plaque buildup, 

reduce the blood flow to organs and other parts of the body (usually the legs). Typically, trauma 

or abnormal loading of the foot are triggers of DFUs. [29] After the triggering of ulcers or 

infections in the foot, blood supply needs to be increased in order to take enough nutrients and 

oxygen to the wound for proper healing. PAD and neuropathy hinder this development, 

impairing wound healing; thus, resulting in a chronic wound.  

 Patients with diabetes have an incidence of 1% to 4% annually, and an estimated 25% 

lifetime risk of developing DFUs. [30] Due to its prevalence and intensity, DFUs are the leading 

cause of hospitalization when compared to any other diabetic complications, thus, increasing 

mortality and morbidity in diabetes. [31-33] Moreover, people with DFUs have a high risk of 

limb loss through amputation, and a 47% increased mortality risk when compared with diabetic 

individuals without DFUs. [34,35] A study by Brennan, et al. [36] showed that the survival rates 

of people with DFUs at 1-, 2-, and 5- years were 81, 69, and 29%, respectively, while another 
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study by Morbach et al. [37] concluded that cumulative mortalities at years 1, 3, 5 and 10 were 

15.4%, 33.1%, 45.8%, and 70.4%. Both studies suggest a high mortality and dismal long-term 

survival rates, where the 5-year mortality rate is similar or worse than many common types of 

cancer. [38] 

 In addition to a decline on physical/mental health and quality of life, patients with DFUs 

usually encounter substantial economic distress due to the cost of everything from interventions 

to care and management after amputations. [39] Rice et al. [40] estimates that the annual cost of 

DFUs ranges from $9-13 billion in the United States. The total direct cost for healing ulcers 

where an amputation is not required is approximately $17,500 and the cost for amputations in 

lower-extremities is about $30,000-$33,500. [41] In order to improve treatment outcomes (thus, 

improving economic burden, amputation rates, survival rates, and quality of life), appropriate 

initiatives, structural changes, and management should be implemented. 

2.3.2 Pressure Ulcers 

 Pressure Ulcers (PUs), also referred to as pressure injuries, decubitus ulcers, or bed sores, 

are localized areas of the skin or underlying tissue damaged by pressure, friction, shear or a 

combination thereof. They develop as a consequence of a breakdown of soft tissue due to 

pressure between an external surface and a bony prominence. [42,43] Up to 70% of all PUs 

affect the hip and buttock area, where the most common areas are the trochanter, ischial 

tuberosity, and sacrum. An additional 15-25% occur in the lower extremities, and the rest may 

develop in locations where long periods of constant pressure is experienced. [44] Elderly and 

bed-bound individuals have a higher chance of developing PUs due to their limited activity or 

immobility.   
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 PUs are categorized in four different stages, following the system established by the 

National Pressure Injury Advisory Panel (NPUAP) [45], which are as follows: 

Stage 1: Intact skin with non-blanchable erythema areas  

Stage 2: Exposed dermis with partial-thickness skin loss   

Stage 3: Full-thickness skin loss 

Stage 4: Full-thickness skin and tissue loss  

 This system doesn’t follow a level of progression, instead it classifies the degree of the 

injury based on the amount of tissue damaged, similar to how burns are categorized.  Many PUs 

arises in hospitals, especially from patients in intensive care where a prevalence of 4%-49% and 

incidence ranged from 3.8% to 12.4% exist. [46-49] The Agency for Healthcare Quality and 

Research estimated that PUs affects approximately 2.5 million people and account for 60,000 

deaths in the United States. Additionally, it estimates that the cost of PUs per individual patient 

ranges from $20,900 to $151,400, which can total from $9.1 billion to $11.6 billion per year. 

[50] The health and financial implications encompassing PUs are substantial; therefore, 

prevention and mitigation of pressure ulcers through better management practices and research 

should be of high importance. 

2.3.3 Venous Ulcers 

 Venous ulcers (VUs) are commonly caused by an increase in pressure on the lower leg’s 

venous system. This results from venous valvular obstruction and/or insufficiency in the deep 

and lower perforating veins. Valves inside the veins are designed to prevent reflux of the pumped 

blood and help maintain controlled blood pressure. When those valves become ineffective, 
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venous valvular insufficiency occurs.  Over time, the increased pressure on the veins causes 

capillary and venous circulation problems, resulting in the formation of ulcers. [51] 

 Valvular incompetence affects up to 10% of the North American and European 

population, from which 0.2% develop venous ulcerations. [52] The prevalence of VUs increases 

as people get older, affecting 0.6%-3% of individuals over 60 years of age and over 5% of those 

older than 80. [53] The economic cost of treating VUs varies between countries; for example, in 

the US the estimated cost is between $1.9–$14.9 billion, where in the rest of the western 

hemisphere it’s approximately 1% of their entire health care cost. [54-56] 

2.4 Advanced Interventions for Chronic Wounds 

2.4.1 Negative Pressure Wound Therapy 

 Negative pressure wound therapy (NPWT) applies negative pressure at the wound bed to 

create a suction that removes excess fluid, thereby enhancing blood flow and reducing bacterial 

contamination and edema. During the procedure a dressing (usually a gauze or foam) is placed 

inside the wound with drainage tubing placed over it. Subsequently, the dressing is covered with 

a transparent adhesive film to provide an airtight seal. The drain tube then gets connected to a 

vacuum pump which is programmed to provide intermittent, or continuous pumping, which 

removes excess fluid from the wound and sends it to a collection canister. This treatment is a 

relatively non-invasive option that allows patients to receive this therapy from the comfort of 

their own home. However, some studies indicate that NPWT demonstrates a beneficial effect on 

wound healing [57,58] while others suggest that the effectiveness to heal wounds is unclear. 

[59,60] 
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2.4.2 Electrical Stimulation 

 Electrical stimulation (ES) involves sending an electric current through electrodes that are 

placed on or around the wound. There are two methods in which ES can be achieved. The first 

method involves placing two electrodes with the same polarity on opposite sides of the wound 

and a third electrode with opposite polarity nearby the wound. In the second method, one 

electrode is placed on a sterile, conductive material that’s on the wound while the other electrode 

is placed close to the wound on intact dry skin. [61] It is suggested that ES can accelerate or 

restart wound repair by imitating the natural electrical current that occurs in injured skin, 

moreover, it can reduce infection, improve cellular immunity, and increase cutaneous wound 

healing. [62,63] This method has shown positive results without any adverse effects, indicating 

that this therapy is safe to use. Nonetheless, further research is required in order to understand 

how to optimize timing and doses, which type of ES should be applied, and which are 

appropriate applications. 

2.4.3 Ultrasound 

 Ultrasound (US) therapy uses sound waves to produce heat within the tissue in order to 

help treat different soft tissue injuries. This procedure is usually separated into two classes: low 

and high intensity. The procedure consists of using an US probe covered with a conducting gel, 

which is then used to massage the affected area delivering the frequency required. When applied 

correctly, US can accelerate the initial inflammatory phase during wound healing, as well as 

enhance the collagen synthesis by fibroblast. [64] Furthermore, treated scar tissue may result 

stronger and more elastic than non-treated scars. [65] Disadvantages of US treatments include 

burns or damage to the endothelial, inactivate or altered enzymes, and conflicting clinical 

evidence about its effectiveness. [66,67] 



14 
 

2.4.4 Larval Therapy 

 Larval therapy, also known as maggot therapy, employs sterile larvae to perform selective 

debridement of the wound. This involves placing larvae on the wound surface, in a mesh pouch 

or free range, and allow them to remove necrotic tissue through two mechanisms. One, the larvae 

releases proteolytic enzymes that soften and decompose necrotic tissue without harming the 

healthy tissue. Two, they can also dissolve necrotic tissue, and subsequently ingest it along with 

bacteria (including antibiotic resistant strains). This larval therapy provides debridement, 

disinfection, and enhancement of wound healing, and has become an invaluable tool in treating 

chronic wounds. [68] Despite the benefits of larval therapy, apprehension from patients and 

medical staff, as well as the itching and irritating tickling sensation might cause reluctance to 

adopt this treatment. [69] 

2.4.5 Wound Dressings 

 There are several innovative wound dressings that are specifically designed to treat 

chronic wounds. They typically replace damaged tissue and provide a favorable environment for 

proper wound healing. These dressings can be made out of biocompatible polymers and contain 

a variety of materials including antibacterial agents and cell growth factors. Dressing examples 

include dry, wet-to-dry, hydrogel, foam, and bioactive dressings. Dry dressings include 

traditional gauze pads and bandages. They are permeable, inexpensive, nonocclusive, and 

provide protection to the wound from bacteria and injury in addition to assisting with the healing 

process. Wet-to-dry dressings are semipermeable films, or moist gauzes, which allow for 

removal of wound debris and necrotic tissue when the dressing is removed. Hydrogel dressings 

are three-dimensional interconnected polymeric networks mainly composed of water. They are 

designed to provide a great, moist environment while protecting the wound from infections.  
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Many times, additional materials are added to the hydrogel in order to enhance the wound 

healing process. Foams are porous structures that can absorb high amounts of exudate; thus, 

preventing wound infections. They can also be used to incorporate ingredients that facilitate and 

accelerate the healing cycle. [70] Bioactive dressings are made of, or contain, bioactive materials 

that are useful in wound healing application. They are designed to treat and enhance the natural 

restorative response of the healing process stages. [71]   

 The study of nanofiber-based membranes for wound dressings and scaffolds has 

increased in recent years due to its properties such as high surface area, nano porosity, and the 

ability to incorporate biomolecules or medications within them. [72] Xu et al. developed a 

ternary composite nanofiber membrane that could be used in wound dressing applications. The 

aforementioned membrane exhibited antibacterial activity, cell proliferation, and stability in 

aqueous medium; these properties are ideal to initiate and enhance the wound healing process.  

In addition, the fibers were made without the use of toxic solvents, producing a biocompatible 

and biodegradable product. [73] Akia et al. incorporated South Texas citrus aurantium (bitter 

orange) juice to nanofibers to produce scaffolds for wound healing that showed an antibacterial 

activity against Staphylococcus aureus and Escherichia coli of 152% and 71%, respectively, 

while demonstrating cell adhesion and growth. [74] Sarhan et al.  produced honey/chitosan 

nanofiber membranes for wound dressing applications. A histological examination during the 

preliminary, in vivo study showed that the fibers enhanced the wound healing process by 

accelerating the wound closure rate in mice. In addition, the sample exhibited complete bacterial 

inhibition of Staphylococcus aureus. [75] There are many other studies that examine the 

properties of biocompatible, biodegradable, and natural products as wound dressings. Currently, 
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there is no availability of products that can treat all wound types, but with nanofiber membranes, 

tailor-made solutions can be produced for specific needs. 

2.5 Background on Aerogels 

 Historically, aerogels have been known as synthetic, solid, porous materials produced by 

replacing the gel’s liquid component with a gas. [76-78] With the introduction of new processes 

to fabricate them, a definition focused on the final material properties has been implemented as 

follows: a nanostructured network with open pores, high specific surface area, and porosity of at 

least 90%. [79, 80] The aerogel’s three-dimensional structure exhibits extraordinary properties 

such as extreme low density [81-84], super low thermal conductivity [85-88], high surface 

area[89], and high porosity [90, 91] among other properties. The impressive properties obtained 

in aerogels have made them an important field of research, which have resulted in significant 

contributions and improvements in many applications such as wound healing, scaffolds, 

filtration, energy storage, sensing application and many more. [92-96] 

 In 1931, professor Samuel Kistler created the first aerogel by replacing the liquid in a 

jelly with a gas, which resulted in little to no shrinkage of the structure. He achieved this by 

exchanging the liquid in the jelly with another, which had a lower critical temperature and didn’t 

disrupt the original structure. Then the jelly was placed inside an autoclave where the vapor 

pressure and temperature were raised above the liquid’s critical pressure and critical temperature. 

This process converted the liquid to a gas, which was then allowed to escape, subsequently 

producing an aerogel. [76] Using this method, Dr. Kistler produced alumina, silica, tungstic 

oxide, ferric oxide, stannic oxide, nickel tartrate, cellulose, nitrocellulose, gelatin, agar, egg 

albumin, and rubber aerogels. [97] Despite having established this innovative technique, aerogels 

didn’t see any real progress until 1968 when Professor Stanislaus Teichner developed a new 
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method to fabricate aerogels via sol-gel process. [98] Teichner’s approach eliminated the tedious 

and laborious solvent exchange process which helped reduce the aerogel synthesis time from 

weeks to days. 

2.6 Aerogel Fabrication Process 

 The general method to fabricate aerogels shown in Figure 2 starts with the formation of a 

colloidal suspension (sol) derived from precursor particles (i.e. metal alkoxides for inorganic 

aerogels and organic monomers for organic aerogels). [99] Gradually, particles start branching 

and cross-linking as development of the gel begins. The addition of a basic or acidic catalyst 

promotes hydrolysis and condensation reactions to further increase polymerization within the gel 

and form an interconnected chain structure. Syneresis or aging of the gel is carried out for a 

period of time, hours to days, according to its process. The gel is maintained in its original 

solution, where condensation and precipitation reactions within the gel network will continue; 

thus, increasing the gel’s mechanical strength. The last stage is the drying of the gel, where the 

solvent is removed from the interconnected pore network while preserving its structure. This 

procedure can be modified with additional processes to produce tailored mechanical, physical, 

and chemical properties. [100, 101] 

Figure 2. Schematic presentation of the aerogel’s synthesis using sol-gel processing.  



18 
 

2.7 Drying Methods of Gels 

 The drying procedure is a critical step since it determines the final properties of the gel.  

Since the beginning of the first synthesized aerogel, different drying techniques have been 

utilized. The most common method is called supercritical drying, but other drying processes, 

such as ambient drying and freeze drying, have been implemented as well.   

 The drying mechanism is dictated by capillary pressure.  The gel’s shrinkage during 

drying is governed by the capillary pressure, PC, expressed by (1) [102] 

                                                                     (1) 

where ϒlv is the surface tension of the pore liquid, Vp is the pore volume, Sp is the surface area 

and ẟ is the thickness of the surface adsorbed layer. High capillary stresses can form during the 

drying process, leading to shrinkage and cracking. To avoid this, a controlled fluid removal 

process where the liquid surface energy is decreased is necessary. 

2.7.1 Supercritical Drying (SCD) 

 In SCD the pore liquid is removed above the liquid’s critical pressure and critical 

temperature, where the liquid-vapor interface coexists; thus, no capillary pressure is present 

which results in an almost completely intact porous structure.   

 

 

 

 

𝑃𝐶 =  
−𝛾𝑙𝑣

(2(𝑉𝑝/𝑆𝑝) − 𝛿)
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Figure 3. Phase diagram of common processes to dry a gel. The arrows depict supercritical 

drying, freeze drying, and ambient drying procedures.  

 

 The SCD schematic process to achieve the direct conversion of liquid to gas is illustrated 

in the pressure-temperature phase diagram shown in Figure 3. It consists of placing the wet gel in 

a closed chamber and gradually raising its temperature to obtain temperatures and pressures that 

exceed the critical pressure, TC, and critical temperature, TT, of the solvent. Then, while 

maintaining a constant temperature above TC, the pressure is reduced and the liquid inside the 

gel is slowly vented. When the exterior pressure is close to the pressure inside the chamber, the 

sample is cooled to room temperature resulting in a dry, solid sample.   

 Depending on the temperature needed to obtain a supercritical fluid and the gel’s required 

properties, a hot or cold SCD process is implemented. High-temperature SCD (hot) for organic 

solvents is an efficient way to minimize shrinkage, producing gels with lower densities than the 

ones obtained using carbon dioxide (CO2). The materials obtained usually display a hydrophobic 
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behavior due alkoxy groups found on their surface. However, this method lacks a precise aging 

process due to the pressure and temperature needed to reach supercritical conditions. [103] In 

addition, the risk of combustion and explosion at such elevated pressures and temperatures raises 

safety concerns. 

 CO2 is used with low-temperature SCD (cold). When using this method of drying, liquid 

CO2 replaces the gel’s organic solvent and is later super critically removed at considerably lower 

temperatures when compared to high-temperature SCD. A model by Unsulu et al. [104] suggests 

that using CO2 can result in stresses that don’t exceed the strength of the gel-network; thus, no 

cracking occurs. [105] Also, CO2 greatly reduces the risk of flammability and explosion 

associated with organic solvents when they reach critical conditions. Unfortunately, due to the 

exchange of the organic solvent for liquid carbon dioxide, a reorganization of aggregates results 

in shrinkage of the gel. [102]  

2.7.2 Ambient Pressure Drying 

 An alternative way to dry gels is via ambient pressure drying.  During this process the 

pore fluid is exchange by a low surface tension solvent (e.g. n-hexane or acetone) that facilitates 

evaporative drying. Furthermore, the gel’s surface is chemically modified due to the solvent 

diffusion which replaces polar surface groups with non-polar groups. Surfactants can be added to 

reduce surface tension, such that the gel’s microstructure is maintained. After the solvent 

exchange, evaporation at ambient temperature takes place. [101] This method has gained great 

interest since it provides a cost effective and efficient way to successfully prepare aerogels. 

[106,107] 
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2.7.3 Freeze Drying 

 Freeze-drying, also known as lyophilization, is another method to prepare aerogels. This 

technique consists of decreasing the gel’s temperature below the solvent’s crystallization 

temperature. By controlling the dispersion liquid, freezing rate, and additives the aerogel’s 

macro- and micro- structure can be tailored to specific sizes and alignments. [108] The frozen 

solvent is then removed by sublimation under vacuum; thus, preventing the formation of a 

liquid-vapor meniscus and leaving only an interconnected network. Freeze-drying has recently 

been implemented as a way to fabricate a wide variety of aerogels using nanofiber mats as 

building blocks, which opens the door for many other aerogel possibilities. Freeze drying can be 

considered energy intensive, but the chemical waste generated by it is unappreciable. [109] 

2.8 Alternative Aerogel Fabrication Process 

 In 2014, Ding et al. demonstrated a gelation-free, scalable method to develop three-

dimensional nanofibrous aerogels by combining electrospun fibers and free-shaping technique; 

the process consisted of fours steps. First, silicon dioxide (Si02) and Polyacrylonitrile (PAN) 

nanofibers were produced using electrospinning. The PAN fibers served as the precursor, while 

the Si02 fibers provided structural stability. Second, both fibers were homogenized in a 

water/tert-butanol mixture until forming a thorough dispersion of the fibers. Third, the solution 

was frozen using liquid nitrogen and subsequently placed in a freeze dryer. Fourth, the obtained 

aerogel was crosslinked via heat treatment to provide elastic resilience. The obtained aerogels 

exhibited extreme low density, high compressibility, prominent thermal conductivity, effective 

emulsion separation, high sound absorption, and elasticity-responsive electric conduction.  [110] 
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 This solid templating process of nanofibers has been used to create aerogels for a wide 

variety of applications such as electrical conductivity [111], particle filters [112], energy 

storage/conversion [113], and oil/water emulsions [114] among many others. The synthesis for 

such aerogels follows the procedure shown in Figure 4. The method includes three main stages, 

but additional processes may be incorporated to enhance the aerogel’s properties. Preparation 

begins with the fabrication of nanofiber mats, which are then cut into smaller pieces. Those 

pieces are then placed in a non-dissolving liquid where they are mechanically homogenized 

using a dispersion tool, such as a homogenizer, resulting in a dispersion of short nanofibers. The 

obtained homogenous solution is then transferred to a freezing mold where it gets frozen. As the 

growing solvent crystals start forming, they start pushing away fibers and entrapping them in 

between. By controlling the parameters, such as freezing rate, solvent, and fiber loading, 

properties including pore size and structure can be modified to obtain desired micro and macro 

structures. Finally, the frozen solution is dried using a freeze dryer, which leaves only the 

nanofibrous framework known as aerogel. [108] Post treatments can be applied to further 

improve its properties and achieve tailored applications. 

Figure 4. Schematic presentation of the aerogel’s synthesis using solid templating. The process 

starts with the fabrication of nanofiber mats using Forcespinning® Technology (a). The mats are 

cut into smaller pieces, then homogenized in a non-dissolving liquid (b). The solution is then 

frozen and dried, resulting in an aerogel (c). 
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 Solid templating allows a facile and scalable process to generate aerogels that exhibit 

great structural flexibility, stability, and extreme high porosity. [115] The nanofibers’ properties 

remain active in the aerogel, which extends the possibility for the applications of these three-

dimensional structures. Only a small portion of the nanofibers have been synthesized into 

aerogels, but due to the vast and well-established information about them, the opportunities to 

create novel aerogels using this method are vast and promising.  

2.9 Organic Aerogels 

 Aerogel development has greatly expanded since Kistler’s creation of the first aerogel.  

Currently, there are different categories including inorganic [116-120], organic [121-124], and 

composite aerogels [125-132], whose properties and applications are based on their building 

block materials, process, and final structure.   

 Strong covalent bonds formed from organic precursors allow synthesis of a broad range 

of organic aerogels. These materials saw a significant growth after Pekala’s [121] fabrication of 

resorcinol-formaldehyde aerogels in 1989. Subsequently, phenol-formaldehyde, melamine-

formaldehyde, polyimide, polyacrylamides, polystyrenes, and polyurethanes among other 

materials were developed. Additionally, carbon aerogels were possible to fabricate as a result of 

the carbonization of the organic aerogels. [133] 

 Among the organic aerogels, the polysaccharide-based class has attracted extensive 

interest due to its properties and applications. These aerogels are synthesized from natural 

ingredients including cellulose, chitosan, starch, and pullulan, which provide unique features 

such as biodegradability, biocompatibility, renewability, and low or no toxicity. These properties 
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offer ideal advantages in the fields of environmental engineering, health, the packaging industry, 

and buildings among many others. [134] 

2.10 Polysaccharide 

 “Polysaccharides are the macromolecules that belong to the means components of life.” 

[135] They are long chains of polymeric carbohydrate molecules made up of monosaccharide 

units which are joined together by glycosidic bonds. These biological polymers have highly 

organized structures that range from linear to highly branched. An important aspect about 

polysaccharides is their reactive functional groups that can be functionalized to produce a vast 

range of polysaccharide derivatives. [136] Furthermore, the solubility of polysaccharides is of 

outmost importance in order to facilitate and expand the number of applications they can be 

applied to. [137] 

 Polysaccharides have two main functions: energy storage and structural support. The 

functions are mainly determined by the carbohydrate structure. For example, linear molecules 

such as chitin and cellulose are rigid and strong; thus, they serve as the main support molecule in 

plant, insects, and fungi. The polysaccharides branched structures are usually used for energy 

storage. These include glycogen and starch, which are found in animals and plants, respectively.   

 Most polysaccharides can be easily and economically derived from different sources such 

as microbes, fungi, animals, by products from industrial processes, and plants (which are the 

most common source of polysaccharides). [138-140] They are primarily obtained by extraction 

and purification, which serves as a reliable method to improve their yield and quality. [141] 

Examples of polysaccharides include cellulose, starch, glycogen, chitin, chitosan, and pullulan. 
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2.11 Pullulan 

 Pullulan is an extracellular and neutral microbial polysaccharide produced by the fungus 

Aureobasidium pullulans in sugar and starch cultures. [141] It consists of a linear structure with 

maltotriose units connected by a (a)-1,6 glycosidic bond. Due to its structure, pullulan is flexible, 

exhibits a high solubility in water while being insoluble in organic solvents, and is non-

hygroscopic. Furthermore, pullulan is biodegradable, nontoxic, noncarcinogenic, nonmutagenic, 

and edible. It also shows good mechanical strength, decomposes at temperatures of 250-280 C, 

and can be used to form thin layers, nanoparticles, nanofibers, and flexible coatings. [142]   

 Pullulan’s remarkable properties make it an important source of polymeric materials, 

which can be utilized in a wide range of applications. Its commercial production began in 1976 

in Japan and is currently used in industrial applications such as a blood plasma substitute, food 

additive, a film, and as an adhesive. [143] The utilization of pullulan for biomedical purposes has 

attracted a lot of attention due to its inert nature, biocompatibility, low oxygen permeability, and 

its good chemical and mechanical properties mentioned earlier. Examples include targeted drug 

and gene delivery [144], medical imaging [145], vaccination [146], and wound healing. [147] 

 The usage of pullulan for wound healing applications has generated positive results by a 

number of different investigations. Li et al. [148] synthesized a hydrogel made of a pullulan 

derivative and cystamine with antimicrobial agents resulting in good swelling capacity, high 

water absorption, great mechanical strength, effective antimicrobial release activity, and 

biocompatibility. These results provide outstanding properties as wound dressings for clinical 

applications. Hydrogels can also be modified to form synthetic dermal scaffolds that serve as 

structural templates for wound repair. For example, Wong et al [147] fabricated a pullulan-

collagen scaffold using a salt-induced phase inversion technique which resulted in an augmented 
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early wound healing. Pullulan nanofibers membranes also hold great potential for skin tissue 

engineering. Xu et al. [149] developed a ternary nanofibrous membrane composed of pullulan, 

chitosan, and tannic acid that showed non-cytotoxicity, antibacterial properties, enhanced cell 

proliferation and attachment, good water stability and absorption.   

2.12 Aloe Vera 

 Aloe vera (also known as Aloe vera (L.) Burm.f.) is a type of succulent plant that belongs 

to the Aloaceae family. [150] It has been used medicinally for centuries in numerous cultures for 

a variety of purposes due to its high biological activity. The aloe leaf is composed of three layers: 

1. the outer green rind, which serves as a protective layer as well as synthesizes proteins and 

carbohydrates [151]; 2. the middle layer of latex, whose main and active components are 

hydroxyanthrancene derivatives (15-40%) such as the anthraquinone glycosides aloin A and B 

[152]; and 3. the inner clear gel, which consists of about 99.5% water while the remaining 0.5% 

is made up of a wide range of compounds.   

 Aloe vera contains more than 75 potentially active constituents including minerals, 

vitamins, amino acids, saccharides, enzymes, lignin, anthraquinones, salicylic acids, and 

saponins. There are a number of studies trying to identify and evaluate which of these substances 

are responsible for its healing effects. However, some research suggests that the synergetic 

interaction between the compounds, rather than a single component, is what produces its 

beneficial properties. [153] For example, numerous reports investigating the benefits of Aloe 

vera have shown positive results in burn-wound treatments [154, 155]; wound healing [156, 

157]; scaffolds [158, 159]; and antibacterial [160], antiviral [161], and immunostimulative 

activity[162], among other health advantages.   
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CHAPTER III  

 

 

EXPERIMENTAL TECHNIQUES  

 

 

3.1 Forcespinning 

Forcespinning® is a process employed to make nanofibers (NFs) using centrifugal force 

instead of electrostatic force as in electrospinning. This process allows a facile way of producing 

fibers and an increase in yield. In Forcespinning®, material in the form of polymer solution is 

deposited in the spinneret and then it is centrifugally forced through specific orifices to form a 

polymer jet. As the polymer solution jet starts evaporating, it produces a continuous fiber that 

gets deposited in between designed collectors placed around the spinneret. The controllable 

parameters that influence the fiber include spinneret’s angular velocity, viscoelasticity of 

solution, surface tension, solvent evaporation rate, distance from collector, temperature and 

humidity. 

Once the desired amount of fibers are formed, different collection mechanism can be 

employed. For example, the fibers can be collected in a uniaxial method where all the fibers are 

aligned in one direction or multiaxial process to have fibers aligned in 2 or more directions.  

Rotating cylinder can be utilized to collect fibers, this process collects fibers in a constant 

directional approach while improving fiber elongation.  A schematic is shown in Figure 5. 
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Figure 5. Centrifugal force mechanism 

3.2 Fourier Transform Infrared 

 A Fourier Transform Infrared (FTIR) Spectrometer is used to identify chemical bonds in 

a molecule, which are then used to characterize and analyze different materials including solids, 

liquids, and gasses. The instrument collects broadband near infrared and far infrared spectra by 

obtaining a sample signal’s interferogram and then applying a Fourier Transformation on it, 

yielding a spectrum.   

 In an FTIR spectrometer, an IR-beam enters the interferometer and is directed at a beam 

splitter which splits the beam into two separate beams. One beam is transmitted through the 

beam splitter to a fixed mirror while the other one is reflected and directed at a moving mirror.  
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 The light travels back to the beam splitter where is recombined and is then directed at the 

sample’s material. This allows the spectral information of all wavelengths to be acquired 

simultaneously. The detector produces raw data representing the intensity of light as a function 

of the position of a mirror. This signal is then Fourier-transformed to produce the IR plot of 

intensity vs. wavenumber. The spectrum data produced by the FTIR is like a chemical fingerprint 

which enables the characterization of new materials or identify and verify unknown and known 

samples. 

Figure 6. Schematic diagram of a FTIR spectrometer. 

3.3 Scanning Electron Microscope 

 The Scanning Electron Microscope (SEM) provides information about the topography 

and composition of a sample. SEM main components include an electron source (also called 

electron gun), electron lenses, sample chamber, electron optical column, detectors, display or 

data output devices. The function of the SEM is based on the electron behavior after electron-

sample interaction. An electron beam which carries electrons with a significant amount of kinetic 

energy interacts with the sample. Some of these accelerated electrons pass through the sample 

and some scatter elastically and inelastically. The elastic or inelastic scattering of electron results 

in different signals including secondary electrons, backscattered electrons, characteristics X-rays, 

auger electrons, visible lights, and heat. Some of these signals provide imaging, quantitative and 
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semiquantitative information of the sample. Secondary electrons are mostly advantageous for 

morphological and topological information while backscattered electrons are advantageous for 

distribution information of various elements in the sample. The signals are detected with electron 

detectors and processed for a detailed image of the sample surface. 

 

 

 

 

 

 

 

Figure 7. Schematic diagram of a SEM. [163] 

3.4 Homogenization 

Homogenizer is an equipment used to homogenize different materials such as liquids, 

powders, fibers, plants, and many others. Generally, this tool is employed to mix two or more 

different materials that are non-soluble. The homogenizer breaks the liquid or solid into small 

particles that are then distributed among the solution. Since the particles are greatly reduced in 

size, they tend to stay mixed in the solution without separating; hence, making the solution 

homogeneous. 
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The homogenizer has a rotor-stator component, which rotates at speed up to 30,000 RPM. 

The high-speed rotations cause the liquid and/or solid to move into the rotor and then outward 

using centrifugal forces. By doing this, the solid or liquid collides at high speeds with the blades 

outside the rotor reducing the particles size. The liquid or solid goes through this process several 

times, reducing the size of the particles each time, until the desired mixture is attained. 

 

 

 

 

 

 

 

 

Figure 8. Schematic of a homogenizer. 

3.5 Biological Studies 

3.5.1 Antibacterial Analysis 

To test and examine the antibacterial properties of the fibers, the disk diffusion method 

was performed. All composite fiber samples were tested against Gram negative Escherichia coli 

(E. coli), a bacterium typically found in wounds. Each sample was cut using a coring tool with a 

1 cm diameter to obtain disk-shaped specimens. Then, 25 mL of sterilized agar was poured into 
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individual sterilized plates, followed by the introduction of the bacteria.  The bacteria were then 

spread evenly throughout, and the cut specimens were placed in them using two replicates per 

sample.  Subsequently, the plates were placed in an incubator at 37˚C for 24 hours.  

3.5.2 Cell Culture 

 NIH 3T3 mouse embryonic fibroblast cells were chosen to study cell adhesion and 

behavior. The cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), 

supplemented with 10% fetal bovine serum (FBS), 100IUmL−1 of penicillin, and 100µgmL−1 of 

streptomycin. Cells were maintained at 37°C in a humidified incubator with 5% CO2.  

3.5.3 In Vitro Cell Process 

 For in vitro cell adhesion and viability studies, the composite NF membranes were cut at 

approximately 7 x 7 mm and placed in a 6-well cell culture plate. The samples were then 

sterilized under ultraviolet (UV) light for 10 minutes. In order to evaluate cell proliferation, 

120,000 NIH 3T3 cells were seeded per sample in a 3-trail experiment, and incubated for 2, 4, 

and 6 days. After incubation, samples were first treated with Mito Tracker Red (MTR) for 20 

minutes followed by phosphate buffer saline (1XPBS) washes to remove non-adherent cells. 

Next, they were fixed with 4% formaldehyde for 30 minutes and stained with 300 nm 4′,6-

diamino-2-phenylindole (DAPI) for 5 minutes. Afterward, membranes were washed twice with 

1xPBS and mounted with 50% glycerol. Cells were prepared and viewed using an Olympus 

FV10i confocal laser scanning microscope.  
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3.6 Thermogravimetric Analysis 

 Thermogravimetric analysis (TGA) is a thermoanalytical technique where the sample’s 

mass is measured over time as a function of temperature under a controlled atmosphere. There 

are two main methods for TGA testing, one is static or isothermal thermogravimetry where a 

sample is heated at a constant temperature for a determined amount of time. The second method 

is the dynamic thermogravimetry which increases the temperature at a constant rate until the set 

temperature is acquired. The results from these measurements are presented in a plot of mass as a 

function of temperature or time. The data depicts weight loss of the material due to oxidation, 

sublimation, vaporization, decomposition, sublimation, and absorption. This information 

represents the amount of organic and inorganic compounds in the sample, decomposition peaks 

temperature, residues and degradation temperatures. As a result, a decomposition profile, life 

expectancy, percentage of solvent, filler, and plasticizer can be quantified. 

 

 

 

 

 

 

 

 

Figure 9. TGA example graph showing a sample’s degradation path.  
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CHAPTER IV  

 

 

METHODOLOGY 

 

  

 The fibers were produced using four steps shown in figure 10 which consisted of: 1. 

preparing the solution, 2. production of fibers, 3. collection of fibers, and 4. thermal cross link of 

the fibers. The obtained fibers were analyzed to determine thermal-physical, antibacterial, and 

cell growth proliferation properties.  

Figure 10. Schematic procedure of the method used to prepare, make, and cross-link NFs. 

4.1 Materials and Methods 

4.1.1 Materials 

 Pullulan (PL) was purchased from Tokyo Chemical Industy Co. (Japan).  Chitosan (CH) 

with a low–molecular weight (MW = 50,000–190,000 and 75%–85% degree of deacetylation)  
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was purchased from Sigma–Aldrich (St Louis, USA). Citric Acid (CA) was purchased from 

Sigma–Aldrich (St Louis, USA). Aloe vera leaf was filtered and used without further treatment.  

Deionized (DI) water was produced from a Smart2Pure water purification system. 30-gauge 

(half-inch) bevel needles (PrecisionGlideTM) were purchased from Fisher scientific for the use 

of fiber production process.   

4.1.2 Aloe Vera Extract Preparation  

 An Aloe vera leaf was washed with DI water and dried at ambient temperature. The leaf 

was cut from both ends and left to drain excess liquid. The bottom flat side of the leaf was 

skinned and was once again rinsed with DI water to ensure a clean specimen. A sanitized spatula 

was used to scrape off the Aloe vera extract (AVE) which was then placed in a glass container. 

The collected extract was filtered using a 50 µm syringe filter. The filtered AVE was collected 

into a separate glass container and stored in a fridge at 15˚C for further experimental use 

4.1.3 Solution Preparation  

 For the control solution (control), 10 mL of DI water was placed in a 20 mL vial and 

mixed with 400 mg of CA until completely dissolved. Then, 500 mg of CH were added to the 

aqueous solution and vortexed until homogeneity was achieved. The CA/CH solution was left to 

stir over night using a magnetic stirring rod. Later, 2 grams of PL were added to the CA/CH 

solution, homogenized, and left to stir for a minimum of 6 hours. 

 For the remaining solutions, different AVE/DI water concentrations were prepared in 

order to observe the influence of the AVE concentration on the fiber diameter, thermal stability, 

antibacterial effect, and cell growth proliferation. The AVE/DI water ratios (v/v) consisted of 
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2/8, 6/4, and 10/0 mL per solution and were designated as 20%, 60%, and 100% extract, 

respectively. The CA, CH, and PL were added following the same steps as the control procedure. 

4.1.4 Forcespinning Process 

 Forcespinning® process uses centrifugal forces to create NFs in a controlled chamber 

with adjustable parameters such as angular velocity and time. These helps to ensure a good 

quality and quantity of fiber production with respects to external conditions. To produce the 

fibers, a 3 mL syringe was used to inject 2 mL of the prepared solution in a spinneret of a 

Cyclone™ L-1000M, purchased from FibeRio Technology Corporation (McAllen, USA). The 

prepared solution was spun at an RPM ranging from 4000 to 7000 which permitted the solution 

to successfully exit through the spinneret’s orifices. The solution was ejected from both ends of 

the spinneret through the 30-gauge needles, and was elongated onto equally distanced vertical 

pillars, thus creating composite NFs which were then collected with a 10x10 cm collector after 

each cycle. NFs were laid on top of one another in a uniform manner after each collection per 

cycle to ensure a composite NF membrane. They were later covered and stored in a low moisture 

environment.  

4.1.5 Cross-linking 

 Once the Forcespinning® process was complete, the collected NF membranes were 

placed in an oven at 140˚C for 1 hour to allow proper chemical cross-linking with CA. The 

cross-linking process allows the composite NFs to be insoluble in water and increase its thermo-

physical properties. The sample was then taken out of the oven and left to dry for further 

analyzation.   
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4.1.6 Aerogel Preparation 

 The cross-linked composite NF membrane with a weight of 80 mg was cut into pieces of 

1 x 1 cm2 and dispersed in 8 mL of DI water. The solution was then mechanically homogenized 

using a PRO Scientific Bio-Gen PRO200 homogenizer for 5 minutes at 12,000 rpm resulting in a 

dispersion of short NFs. The obtained homogenous solution was then transferred to a mold and 

frozen at -82˚C. The frozen solution was subsequently dried using a Freezone 4.5 freeze dryer 

system for 24 hours, leaving only the nanofibrous framework known as aerogel. This process 

was repeated for the 20%, 60%, and 100% extract NFs. The generated aerogels were labeled 

AG-control, AG-20%, AG-60%, and AG-100% (derived from the samples they were made of). 

4.2 Characterization 

4.2.1 SEM Analysis  

 A SEM (Σigma VP-ZESS) was used to analyze the morphology and average diameter of 

the composite NFs obtained (Fig. 11). The magnifications range from 300X to 1500X and a 

voltage of 1-3kV was used throughout the process. The NFs average diameter was calculated by 

indiscriminately measuring the diameter of 100 different fibers from SEM images using the 

image analysis software ImageJ. 
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Figure 11. Σigma VP-ZESS Scanning Electron Microscope 

4.2.2. TGA 

 TGA was completed using a Netzsch TG 209, shown in Figure 12, at a rate of 10 ˚C/min, 

with temperatures increasing from room temperature to 700˚C in a nitrogen atmosphere. All the 

samples analyzed weighed 10 mg each. 

 

 

 

 

 

 

Figure 12. Netzsch TG 209 Tarsus 
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4.2.3 FTIR Analysis   

 Samples with a 1 x 1 cm were cut and placed inside the Thermo Nicolet NexusTM 470 

FT-IRESP FTIR machine (Fig. 13). The background spectrum was removed, then the samples 

were scanned in range of 400–4000 cm-1 with a resolution of 4 cm-1. 

 

 

 

 

 

 

 

 

 

Figure 13. Bruker Vertex 70 FTIR Equipment 
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CHAPTER V  

  

 

RESULTS AND DISCUSSIONS  

 

5.1 Morphology of Composite NF Membranes 

 Forcespinning® (FS) technology was chosen due to its high yield of NFs, combined with 

the wide variety of materials from which it can produce NFs. An optimization analysis of the 

composite NFs was performed and found the optimum parameters to be 5500-6500 rpm in a 

humidity of 45-55%. The photographs, SEM micrographs, and fiber diameter statistical analysis 

of the developed samples are shown in Figure 14 as a, b, and c respectively. To further enhance 

structural stability of the composite membranes and avoid their dissolvement in liquids, they 

were cross-linked at 140˚C for 60 minutes in an air atmosphere. During this process the CA 

functioned as a non-toxic cross-linking agent, which caused the membranes to change from 

white to beige (Figure 14(a)). All the NFs obtained from FS exhibited long, smooth, and 

continuous fiber morphology, illustrated in Figure 14(b). The control sample had the lowest 

mean fiber diameter of 528 nm and a standard deviation of 146 nm, while the 100% extract 

specimen showed the highest mean fiber diameter of 906.9 nm and a standard deviation of 320 

nm. The data showed a positive correlation between the mean fiber diameter and the increase in 

AVE (Figure 14(c)). The cross-linked membranes were submerged in water, removed, and 

analyzed under SEM (Figure 15). These CA cross-linked composite NF membranes show an 

improved water stability compared to the non-cross-linked samples, which dissolve when they 

interact with water.   
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Figure 14. The images labeled as 1, 2, 3, and 4 represent the control, 20% extract, 60% extract, 

and 100% extract, respectively. Photographs of the cross-linked composite NF membranes (a), 

scanning electron microscope (SEM) micrographs (b), and fiber diameter distributions (c). 

 

a. 1. b. 

a. 
2. 

a. 
3. 

a. 
4. 
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Figure 15. Image of cross-linked NFs, control (a), 20% extract (b), 60% extract (c), and 100% 

extract (d), after being submerged in water. 

5.2 Antibacterial Assessment of Composite NF membranes 

Figure 16. Image of cross-linked composite NF membranes tested against Escherichia coli. 

 As seen in Figure 16, the cross-linked composite NF membranes exhibit clear rings 

around the samples, known as inhabitation zones, indicating antibacterial activity. The samples 

resulted in inhabitation zones of 0.5 mm, 1 mm, 2 mm, and 2.5 mm, respectively. These results 

a. b. 

c. d. 
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illustrate that the antibacterial properties of the composite NFs membranes were enhanced as the 

concentration of AVE increased.   

 Aloe vera is used in skin related treatments due to its antifungal, anti-inflammatory, 

antiviral, and antibacterial activity against multiple types of infections. Previous studies of Aloe 

vera’s antibacterial properties against gram negative E. Coli and other bacteria have also 

demonstrated effective antimicrobial efficacy. [164] The mechanism by which Aloe vera exerts 

its antibacterial action is believed to be associated to anthraquinones. Anthraquinones act as 

tetracycline, which blocks the ribosomal A site, thus, inhibiting the bacterial protein synthesis 

and preventing the bacteria from growing. [165] Furthermore, Aloe vera possess a hydroxylated 

phenol known as pyrocatechol, which is proven to be toxic to micro-organisms. The number of 

present hydroxyl groups on the phenol group is correlated to the level of micro-organism toxicity 

(i.e. the more hydroxyl groups present, the more toxic to micro-organisms). These phenolic 

groups are responsible for the cell membrane disruption, as well as the denaturing of bacterial 

cell protein. Additionally, other studies have reported the ascorbic acid found in Aloe vera, acts 

as a strong antibacterial agent that inhibits enzymatic activity and interferes with bacterial cell 

membrane and genetic mechanisms. [166] The amount of active biological components present 

in the samples are essential for the antibacterial activity as observed in the results obtained. 

5.3 In Vitro Cell Adhesion and Proliferation in Composite NF membranes 

 MitoTracker Red CMXRos is a cell-permeable red fluorescent dye that accumulates in 

the negatively charged mitochondrial matrix and allows for detection of the mitochondrial 

membrane potential. The mitochondrial membrane potential is a key indicator of cell health or 

injury; healthy cells accumulate more dye compared to apoptotic cells. [167] DAPI staining is a 
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technique used to determine a cells viability by identifying its nuclear morphology in 

colocalization assays. [168]  

 Cell adhesion and proliferation were analyzed on the composite NF membranes after 2, 4, 

and 6 days (shown in Figure 17).  It was observed that the MitoTracker stains were present in all 

samples, which indicated that the cells were active within the nanofibrous membranes, with the 

exception of day 4 of incubation in the 60% extract sample. Additionally, a constant detection of 

the red dye remained throughout the following days, which demonstrated that the cells 

maintained their initial health. Furthermore, cell nuclei are clearly apparent in all samples, with a 

constant number of cells appearing each day. There was a significantly high number of cells on 

day 6 for the 60% extract sample and the presence of clusters within some of the other NF 

composites. A cell spread is exhibited with an increase of AVE, as compared to a rounder cell 

morphology present in control samples.   

 Using 10 images per sample an average cell count was calculated and an Anova post-hoc 

Tukey statistical analysis was conducted (Figure 18). A significant difference was shown in the 

60% extract sample when compared to the control at day 4.  At day 6, all samples were shown to 

have no significant difference to the control. This could be based on the variation between the 

values found in each respective sample, as shown through the high standard error bars. The 

results suggest that the composite membranes were not found to be toxic to the cells, and cells 

can effectively attach and proliferate onto these biocompatible nanofibrous membranes. 
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Figure 17. Confocal microscopy of NIH 3T3 cell adhesion and proliferation in cross-linked 

composite NF membranes. 
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Figure 18. Cell proliferation results from a 3-trial experiment for cross-linked composite NF 

membrane samples: control, 20%, 60%, and 100% extract. 

5.4 TGA Evaluation of Composite NF membranes 

 Different thermogravimetric measurements were performed to analyze the thermal 

stability and the effect of Aloe vera extract in the cross-linked composite NFs. The TGA and 

DTGA thermograms of the samples are shown in Figures 19 and 20. The lyophilized Aloe vera 

extract followed multiple degradation steps, starting with the loss of water content observed 

between 26˚C to 135˚C. Then the degradation process began and a weight loss at 210˚C to 

290˚C, attributed to hemicellulose decomposition, was recorded. Decomposition of cellulose and 

lignin were observed between 300˚C and 395˚C and in the range from 400˚C to 520˚C, 

respectively. After 520˚C the weight loss was minimal due to the presence of fixed carbon. [169, 

170] 

 All the AVE composite NFs show a weight loss over two stages. The first one occurred 

between 26˚C and 150˚C, caused by the loss of structural water in the samples. The second stage 

was the thermal degradation of the polymers starting at 150˚C.  During this stage decomposition 

of the material began by the partial breaking of the molecular structure and disintegration of 

intermolecular bonds. [171] As the AVE content increased, the NFs exhibited a lower 

decomposition onset temperature (To), attributed to the initial thermal degradation of the AVE. 
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Solaberrieta et al. obtained similar results; a decrease of the onset temperature decomposition 

with increasing AVE content in the polyethylene oxide (PEO) NF formulations. [172] 

Furthermore, the addition of AVE resulted in a small decrease in the maximum rate of thermal 

degradation temperature (Tmax). Even though the addition of AVE caused small changes in the To 

and the Tmax, it didn’t affect the overall decomposition of the samples. A residual mass of 

18.37%, 19.06%, 19.62%, and 20.12% for the control, 20%, 60%, and 100% extract, 

respectively, reflected the higher amount of AVE in their system.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. TG analysis of the cross-linked composite NFs and lyophilized Aloe vera extract. 
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Figure 20. DTG analysis of the cross-linked composite NFs and lyophilized Aloe vera extract. 

5.5 FTIR Analysis of Composite NF membranes 

 The FTIR analysis was used to assess the functional groups present in the individual 

components, as well as the composite NFs. In Figure 21 we can observe the infrared spectrum of 

chitosan powder, pullulan NFs, and the composite NFs. For pullulan, the broad band in the 

region around 3278 cm-1 was attributed to the O-H stretching and hydrogen bond originating 

from water molecules. The band at 2923 cm−1 corresponded to the C–H stretching. [173] A 

single band at 1,639 cm−1 was attributed to the stretching vibration of O–C–O. Other features 

were also observed in the spectra including C-O (1018 cm-1), C–O–C stretch (1,148 cm−1), and 

C–O–H bend (1,356 cm−1), as reported by Singh and Saini. [174] An intense characteristic band 

of pullulan was located at 1078 cm−1, which was due to the large proportion of the primary C-
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OH groups at the C-6 position. This band was absent in the spectra for the chitosan, but it 

remained at 1078 cm-1 on the composite NF membrane, indicating that the added components 

did not affect the vibrational behavior for the C–OH group. [175,176]  

In the chitosan spectra, a broad band at 3288 cm−1 corresponds to the O-H and N-H 

stretching. [177] The absorption bands at around 2870 cm−1 is ascribed to the asymmetric C-H 

stretching, which are typical characteristics of polysaccharides.  The bands at 1645 cm-1 (C=O 

stretching of amide I) and 1319 cm−1 (C-N stretching of amide III) confirmed the presence of 

residual N-acetyl groups. Characteristic absorption bands at 1584 cm−1, 1419 cm−1 and 1374 

cm−1 corresponded to the NH2 bending of the primary amine, CH2 bending, and the distorting 

vibration of C-CH3, respectively.  [178, 179] Additionally, the band at 1149 cm-1 can be 

attributed to C–O–C stretching vibration in the glucopyranose ring, and the absorption band of at 

895 cm-1 corresponds to the β(1 → 4) glycoside bridge structure. [180] 

The composite NFs shows a new band at 1714 cm-1, which is attributed to the C=O 

stretching vibration due to the carbonyl group in CA. The absorption band at 847 cm-1 is 

attributed to the α-configuration of α-D-glucopyranose units which decreased from the pullulan 

NFs as a result of the addition of CS, which contains β-glycosidic bonds. [181] Furthermore, 

bands found in the pullulan NFs spectra appeared in the composite NFs, including the bands at 

754 cm−1 and 928 cm-1, which prove the presence of pullulan’s two main linkages: α-(1,4) 

glucosidic bonds and α-(1,6) glucosidic bands, respectively. [182] 
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Figure 21. FTIR spectrum of the composite NF control sample (a), pullulan NFs (b), and 

chitosan powder (c).  

The Aloe vera spectrum shown in figure 22 illustrates a peak at 2927 cm–1 associated to 

the symmetrical and asymmetrical C–H stretching of the −CH2 groups, indicating the presence 

of aliphatic (−CH) groups in these compounds.  Absorption at 1714 cm-1 indicates a carbonyl 

peak (C=O) belonging to acids, ketones, and aldehydes. [183] The absorption bands at 1580 cm-1 

and 1393 cm–1 are attributed to the C═C stretching and the symmetrical –COO stretching of 

carboxylate compounds in Aloe vera, respectively. Stretching vibrations of C–O groups of esters 

and phenols are attributed to the absorption at 1244 cm–1. [184, 185] Furthermore, the shoulder 

peak at 1077 cm−1 has been related to the C−O stretching associated with rhamnogalacturonan, 

and the high intense band at 1017 cm−1 corresponds to the C−O and C−OH bonds of the glucan 

units in polysaccharides. [186] 
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It was noted that an increase in the AVE content used to prepare the composite NFs 

reflected a subtly higher absorption band at 1580 cm-1. Different authors have shown that the 

peak around 1600 cm-1 demonstrates the inclusion of Aloe vera and natural extracts such as 

grape seed and rosemary in NFs. [172] After cross-linking, the band at 1207 cm-1 was slightly 

enhanced as a result of the etherification reaction between the hydroxyl and carbonyl groups of 

pullulan and CA. [187] The combination of pullulan, CA, CS, and Aloe vera did not have any 

substantial changes in the chemical composition, which allowed them to maintain their 

individual properties. As a result, the thermal stability, antibacterial, and biological effects were 

maintained. 

Figure 22. FTIR spectrum of the composite NF control sample (a), cross-linked composite NF 

control sample (b), cross linked composite NFs with 20% extract (c), cross-linked composite 

NFs with 60% extract (d), cross-linked composite NFs with 100% extract (e), and lyophilized 

Aloe vera extract (f). 
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5.6 Morphology of Aerogels 

 

Figure 23. Photograph of aerogel (a) with SEM images illustrating its major (b) and minor (c) 

pores.  

The aerogel’s structure (Figure 23(a)) was derived from the process of freezing the 

solution which contained the NFs and the non-dissolving liquid; the growing solvent crystals 

caused the NFs to be pushed away and become embedded. The removal of the solvent crystals 

by sublimation yields a nanofibrous framework characterized by major (Figure 23(b)) and minor 

(Figure 23(c)) pores. The porosity and pore size can be modified through different mechanisms 

such as fiber loading, freezing rate, and solvent. For example, increasing the fiber loading will 

result in an aerogel with lower porosity due to a higher volume of NFs inside the solution, while 

the freezing rate and solvent can be manipulated to obtain specific major pore sizes. 

Figure 24 shows the morphology obtained from AG-control, AG-20%, AG-60%, and 

AG-100%. The major pores formed by the solvent crystals range in diameter from 20-80 μm in 

all samples. This size range can be attributed to the fact that water was used for all the samples, 

thereby obtaining a similar crystal growth rate and size. The minor pores, with sizes of 2-6 μm, 

are located between the tangled NFs; the ones found in the aerogels are in the same size range as 

those in the NFs. It was observed that the AG-control had the largest minor pore sizes, while the 

AG-100% had the smallest. A thicker fiber diameter found in the AG-100% reduced the space 



53 
 

between the fibers, consequently producing reduced minor pore sizes. The interconnection 

between major and minor pores produced an open-pore network which can serve a wide range of 

applications. [188]  

Figure 24. The images labeled as a, b, c and d represent the AG-control, AG-20%, AG-60%, and 

AG-100%, respectively.  

5.7 Antibacterial Assessment of Aerogels 

 Figure 25 illustrates the clear rings around the aerogels, known as inhabitation zones, 

indicating antibacterial activity. The samples AG-control, AG-20%, AG-60%, and AG-100% 

resulted in an inhabitation zones of 0, 0.5, 2, 3 mm, respectively. These results illustrate that the 

antibacterial properties of the composite NF-based aerogels were further enhanced as the 

concentration of AVE increased.   

a. b. 

c. d. 
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 The mechanism by which Aloe vera exerts its antibacterial action is attributed to 

anthraquinones, pyrocatechol, ascorbic acid, and cinnamic acid. These compounds prevent 

bacteria from growing via bacterial protein synthesis inhibition, cell membrane disruption, and 

interference with the membrane and genetic mechanisms. The amount of active biological 

components present in the samples are essential for the antibacterial activity as observed in the 

results obtained. 

Figure 25. Image of composite NF-based aerogels tested against Escherichia coli.  Starting from 

the left with AG-control (a), AG-20% (b), AG-60% (c), and AG-100% (d). 

5.8 In Vitro Cell Adhesion and Proliferation in Aerogels 

 MitoTracker Red fluorescent dye allows for detection of the mitochondrial membrane 

potential. The mitochondrial membrane potential is a key indicator of cell health or injury; 

healthy cells accumulate more dye compared to apoptotic cells. [167] DAPI staining was used to 

determine the cells’ viability by identifying its nuclear morphology in colocalization assays. 

[168] Cell adhesion and proliferation were analyzed on the composite NF-based aerogels for 2, 

4, and 6 days (shown in Figure 26). It was observed that the MitoTracker stains were present in 

all samples, which indicated that the cells were active within the aerogel. In addition, a constant 

detection of the red dye remained throughout the following days, which demonstrated that the 

cells maintained its initial health. Furthermore, cell nuclei were clearly apparent in all samples 
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with a constant number of cells appearing each day. Another clear observation is the cells’ 

morphology; they remained constant with a round cell morphology similar to that of previous NF 

control samples, which may be attributed to suspended cells. After 6 days cells remained with a 

constant presence among all samples.    

 Figure 27 displays the average cell count per sample (10 images were 

captured/trial/sample for each individual day) where a One-way ANOVA Post-hoc Tukey 

statistical analysis was conducted. Based on the data, AG-20% and AG-60% had a slightly 

higher cell presence than the AG-control. The aerogel samples differ from NFs in which cells are 

shown to exhibit a closer interaction within a NF-based form, as compared to the visible round 

morphology exhibited within an aerogel. The results suggest that the NF-based composite 

aerogels are not toxic to the cells, allowing them to effectively proliferate and attach onto these 

biocompatible aerogels. 
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Figure 26. Confocal microscopy of NIH 3T3 cell adhesion and proliferation in composite NF-

based aerogels. 
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Figure 27. Cell proliferation results from a 3-trial experiment for fiber-based composite aerogels 

samples: AG-control, AG-20%, AG-60%, and AG-100% extract. 

5.9 TGA Evaluation of Aerogels 

 The TGA and DTGA thermograms of the composite NF-based aerogels are shown in 

Figures 28. All samples show a two-step weight loss behavior very similar to the cross-linked 

composite NF membrane. The first step was the loss of structural water in the samples between 

26˚C and 150˚C, followed by the thermal degradation of the polymers starting at 150 ˚C. During 

this stage decomposition of the material begins by partial breaking of the molecular structure and 

disintegration of intermolecular bonds. [171] The aerogel samples with AVE exhibited a higher 

decomposition onset temperature (To) compared to the AG-control. AG-20% exhibited the 

greatest change follow by AG-60% and AG-100%, with an increase in the To of 5%, 4%, and 

2%, respectively. The addition of AVE caused a small increase in the To which was opposite to 

the results obtained from the composite NF membranes. Nonetheless, those minor changes didn’t 

affect the overall decomposition of the samples. Moreover, a residual mass 18.10%, 19.66%, 

20.25%, and 20.99% for the AG-control, AG-20%, AG-60%, and AG-100%, respectively, 

reflected the higher amount of AVE in their system.   
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Figure 28. TGA (a) and DTGA (b) of the fiber-based composite aerogels. 

 

b. 

a. 
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5.10 FTIR Analysis of Aerogels 

 The AG-Control shows the same characteristic peaks as the composite NF control 

sample, indicating that they have the same composition. Both show the band at 1714 cm-1, which 

is attributed to the C=O stretching vibration due to the carbonyl group in CA. In the aerogel 

samples, an increase in Aloe vera content used to prepare the composite NFs membranes 

reflected a slightly higher absorption band at 1580 cm-1. This trend confirmed the successful 

incorporation of Aloe vera in the membranes as reported by Solaberrieta et al. [172] 

Furthermore, the band at 1206 cm-1 was slightly enhanced as a result of the etherification 

reaction between the hydroxyl and carbonyl groups of pullulan and CA, respectively. [187] Also, 

the characteristic shoulder peak at 1077 cm−1 related to C−O stretching associated with 

rhamnogalacturonan, and the high intense band at 1017 cm−1 associated with the C−O and 

C−OH bonds of the glucan units in polysaccharides were noted. [186] No differences were found 

between the composite NFs and the composite aerogels, which confirms that both share same 

characteristics and properties. This is further confirmed by the similarity in thermal stability, 

antibacterial, and biological results obtained from both. 
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Figure 29. FTIR spectrum of the cross-linked composite NF control sample, AG-control, AG-

20%, AG-60%, and AG-100%. 
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CHAPTER VI  

   

 

CONCLUSION 

  

 

6.1 Conclusion 

 Biocompatible fiber-based composite aerogels with synergistic antibacterial activity 

against E. coli and capability to promote cell attachment and growth were successfully produced 

from NFs via Forcespinning®. The aerogels produced were made from natural biocompatible, 

biodegradable products which included PL, CS, CA, and AVE. Cell culture and in vitro cell 

process illustrates that the developed antibacterial composite samples are non-cytotoxic to NIH 

3T3 fibroblast cells and effectively advocate fibroblast cells attachment, as well as interlayer 

cells growth. Its porous 3D structure makes it a potential candidate for wound dressing 

application that will allow wounds to breath, absorbed excessive blood and exudates, and 

provide protection from infections while displaying good thermal stability.  

 The method in this study could be suitable to produce different NF-based aerogels from 

other materials to obtain similar physicochemical properties for wound dressing or a wide range 

of other applications. This study contributed to develop an understanding of the creation of fiber-

based composite aerogels from biocompatible materials using Forcespinning® technology. 
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APPENDIX A 

Figure A1 – Comparison of cell proliferation results from a 3-trial experiment for samples:                        

control, 20% extract, 60% extract, and 100% extract. 

Figure A2 – Comparison of cell proliferation results from a 3-trial experiment for samples: AG-

control, AG-20%, AG-60%, and AG-100%. 
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Figure A3 – Disk diffusion test results comparison between NFs membrane and aerogels.  

 

 

 

 

 

 

 

 

 

 

 

Figure A4. TGA curves of the control sample and the individual components that make up the 

composite NF membrane. 
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Figure A5. TGA curves comparing the control samples from the composite NF membrane and 

aerogel.  

 

  

 

 

 

 

 

 

 

 

Figure A6. TGA curves comparing the 20% extracts samples from the composite NF membrane 

and aerogel. 
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Figure A7. TGA curves comparing the 60% extracts samples from the composite NF membrane 

and aerogel.   

 

 

 

 

 

 

 

 

 

 

Figure A8. TGA curves comparing the 100% extracts samples for the composite NF membrane 

and aerogel.   
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