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ABSTRACT

Rodriguez Negron, Astrid Michelle, Fibers for Skin Regeneration. Master of Science Engineering

(MSE), May 2018, 81 pp, 4 tables, 28 figures, 117 references, 38 titles.

This thesis presents the successful development of biocompatible Polyvinyl Butyral
(PVB), PVB/Polylysine and PVB/Tannic Acid (TA)/Polylysine fibers from an ethanol solution,
Polyhydroxybutyrate (PHB), PHB/Polylysine, PHB/TA/Polylysine fibers from a chloroform
solution and Chitosan (CH)/Pullulan (PL)/TA and CH/PL/TA/Polylysine fibers from an aqueous
solution. The fibers were mass produced utilizing the Forcespinning® (FS) technology. The
morphology of the fibers was characterized using a scanning electron microscope (SEM) and the
fibers average diameter was calculated. The thermal properties of the fibers were characterized
using a thermogravimetric analyzer (TGA) and a differential scanning calorimeter (DSC). The
antibacterial activity of the fibers was assessed using against Escherichia coli. The
biocompatibility of the fibers was studied by culturing NIH 3T3 Mouse Embryonic Fibroblast
cells in the fibers. These fibers provide the cells with a 3D environment mimicking the
extracellular matrix (ECM) in the skin which favors cell adherence and attachment, thus favoring

skin wound healing.
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CHAPTER I

INTRODUCTION

This thesis discusses the development and characterization of fine fiber membranes made
by the Forcespinning® (FS) technology to improve skin cell growth and facilitate skin
regeneration for burn victims, diabetic wounds, and other acute skin injuries. Current technology

to treat these lesions varies from patient to patient and from one skin injury to another.

}-Epidermis

- Dermis

Hypodermis

| Figure 1. Déagrém of the skin [1]

The skin is the largest organ in the human body, its job or function is to protect the other
organs from the environment acting as a barrier that keeps the body temperature and fluids inside
the body and keeps exogenous organisms out of the body. The skin is divided into three main
layers the epidermis, the dermis and hypodermis (Figure 1.).

Acute skin injuries, referring to wounds located in the dermis or hypodermis where the

capillaries and nerves are located, are susceptible to infections, loss of heat, and loss of fluids.



Most of the treatments for these types of injuries include long hospitalization times and
constant health care giver supervision that oversee general day to day treatment, change and
bandage of the exposed skin injury, and administration of pain medication and antibiotics. There
are many complications that may arise from lack of, or improper treatment, or from human error
as in the injury needs to be treated and cared by a health specialist whose responsibility is to
maintain it clean and in optimum conditions for cell growth and healing. As mentioned most of
the complications are infections with viruses, bacteria or any pathogens present in the
environment that can grow in the exposed area, loss of body heat, and inappropriate scarring,
among others. There are many studies on skin regeneration and wound healing. The utilization of
polymers that are biocompatible and have the ability to form fiber scaffolds is widely studied for
applications that involves cell growth and regeneration in bones, muscles, and other organs. This
thesis studies the fabrication of fiber membranes through the Forcespinning® technology for
cutaneous wound healing. The polymer fibers are known to mimic the extracellular matrix which
allows cell growth in a 3D format speeding up the healing of the wound. Even though there are
studies that show the advance in wound healing using fibers, the most studied technigue to get
those fibers have a low yield thus making it difficult and extremely expensive to mass produce
the fiber membranes. However, the Forcespinning® technology have a higher yield and
possibilities of mass producing fibers without the excessive costs to further promote the use of
fibers in the medical field.

The need of a rapid healing process or a device that could improve healing after an acute
skin injury is required for better healing and it is desired to decrease healing time and pain. This
thesis focuses on the development and characterization of the fiber membranes and its
corresponding three-dimensional cell growth/proliferation and antimicrobial studies.
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This thesis is divided into six chapters. Chapter two focuses on the literature review, it
discusses the current technology and the research being done in the field of skin wound healing
and skin regeneration. It discusses the biology behind wound healing, the skin parts and the
different technologies being studied such as the use of hydrogels, scaffolds, different
antimicrobial agents, and nanotechnology to improve wound healing and reduce the risk of
infection and other complications.

Chapter three describes the equipment used within the experimental work. The
techniques and instrumentation required to fulfill the development of the material, its
characterization, and cell growth and antimicrobial experiments. Among the described
instruments/techniques are the Forcespinning® technology, the scanning electron microscope,
thermal characterization instruments, incubator, and fluorescence microscopes.

Chapter four discusses the materials and methods used. The specification of each
material, its supplier and modifications, how the solutions were prepared, how the fibers were
obtained, and the settings used to spin the solutions into fibers. The characterization of the
material: thermal, morphological, and biological, as well as experiments performed to obtain
data are well described.

Chapter five presents the results and discussion followed by Chapter six which highlights
the conclusions obtained from the development and characterization of the membranes.
Suggestions for future work are also presented in Chapter six.

The thesis entitled “Fibers for Skin Regeneration” presents a new possible method for
skin wound healing that would be cost affordable, while also possessing antimicrobial activity

and enhanced cell growth.



CHAPTER II

LITERATURE REVIEW

Skin Regeneration

Skin regeneration is the ability of the skin tissue to repair itself from a wound. A wound
is the disruption of any tissue due to mechanical/physical, or metabolism related injuries. A
mechanical or physical wound is caused by penetration, a cut or a crush, this leads to
complications like hemorrhage, infection and fracture. A metabolism related wound is one such
as those caused by diabetes and other metabolic deficiencies. The healing of the skin wound is a
complex but necessary process. Skin wound healing will lead to skin regeneration which is, as
mentioned, a complex process that requires efforts of many factors and cell lineages. The process
has distinct phases: proliferation, migration, matrix synthesis, presence of growth factors signals,
and matrix signals. The overall healing process is still under research and effort is being made to
further the understanding of the wound healing process. [1] Cell proliferation is the increasing of
number of cells which is defined by the balance between cell division and cell death or cell
differentiation. Cell migration is an orchestrated movement of cells in a certain direction to a
specific location that is necessary for wound healing, embryonic development, and immune

responses.



Burns

Burns are examples of physical and mechanical wounds. Burns are injuries caused by
exposure to heat, friction, radiation, electricity, or chemicals. The American Burn Association
reports that more than 450,000 patients receive hospital and emergency room treatments for
burns each year [2]. From this 43% are from exposure to fire or flames, 34% for exposure to hot
steam or liquid, 9% because of direct contact with a hot surface, 4% electrical, and 3% from
chemical exposure [3]. Burns are characterized by degree, this is based on the severity and depth
of the damage. First degree burns can be easily treated at home, while second and third degree
burns often require specialized attention. This third degree burns often require surgery and skin
grafts, which is when a surgeon removes skin from another part of the body and proceeds to use
it as a scaffold in the affected area. Burn treatment requires daily cleanings, and aseptic
conditions to keep the patient from infection from bacteria or viruses while also preventing loss

of heat through the open wound [4].

Diabetes

The increase in diabetes diagnosis in the population is estimated to go up to 592 million
among adults in the world. [5] Diabetes can be a precursor of metabolically related injuries.
Diabetes is a condition where the production or response of the body to the hormone insulin is
impaired. This results in an abnormal metabolism of carbohydrates and subsequently elevated
levels of glucose in the blood stream. High glucose in the blood stream changes the rigidity of
the cell walls, narrowing the blood vessels, hence promoting poor circulation, which decreases
the delivery of nutrients and oxygen to the different parts of the body. Diabetics, therefore, have
a slower wound healing process, 25% of diabetics are expected to develop foot ulcers. [6] With
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progression of the wounds or slow healing of the wounds, diabetic’s patients need special
attention when they suffer a skin injury and an advancement on skin regeneration would benefit

these patients. [7]

Skin

Tissue are a group of cells that are specialized to perform a specific function and together
become an organ. The skin is the largest organ in our body. It has many functions that helps us
live day to day. It’s the first barrier of protection for the organism, it protects from
microorganisms, radiation, toxic substances, among others. The skin also regulates body
temperature, prevent loss of essential body fluids, and excretes toxic substances.

The skin is composed of three layers; epidermis, dermis and hypodermis. The epidermis
is the outer layer of the skin and it prevents the entry of microorganisms and maintain body
hydration. The epidermis is divided into five layers that are made of different immune and non-
immune cells, such as keratinocytes, T cells, and stem cells, among others. The dermis layer is
the layer located between the epidermis and the hypodermis, this layer is composed of collagen
protein, blood and lymphatic vessels, sweat glands, nerve cells, and stem cells. The dermis
provides structural toughness to the skin. The hypodermis is known as the subcutaneous fat its
primary function is to give anchorage and support the dermis and epidermis. The hypodermis is

composed of adipocytes, macrophages, nerves, vasculature and fibroblasts.



Wound Healing Process

As mentioned wound healing it is a multistep process. In normal conditions the process is
achieved by four phases: homeostasis, inflammation, proliferation and remodeling. [8] If the
biological pathways that control and activate these processes is interrupted or impaired the
wound repair process would be affected and this could lead to a scar or non-functioning mass of
fibrotic tissue [9].

In hemostasis, the initial phase begins as an autonomic response to attempt the
minimization of damage. Platelet aggregation starts, the immune system activates, and the blood
clotting process starts recruiting vitronectin, fibronectin, fibrin and thrombospondins, which start
the scaffold like matrix for the migration of cells. [9] The second phase, inflammatory, can be
divided into three phases or sub-phases where first the neutrophils arrive the first day, three days
after the monocytes starts transforming to macrophages. During these three days of the
inflammatory phase some factors starts to be produced, such as the tumor necrosis factor (TNF-
a), interleukin 1 (IL-1) and interleukin 6 (IL-6). The inflammatory response stimulates the
vascular endothelial growth factor (VEGF), interleukin 8 (IL-8) to stimulate the repair of
vascular vessels, transforming growth factors (TGF-a and TGF-p), fibroblast growth factor
(FGF), and platelet derived growth factor. [10-13] Following the inflammatory response, from
approximately the third to the tenth day, the proliferation phase occurs. Reepithelization is
induced by the activation of growth factors and cytokines, which cause the expansion of the
keratinocytes, epithelial cells, stem cells and fibroblasts. [9, 13-14] In this phase, angiogenesis is
induced. Angiogenesis is the creation or synthesis of new blood vessels that are used to transport
biomolecules, factors and oxygen to the affected area. [15, 16] The ultimate step is the
production of granulation tissue, which is made of fibroblasts, granulocytes and macrophages.
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Fibroblasts are the main cells during the granulation, since they induce the production of
collagen and other EMC molecules. The EMC provides a scaffold for cell adhesion and
proliferation. In this last moments of the proliferation and granulation phase, the fibroblasts
differentiate into myofibroblasts which, forms a scar, or they undergo apoptosis (cell death). [17]
Two to three weeks after the wound damage was made the last step of wound healing is
known as the remodeling or maturation phase, which can last up to a year or more, depending on
the severity of the wound. In this phase the tissue is realigning along the lines of stress. Also,
unnecessary vessels formed during granulation are removed via apoptosis, finally a scar made of

collagen, with a small number of fibroblasts is left. [9, 18-19]

Wound Therapy
Biological based wound healing approaches

Application of topical antimicrobial substances such as topical antibiotics is a
conventional way of treating wounds, where the main objective is the reduction of the chances of
infection and its complications by destroying the microorganisms that can cause said infection.
Immune based antimicrobial molecules and therapeutic microorganisms are being investigated as
possible treatments for wound healing as well. [20]

Antimicrobial peptides (AMPs) are immune based antimicrobial molecules that can be
found naturally or synthesized. These molecules have specific amino acids that produces
amphipathic conformations. Bacteria, and some animals such as amphibians, insects, and
mammals produce AMPs, it is still under research the discovery of other organisms that may
produce these peptides. [20, 21] AMPs have a broad spectrum of antibiotic activity against
viruses, bacteria, yeast and fungi. Some AMPs have been found to neutralize endotoxins activity;
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cathelicidins and defensins are two naturally occurring examples. [22] Cathelicidins and they
derivatives peptides can be used to treat wound infections from burn related wounds. [22, 24]
Furthermore, there are synthetically AMPs (S-AMPs) that are being synthetized and investigated
for wound healing applications. Some examples of this laboratory synthesized AMPs are 1K8D,
IK8L, and 1K8-2D that are S-AMPs that inhibit the resistance of some bacteria such as the gram-
negative P. aeruginosa, the most common bacteria found in infected burn wounds. [25] Other S-
AMPs, such as D-1K8 and WR12 were found to inhibit the MRSA (methicillin-resistant

Staphylococcus aureus) in stationary and intracellular bacterial growth. [26]

Stem cell based wound therapy

Stem cell wound therapy employs the use of stem cells for wound healing. Stem cells are
either extracted from a human or induced. Most studies use induced stem cells or pluripotent
cells which are later induced to differentiate into specialized cells for the tissue needed.

Cell imprinted biomaterials mimic the natural environment for stem cells and induce stem
cell differentiation and proliferation for wound healing and artificial tissue applications [27, 28]
It has been reported that imprinted substrates, such as PDMS casting based-cell-imprinted
micro/nano environments, functioned as artificial nanostructures for skin repair by inducing skin

cell differentiation helping in cutaneous wound healing. [29]

Nanotechnology

Methodologies for better care in infectious burn wounds and topic wounds are necessary
to maintain and promote faster and better skin regeneration. Nanotechnology has introduced a
wide variety of materials for wound healing and skin regeneration that comprises different

9



morphologies in the sizes of 1nm to 1000nm. [30-32] Within nanotechnology organic
nanoparticles (NPs) and inorganic NPs will be discussed. NPs are usually used to deliver drugs
to relieve pain, and act as antimicrobials. Organic NPs are usually synthetized by self-assembly,
the most common materials used are chitosan (CS), Poly (lactic-co-glycolic acid) (PLGA),
dendrimers and hydrogels. [33]

CS can be used as a natural and biodegradable substance in the design of drug delivery
systems. CS is a cationic polymer that provides antimicrobial properties, preventing microbial
infections in a topical wound [34-36], as a prophylactic CS reduces the spreading of infection
and accelerates the wound healing process. [37, 38] Studies have found that CS NPs helps the
wound healing process by facilitating the growth of fibroblasts and osteoblasts, also CS NPs
increases the wound’s inflammatory function [33, 34]. CS is used as a component in a many
wound dressings [39].

PLGA is a biocompatible, biodegradable, non-toxic, US Food and Drug Administration
(FDA) approved material that is often synthesized be the emulsification of hydrophobic
components in an organic solvent. [40] PLGA NPs promotes wound healing, also it has been
studied that PLGA increased fibroblast proliferation rate thus accelerating wound healing. [41]
Studies reveal that PLGA with incorporated LL37, which is an endogenous human defense
peptide that modulates wound healing and has antimicrobial activity, accelerates wound healing
and acts as an effective antimicrobial agent in infected wounds. [42, 43]

In another study, dendrimers are used. This is a nano-scale polymeric macromolecule that
have a monodisperse and homogeneous structure, with antibacterial property. Dendrimers help
destroy bacteria by disrupting the cell walls of the bacteria because of its positively charged
groups reacting with the negatively charges groups within the bacterial wall. [44, 45]
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One of the widely discussed and researched wound healing methods are the hydrogels.
These materials are hydrophilic 3D structures made from polymeric networks which can absorb
substantial amounts of liquid. [46] Due to its high porosity and soft consistency they are suited to
be used as dressings in wound healing and skin regeneration. Hydrogels can protect the wounded
tissue while providing comfort to the patient with an ECM-like structure that allows better cell
growth compared to a 2D substrate. Studies show that hydrogels can be optimized to reduce
scars (be antifibrotic) and to have antimicrobial activity which helps in wound healing and skin
regeneration in burns and diabetic patients [47]. Hydrogels have other features that makes them a
desired material among researchers for wound healing and skin regeneration. Hydrogels can be
modulated to carry and release various bioactive molecules such as growth factors and
antimicrobial agents that assist in wound healing and in the implementation of exogenous cells
such as fibroblasts, stem cells or epithelial cell encouraging faster and better proliferation of cell
during wound healing. [48] In another study, compatible hydrogels were designed using chitosan
and encapsulating clarithromycin, with ability to be administered topically, suggesting being
promoting wound healing and skin regeneration. [49] Also, some researchers suggest that stem
cell loaded hydrogels increase vascularization thus promoting wound healing. [50]

Furthermore, quantum dots (QT), metallic NPs, and carbon-based NP have been used for
burn wound healing as drug delivery systems and as antimicrobials. Studies have revealed that
gold NPs (AuNPs) were used to culture cryopreserved human fibroblast cells can facilitate skin
repair and improve collagen production of third degree burns in white male rats. [51]
AuNPs/Collagen scaffolds were designed and crosslinked with glutaraldehyde which had good
biocompatibility, high mechanical strength, and stability against enzyme degradation while
producing neovascularization and improving wound closure. [52] Silver NPs have also been used
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in research for burn wound treatment. A few recent studies found that Ag-containing hydrogels
were a non-cytotoxic alternative to use for healing of burn wound infections when compared to
the commercial and most used alternative, silver (Ag) nitrate. [53] AgNPs also showed no
cytotoxicity and were localized in the cytoplasm of fibroblasts, in vivo and in vitro studies of full
thickness skin damage. [54] As mentioned, the wound healing is an orchestrated and highly
organized process that requires specific factors and cell lineages, in the excess of any, the
process might be disrupted, in this study AgNPs were also used to decrease the over
inflammatory response by decreasing the secretion of VEGF and pro-inflammatory cytokines,
therefore promoting a better healing. [55] Other studies show that a combination of graphene
QDs and AgNPs was found to have antibacterial properties against S. aureus and P. aeruginosa.
[56] On the other hand, some metallic NPs, such as copper (Cu) NPs were found to have a broad
spectrum of antimicrobial activity against yeasts, viruses and bacteria, however CuNPs can be
very toxic to the cells, CuNPs can denaturalize or damage proteins and can cause some rapid
oxidation reactions in unsaturated lipids, hence being toxic to the tissues and cells. [57]
Innovation in nanotechnology have helped in a way that Cu antimicrobial activity can be taken
advantage while minimizing its side effects. A study where Cu was encapsulated in CS NPs was
successful in delivering a synergistic activity between the two while having a successful
antimicrobial activity. [58] As with metallic NPs, carbon-based NPs have been found to have
antibacterial properties. In one study Cu/Zn bimetallic NPs combined with carbon Nano fibers
(CNF) were found to suppress the growth of E. coli and MRSA. [59] Another study found that
singled wall carbon nanotubes (SWCNTSs) caused the death of microorganisms, furthermore

fullerenes have also shown intrinsic antimicrobial activity against different bacterial species. [60]
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Scaffolds research is an active topic for wound healing. Among these, there are 3D bio-
printed scaffolds, engineered films, hi-tech wound dressings and nanofiber scaffolds, and a
combination of the previously mentioned therapies incorporated into scaffolds.

3D bio-printed scaffolds, a progressing technology, is an advance technology that is fast
developing where complex biomolecules, proteins and even cell can be patterned or designed by
computer software and manufacturing tools such as CAD and CAM, and later printed using
layer-by-layer deposition. [61] One study produced eight human-like skin collagen layers. It
consisted of implanted cells within the collagen layers which was constructed in poly-d-lysine
coated glass petri dishes. [62] Further studies have conducted to the utilization of smart materials
for 3D bio-printed scaffolds which allow the material’s shape, performance and properties to
change over time or to change because of a stimulus, known as 4D bio-printed. [63] Studies of
the 4D materials for bone and other vessel regeneration suggest that they could be the next
generation of materials for other organs regeneration such as skin. [64, 65] An example of this
smart materials is dimethylaminoethyl methacrylate (DMAEMA)/hydroxyethyl methacrylate
(HEMA) scaffolds that upon pH stimuli or change in pH can control the transport or molecules
and migration of cells into the scaffold. This study showed improvement in the formation of
granulated tissue in the pH dependent scaffold when compared to a non-pH sensitive scaffold.
[66] Another pH dependent study shows the controlled release of tannic acid (TA) in acidic and
swelling environment. [67] TA is a specific form of tannin that have antioxidant, antimicrobial
and anti-inflammatory properties [68-70] This studied exhibited that at constant release of TA

good antibacterial effects was obtained while no toxicity to 3T3 fibroblasts were reported. [67]
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Fibers are another hot topic among tissue regeneration research. Fibers are obtained from
different methods, however, for tissue regeneration, fibers are mostly developed by
electrospinning. Electrospinning is a technique that uses high electric force draw charged
polymer threads hence extruding polymer fibers out of a spinneret with polymer solution or
polymer melt forming fibers of small diameter (micro to nanometers in diameter). [71]

One study found that Dimethyloxalylglycine (DMOG) loaded PCL/Col nanofibrous
wound dressings facilitated diabetic wound healing by providing an environment for cell growth
and inhibiting hypoxia in the patients. [71] Another study demonstrated how an antibiotic,
cefazolin, could be incorporated into PLGA fibers. [72] A study of a mixture of PVA, PVAc and
the antibiotic ciprofloxacin HCI showed release of the antibiotic over 250 hours. Results showed
lowering the degree of swelling of the wound while the antibiotic was being released. [73]
Electro-spun PVA and sodium alginate was evaluated in vivo for wound healing where the
findings show that the performance in wound healing increased after the 21 day compared to
the commercially available wound dressings tulle grass. [74] Another study shows enhancement
in skin cell migration when growing in PLLA nanofibers furthermore other studies confirm
epithelial cell migration from the wound edges throughout fibers. [75-76] Other polymer and
composites have been studied such as poly D, L-lactic (PDLLA)-poly ethylene oxide (PEO)
nanofibers loaded with the iron chelator DHBA, PDLLA-PEOQ nanofibers containing Cu, silk
fibroin/PLGA nanofibers which demonstrated to have therapeutic properties against bacteria and

provide a ECM-like environment to accelerate the wound healing process. [77-79]
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A new way of obtaining fibers for wound healing is through the Forcespinning®
technology. Forcespinning® is capable of producing nano and micro fibers depending on the
chosen parameters. When compared to electrospinning the yield or amount of fibers per polymer
melt or polymer solution is greater, thus making commercialization easier. Forcespinning® is
further discussed in chapter three. There has been some research of fibers for skin wound healing
using Forcespinning®.

One example is a study on composites of PVA/CH/TA where the authors successfully
spun fibers and report improvement in cell growth and proliferation while exhibiting good
antibacterial activity. [80] A similar study uses CH/PL/TA, having similar findings: good
antibacterial properties and excellent cell proliferation throughout the fiber mat. [81] Other
fibers, such as cellulose embedded with silver nanoparticles have been developed by
Forcespinning® and have been proved to have great antibacterial properties, and water
absorption suggesting that they could be potentially be used for wound healing [82]. Another,
research demonstrate that Gelatin/poly (epichlorohydrin-co-ethylene oxide) (GL/PECO)
composite fibers were successfully developed by Forcespinning®. GL/PECO fibers
demonstrated to have good drug release properties over a fifteen-day experiment and excellent
cell viability was observed for NIH/3T3 fibroblast cells. [83]

Even with the extensive research focused on wound healing and skin regeneration, there
is no practical solution to address this issue. This thesis focuses on studying polymeric fibers
membranes developed through Forcespinning® for possible in-situ application for skin wound
healing.

One of the polymers studied here is polyhydroxy butyrate (PHB). PHB is a semi-
crystalline biopolymer that is produced by microorganisms and belongs to the polyesters group.
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PHB is of great interest for application in bone tissue regeneration and implants, it sinks in water,
have good oxygen permeability and is non-toxic however the polymer only dissolve in some
organic solvents such as chloroform and other hydrocarbons. One study suggests that
chitosan/PHB fibers prepared by electrospinning promotes fibroblast cell attachment and
proliferation. [84-85]

Polyvinyl butyral (PVB) is also studied here. PVB is a polymer which applications range
from adhesives to food packaging. PVB is a highly hydrophobic polymer that contains some
hydroxyl groups. As more hydroxyl groups present in the polymer less hydrophobic the polymer
become. One study shows that PVB can be spun into fibers by electrospinning and can uptake
additives such as antibiotics and nanoparticles increasing the antibacterial properties of the
material. [86] One patent shows mammalian cell growth in a medium free PVB surface [87]
suggesting PVB as a possible material for cell growth hence wound healing.

Polylysine was used in the development of the polymer fibrous membranes. It is
commonly used to induce cell adhesion in cell culture surfaces by facilitating cells adhesion and
growth in solid surfaces, such as in cell culture plates. Polylysine enhances electrostatic
interaction between negatively charged ions of the cell membrane and positively charged surface
ions of attachment factors on the culture surface increasing the number of positively charged
sites in the surface available for cell binding thus inducing better cell adhesion. [88, 89]

As a summary of the literature review, skin wound healing can be addressed by reducing
infection risk and by providing an environment that supports cell growth and proliferation.

The cells need a matrix where they can attach and proliferate and keep sending biochemical
signals until the wound process is completed resulting in a healthy tissue. The ECM is composed
by different fibers, cells, blood vessels and molecules that play important roles in wound healing.
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Tissues are composed by cells, which is the basic structure of life. In this project, NIH 3T3
Mouse Embryonic Fibroblast cells were used. Fibroblast cells are present in a normal wound
healing process. They secrete molecules that are the precursor of the collagen, which is one of
the main fibers that compose the ECM.

Skin grafts are the technology most widely used in hospitals to treat burns and wound
healing for third degree burns, skin infections, or large and deep wounds, though still this process
is not cost effective (actually synthetic skin grafts are mostly cost prohibitive). By using
polymers fibers in-situ, risk of infection could be reduced as well as treatment cost. This thesis

studies the possibility of using polymer fibers for an in-situ application for skin wound healing.
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CHAPTER IlI

MACHINES, EQUIPMENTS AND TOOLS

Scanning Electron Microscopy (SEM)

Scanning electron microscopy or SEM is a technique that provides high resolution
images. It is an electron microscopic technique that uses a beam of electrons to produce high
resolution imaging of the surfaces of a sample. [90] As a light microscope uses visible light to
visualize a sample, the SEM uses an electron beam that gives the advantage of going into higher
magnification (over 100,000X) and greater depth of field (up to 100 times more than light
microscopy). In SEM the electrons interact with the atoms of the sample producing a variety of
signals that contain information of the sample’s morphology or topography, and composition and
is later detected by specific detectors and a computerized image is produced by the beam's
position combined with the detected signal. [90, 91]

The SEM works in both high vacuum and low vacuum, known as conventional SEM and
variable pressure or environmental SEM respectively. [91]

The SEM is composed by various parts as shown in Figure 2. The upper portion of the
microscope is where the electrons are being generated, known as the electron source. The
electrons are generated by thermal emission, most SEM use a tungsten filament that have about

100 nm of radius, this filament heats up creating a cloud of electrons, or the electrons are
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generated by a field emission cathode. [90-93] (The way it works is by creating a high potential

gradient between the electrodes causing a field electron emission)
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Figure 2. Scanning Electron Microscope Schematic. [92]

The thermal emission source will release electrons in an electron column and are further
aligned with a series of electromagnetic lenses. The energy of the electron beam can range from
100eV to 30kV depending on the model of the SEM and the evaluation objectives. [91, 93]
While it’s rare for an SEM to have detectors for all the possible signals, the SEM have the ability
of incorporating various detectors that can detect and make an image from different interactions

of the electron beam with the atoms of the sample. The different electron-sample interactions
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include secondary electrons (SE), back scattered electrons (BSE), characteristic X-rays,
cathodoluminescence, absorbed and transmitted electrons shown in Figure 3. [91-92, 94]

The most common SEM detector used is for secondary electrons which is standard for all
SEMs. The secondary electrons are emitted from the surface of the specimen or sample. The
secondary electrons are generated as ionization product when the electron beam energy exceeds
the ionization potential the beam electron interact with the atom releasing a secondary electron
from the surface which is detected, and a high-resolution image is created revealing details as

little as 1nm in size. [95]
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Figure 3. Different electron signals. [91]

The back scattered electrons are the electrons from the electron beam that are reflected or
backscattered from the sample by elastic scattering. These images are of less resolution than the
SE because of the nature of the electron-sample interaction which, is an elastic scattering
interaction between the electrons and the atom, the same electrons from that electron beam that

interacts with the sample are the ones being reflected. [91-92, 94, 96]
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Characteristics x-rays are produced when the electron beam removes an inner shell
electron from the sample causing a higher energy electron to move to fill the void releasing
energy in the process. These are usually used to identify the composition of the material of the
sample. [91-92, 94]

Cathodoluminescence happens when electrons impacting on a luminescent material cause
the emission of photons which may have wavelengths in the visible spectrum. This describe the
absorbed electrons as well that emits a photon of electromagnetic energy. [91-92, 94]

The SEM essential components include an electron source, electron lenses, a sample
stage, detectors for the signals of interest, a display or data output device such as a computer, and
to comply with its infrastructure requirements, such as a power supply, a vacuum system, a
cooling system and a vibration-free floor or table. [90-91]

The electron source or electron gun provides a steady electron supply for the electron
beam, which is aligned, first by letting the electrons go through a small aperture, and then using
different electron lenses. As shown in Figure 4 the SEM usually has three or more pair of
electron lenses: the first condenser lenses and second condenser lenses help align the beam to a
spot up to 5nm in diameter. The beam then passes through the scanning coils or deflector plates
in the electron column, then using final or objective lenses the beam is deflected in the x and y
axes in a scanning and raster manner in a rectangular area over the surface of the sample. The

electron beam then interacts with the atoms of the sample creating a series of signals: secondary
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electrons (SE), back scattered electrons (BSE), characteristic X-rays, cathodoluminescence,

absorbed and transmitted electrons. [91-93]
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Figure 4. Electron beam alignment through apertures, lenses and coils. [94]

Most SEMs have an energy dispersive spectrometer (EDS) configured or installed
(Figure 5). EDS uses the unique specific X-ray energy emitted by an atom to make a qualitative

chemical composition analysis, to acquire elemental maps or spot analyses. [97]
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Figure 5. Schematic of an energy dispersive spectrometer. [97]
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SEM is an essential instrument used for rapid characterization of solids materials
morphology and topography, even elemental analysis is possible with an EDS addition to the
instrument, however the SEM has some limitations, it does not support liquid samples and only
support small samples (which dimensions rarely exceeds 40mm, the samples must be stable on
vacuum conditions (on the order of 10 to 107 torr). Samples that are considered wet samples
such as organic materials, swelling clays, and samples that are unsuitable for examination in a

conventional SEM can be studied using a low vacuum or environmental SEM. [98]

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a method used for thermal analysis in which the
mass of a sample is measured over time as a function of temperature which is increased at a
constant rate. TGA provides information or data about the physical phenomena of the material
such as phase transitions, absorption and desorption.

There are three types of thermogravimetry: dynamic, isothermal or static, and quasistatic.
Dynamic TGA is the type of analysis where the sample is subject to constant increase in
temperature. Isothermal TGA is the analysis made when the sample’s weight is recorded while at
a constant temperature for a period. Quasistatic TGA is the analysis where the sample is heated
to maintain a constant weight loss. [99-101]

TGA as shown in Figure 6, consist of a sample pan supported by a precision balance
which are inside a furnace and is heated or cooled during experimentation while the mass of the
sample is being monitored. The environment inside de furnace is controlled by a sample purge
gas which may be inert or reactive that flows through the sample and exist the furnace through
an exhaust. TGA can quantify loss of water, solvent plasticizer, decarboxylation, pyrolysis,
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oxidation, decomposition, weight percent filler, amount of residue remaining after the rest of the

material is degraded. [99]
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Figure 6. Schematic of a thermogravimetric analyzer. [99]

TGA can measure thermal stability of the material, oxidative stability of the materials,
composition of multi-component systems (such as composite, fillers, etc), estimated lifetime of a
product, decomposition Kkinetics of the materials and the effect of reactive or corrosive
environments and moisture and volatile contents of the materials.

TGA is used to characterize polymeric materials such as thermoplastics, thermosets,
elastomers, composites, films, fibers, coatings, and paints, through the analysis of the
decomposition patterns. [100-101] TGA use a precision programmed balance for increase in
temperature known as thermobalance. The results are often displayed as mass percentage vs

temperature or time these curves are known as thermogravimetric curves. [101]
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The first derivative of the TGA curve (the DTG curve) may be plotted to determine

inflection points useful for in-depth interpretations as well as differential thermal analysis.

Differential Scanning Calorimetry (DSC)

The differential scanning calorimetry or DSC is a characterization method used to
measure the heat flow associated with the transitions in a material. Calorimetry is the science that
study the measure of heat exchange of chemical reactions or physical events. All chemical and
physical reactions involve energy, or an exchange of energy with its surroundings, either
exothermic or endothermic. DSC measures the amount of energy in the form of heat or
temperature to go from one state to the other in a cycle manner. [102]

As shown in Figure 7 DSC works using two pans, one containing the sample and an
empty pan, known as reference pan. Both pans are heated at a constant rate and the temperature
is constant for both pans. DSC measures the difference in heat flow needed when the material
undergoes a physical transformation such as an endothermic transition like melting which
requires more heat flowing to the sample or an exothermic transition such as crystallization

which requires a heat flow from the sample to its surroundings. [102,103]
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Figure 7. Schematic of a differential scanning calorimeter [102]
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The pans are placed over a constantan disc on top of a platform inside the DSC cell with
a wafer (thin slice of semiconductor material) underneath. The heat flow is measured by
measuring the temperatures across the sample and reference wafer using a thermocouple that is
located under the constantan. This test can be done under air or under a controlled environment
such as having an inert gas constant purge into the DSC cell, it can also be done under vacuum

and controlled mixed gases. [102,103]

Forcespinning®

Forcespinning® is a process that uses centrifugal force to make micro-scale and nano-
scale fibers. [104] Forcespinning® uses a polymer melt or polymer solution that is placed inside
a spinneret and forced out through small orifices using centrifugal force caused by angular
velocity of the spinneret. The material is jetted in to the air and made into fibers through inertial
shear forces. Forcespinning® variables are the rotational speed of the spinneret, orifice diameter
and configuration of the needles attached to the spinneret, spinneret aerodynamics, polymer melt
or solution viscosity and distance from the spinneret to the collectors. [104,105]

As shown in Figure 8 Forcespinning® uses a motor that rotates and spin the spinneret
which contains the polymer melt or polymer solution. Then the polymer is forced out of the
spinneret through small orifices, causing the elongation of the polymer to make fibers. It usually
works with medium to high molecular weight polymers because the entanglement between the
polymer chains is key to help build the polymer fibers. Forcespinning® machine is enclosed in a
chamber with doors to access the spinneret, collectors and fibers. Inside the chamber there is a
heater and oven to melt the polymer melt in the spinneret, when using a polymer solution, it is

often done at room temperature. The fibers are collected in a crown like collector or using a
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series of single collectors arranged in a round manner around the spinneret. The final collection
of the fibers is done by using a frame collector and collecting by hand or a vacuum collector.

[105,106]
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Figure 8. Schematic diagram of Forcespinning®. [106]

Biosafety Cabinet

A biosafety cabinet is an enclosed and ventilated laboratory workspace. This space is
usually used to work with contaminated or potentially contaminated materials or used to work
with materials that need an extra clean workspace such as cell cultures. They are divided into
biosafety levels, differentiated by the degree of the containment required for the job. All classes
provide personal protection, from class Il and class 111 provides materials protection as well.
[107-108]

The safety cabinets operate using a motor driven fans mounted in the cabinet which draw
directional mass airflow around the user into the air grille as shown in Figure 9. The air flows
from underneath the work surface and back up to the top of the cabinet where is passes through a
high efficiency particulate air (HEPA) filters. The air entering the cabinet comes from a filter

system that is a column of HEPA filtered, sterile air which maintain the work area sterile.
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Depending on the type of class of the biosafety cabinet the air is recirculated into the laboratory

or exhausted through an HEPA filter on to the atmosphere through an exhaust system. [109]

Figure 9. Schematic of Biosafety Cabinet [109]

The inflow and outflow vary by model, brand and type of the biosafety cabinet.
A Ultra-Violet (UV) lamp often comes in the biosafety cabinet to help decontaminate the surface
of the workspace before and after the experiments are done and it is regularly used before the

experiments to assure a decontaminated surface. [107-108]

Confocal Microscopy
Works by passing a laser beam though a light source aperture which is then focused by
objective lenses into a small area on the surface of the sample, this beam scan the sample and an

image is built up pixel by pixel by collecting the emitting photons from the fluorophores in the

sample.
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The confocal microscope focuses by using point illumination and a pinhole that are
placed in front or the detector, hence the name confocal. The only light that can be detected is the
fluorescence produced close to the focal plane creating a great resolution image among all the
fluorescence microscopes. [110]

Figure 10 shows a schematic of the confocal microscope and how the laser travels
through the microscope until it reaches the detector. The laser excitation source emits a laser that
goes through a pinhole aperture and then the beam is reflected in a dichromatic mirror and goes
through the objectives to the specimen from there the specimen emits fluorescence, and only the
in-focus emission goes though the detector pinhole aperture and the detector reads the signal
which is sent to a computer where an image is built pixel by pixel. Most confocal microscopes

build the images 3 pixels per second depending on how many pixels per image. [111]
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Figure 10. Schematic of a Confocal Microscope [110]
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Hotplate

The hotplate or magnetic stirring is used to heat up a solution or sample and stir using a
magnet. The magnetic stirring hot plate usually have an on/off switch, temperature and speed
knobs or bottoms, a ceramic table or plate that resist elevated temperatures and a temperature
resistance and corrosion resistant shell.

A heating element is usually incorporated to the stirrer to allow the plate to heat when
heat and stirring are needed in a reaction. The power range for the heating element can range
from a few hundred to a few thousand watts and can be controlled by the user to reach a desired
temperature. It works is either by a magnetic field created by a rotating magnet or by a set of

stationary electromagnets that makes the stirrer on top of the plate to rotate. [112]

Incubator
An incubator in biology is used as a device that provides the environment needed for
cells or organism to grow in a laboratory setting. The incubator maintains optimum parameters
for the growth of cells such as temperature, Carbon Dioxide (CO>) levels, and humidity. Most
incubators used for cell growth in most laboratory settings as shown in Figure 11 have different
shelves, CO: inflow, a water bath in the lowest shelf and a thermostat. Some incubators are made
of copper and others of alloys that help maintain aseptic surfaces and a constant temperature.

[113]
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Figure 11. Biological Incubator. [113]

Figure 12 depicts a schematic of an incubator, where there is an inflow and outflow of a
gas, usually CO., a control unit that controls the temperature and a water bath that with the
control unit control the humidity of the incubator. It is important that for the incubators with only
one source of heat, to have air circulation to maintain uniformity of temperature and gases inside
the chamber; however there are incubators with heat sources all over it surfaces that also uses the
airflow to maintain a homogeneous mixture of gasses inside it. [114]

The setup varies from incubator to incubator. For incubators that are going to be used to
grow cells there is usually a water bath that is heated by the same chamber temperature which is
usually set to 37 °C and a concentration of CO, and O>. There are also incubators that provides
different chambers where the researcher can control its parameters for different concentration of

gases and temperatures.
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Figure 12. Schematic of a Biology Incubator [114]

Contact Angle Meter
Contact Angle Meter allows you to measure the contact angle between a sample surface
and a liquid or the wettability of the surface of a solid by a liquid. Using a camera and a light a
shadow of the liquid is created, which is deposited in the surface of the sample and then
photographed by the camera and recorded in the computer. This angle measurements are
automatically made by the computer or when the computer doesn’t automatically recognize the
drop the program allows you to modify the angle measured by placing the arrows/angle where it

is supposed to be and measuring the angle between the droplet and the surface. [115]
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CHAPTER IV

MATERIALS AND METHODOLOGY

Materials

Medium-molecular weight Chitosan (MW=50,000-190,000 g/mol and 75%-85% degree
of deacetylation), Tannic Acid (from Chinese natural gall nuts), and Citric Acid were purchased
from Sigma-Aldrich (St Louis, USA). The bath sonicator was purchased from Fisher Scientific
(Pittsburgh, USA). Deionized (DI) water (18MQcm) was produced from Mill-Q (Millipore Ltd,
Hertfordshire, UK).

Polyhydroxy butyrate (PHB) (MW=55 0,000 g/mol) was purchased from Goodfellow
Cambridge Limited (Huntingdon, England). Pullulan was purchased from Tokyo Chemical
Industry CO., LTD. (TCI America, Portland, OR)

Poly (vinyl butyrate) (PVB) 60H (18-21wt% -OH, and 1-4wt% Acetate) about 70-80%
Butyral (Houston, TX) and PVB 60T (24-27wt% -OH, and 1-4wt% Acetate) about 70-80% Butyral
(Houston, TX) were used as purchased. Ethanol Anhydrous was purchased from Fischer Chemical
(Fischer Scientific, Fair Lawn, NJ, USA).

Poly-D-lysine hydrobromide (MW=30,000-70,000 g/mol) was purchased from Sigma

Aldrich (St. Louis, USA). Poly-D-lysine was dissolved in water as per instructions from Sigma
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Aldrich and modified with chloroform and ethanol (poly-D-lysine will be called polylysine for
the rest of the thesis):

1. H20 with polylysine: polylysine was dissolved in 50mL of water.

2. Chloroform with polylysine: polylysine was suspended in 50 mL of chloroform.

3. EtOH with polylysine: polylysine was suspended in 50 mL of ethanol.

70% denatured ethyl alcohol was purchased from Fischer Scientific (Pittsburg, PA, USA)
10X Phosphate Buffered Saline (PBS) was purchased from Fischer Scientific (Hampton, NH,
USA) and diluted to 1X PBS using DI water. Mito Tracker (MTR) and DAPI was purchased
from Thermo Scientific (Germany) and used as purchased. Formaldehyde, 16% (MW=30) was
purchased from TED PELLA, Inc. (Redding, CA, USA) and was further diluted to 4%

formaldehyde using 1X PBS.

Preparation of Solutions for Forcespinning® (FS)
Chitosan/Pullulan/Tannic Acid
1-3% Citric acid is added to dH20, once its dissolved 3% Chitosan was added and waited over
night to dissolve or 2-3 hours at 75°C in constant stirring to dissolve, then 18% Pullulan was
added and dissolved overnight in constant stirring, once dissolved 1% TA was added to the

solution, dissolved overnight. The solution was sonicated for an hour before spinning.

Chitosan/Pullulan/Tannic Acid/Polylysine

1-3% Citric acid is added to dH20 with poly-I-lysine, once its dissolved 3% Chitosan was added
and waited over night to dissolve or 2-3 hours at 75°C in constant stirring to dissolve, then 18%
Pullulan was added and dissolved overnight in constant stirring, once dissolved 1% TA was
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added to the solution, dissolved overnight. The solution was sonicated for an hour before

spinning.

PVB
The 15% (w/w) PVB Solution was prepared by dissolving PVB in ethanol (EtOH) at 65°C to
75°C in constant stirring for 30 - 45 minutes. After cooling to room temperature, the solution

was spun.

PVB/Polylysine
The 15% (w/w) PVB Solution was prepared by dissolving PVB in ethanol with polylysine at
65°C to 75°C in constant stirring for 30 - 45 minutes. After cooling to room temperature, the

solution was spun.

PVB/Tannic Acid/Polylysine
The 15% (w/w) PVB Solution was prepared by dissolving 15% w/w PVB with 1% 9 (w/w)
tannic acid in ethanol with polylysine at 65°C to 75°C in constant stirring for 30 - 45 minutes.

After cooling to room temperature, the solution was spun.

PHB
For the 9% (w/w) PHB solution, PHB was dissolved in chloroform at 55°C to 58°C in constant
stirring using two stirrers per vial for 4 - 4.5 hours at 58°C or overnight at lower temperature

55°C.
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PHB/Polylysine

For the 9% (w/w) PHB solution, PHB was dissolved in chloroform with polylysine at 55°C to

58°C in constant stirring using two stirrers per vial for 4 - 4.5 hours at 58°C or overnight at lower

temperature 55°C.

PHB/Tannic Acid/Polylysine

For the 9% (w/w) PHB solution, 9% (w/w) PHB and 1% (w/w) of tannic acid was dissolved in

chloroform with polylysine at 55°C to 58°C in constant stirring using two stirrers per vial for 4 -

4.5 hours at 58°C or overnight at lower temperature 55°C.

For an easy referral the names of the samples and their respective contents are resumed in

Table 1.
Table 1. Summary of Sample Names and Their Contents

Sample Name Polymer Additive 1 Additive 2 Additive 3
PVB PVB

PVB/Polylysine PVB Polylysine
PVB/TA/Polylysine PVB Tannic Acid Polylysine
PHB PHB

PHB/Polylysine PHB Polylysine
PHB/TA/Polylysine PHB Tannic Acid Polylysine
CH/PL/TA Pullulan Chitosan Tannic Acid
CH/PL/TA/Polylysine Pullulan Chitosan Tannic Acid Polylysine
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Forcespinning® (FS) Process
Forcespinning® process requires a prepared polymer solution: PVB, PVB with polylysine, PHB,
PHB with polylysine, CH/PL/TA, and CH/PL/TA with polylysine as discussed before. The
solution is introduced into a spinneret using a syringe and an 18 %2 G needle. A 30 G needle will

be placed in the spinneret, lock the doors, input the settings for the polymer solution as shown in

Table 2.
Table 2. Cyclone Settings for the Different Samples
Rotatory speed
Material Time (minutes) Collector distance
(RPM)

CH/PLITA & 8000 8 Columns — 18-20 cm
CH/PL/TA/Polylysine from spinneret
PVB, PVB/Polylysine & 6500 5 Columns — 14-18 cm
PVB/TA/Polylysine from spinneret
PHB, PHB/TA & 6500 2 Columns - 18 cm
PHB/TA/Polylysine from spinneret

CH/PL/TA & CH/PL/TA/Polylysine fibers were heat treated after spinning at 170°C for 4 hours

to induce crosslinking. This helped the fibers to avoid dissolving in water.
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Characterization of the Fibers
Scanning Electron Microscopy.
The morphology of the fibers was observed under a scanning electron microscope (SEM;
SIGMA VP; Carl Zeiss, Jena, Germany). The average diameter of the fibers was measured using
the image analysis software (Put software here) by randomly measuring 100 different points

from the SEM images.

Thermal Analyses.

The thermo-physical properties of the fibers were analyzed by differential scanning
calorimetry (DSC) and thermogavimetric analysis (TGA). DSC and TGA were carried out using
the TA Thermal Analysis Instruments.

For the TGA the sample was weighted between 5-10 mg. The pan is tared inside the
furnace, once is tared the sample was placed in the pan. The furnace was closed and the TGA
was run from room temperature (RT) up to 800°C at a rate of 10°C/min. The sample for the
DSC was prepared by weighting 5-10 mg of the sample and putting them in a hermetic pan with
a hermetic lid. The DSC was set to run two cycles at 10°C /min from RT to the specified
temperature and back to 30°C, twice and all the data was recorded by the computer. The settings

for the DSC and TGA are showed in Table 3.
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Table 3. DSC and TGA Temperature Setting

Material DSC - Temperature Range- TGA - Temperature Range
Cyclic (°C) (°C)
CH/PL/ITA & .
25 to 200 (heating) 40 to 700

CH/PL/TA/Polylysine 200 to 25 (cooling)

_ 40 to 700
PVB/TA/Polylysine 250 to 25 (cooling)
PHB, PHB/TA & 25 to 200 (heating)

_ 40to 700
PHB/TA/Polylysine 200 to 25 (cooling)

Contact Angle Meter

Samples were prepared by cutting a 1cm x 10 cm fiber mat and placing it on a slide. The
Contact Angle Meter DropMaster was turned on and the sample was placed in position. A 3uL
water drop was placed on the sample and a picture was taken and the contact angle was
measured. 10 drops were placed in each sample and 10 pictures were taken of each drop and the

contact angle of each picture was measured, averaged and the data was analyzed.

Cell Culture
NIH 3T3 mouse embryonic fibroblast cells were cultured in a Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in petri dishes in an
incubator at 37°C. Using trypsin, the cells were detached from the petri dishes to incubate them

in the fibers.
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These cells are now ready to be transferred to the six well dish. Fibers were cut in 1cm?
squares and placed under UV light for 5 minutes.
Experiment setting preparation:

A six well dish was prepared for experimentation by placing coverslips in the wells and
placing the previously 1cm fibers on the coverslips in the wells. The fibers were wetted using
PBS buffer, the cells were added to each fiber in each well and left in the incubator for 1, 3, and
5 days.

Once the required amount of incubation time for the experiment has passed the cells were
fixed and dyed using MTR and DAPI. The cells are first dyed with MTR for 20 minutes and
washed with media two times for 7 minutes each. Then the cells are washed two times for two
minutes with 1X PBS and fixed using a 4% formaldehyde solution for at least 30 minutes in the
freezer (check temperature 4°C) The plate is washed two times for two minutes with PBS then
DAPI is added for 5 minutes and a coverslip on top to assure equal dispersion, the coverslips are
removed then the fibers with the cells are washed two times with PBS for two minutes. Finally,

the coverslips with the cells and the fibers are mounted in a slide for later microscope analysis.

Antimicrobial Activity
The different samples were cut in a circle with a 1cm diameter. The gram-negative
bacteria Escherichia Coli (E. coli) ATCC 25922 was inoculated on the agar in all the petri
dishes. The bacteria were let to grow for 2 days. One sample with a 1cm diameter was
positioned in the center on each petri dish. The inhibition area was measured and data in the form

of photo and distance from the fiber to the start of the bacteria growth was acquired.
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CHAPTER V

RESULTS AND DISCUSSION

Photos of Fibers
This are photos of PVB, PVB/Polylysine, PVB/TA/Polylysine, PHB, PHB/Polylysine,

PHB/TA/Polylysine, CH/PL/TA and CH/PL/TA/Polylysine fibers fabricated by Forcespinning®.

Figure 13. Photos of PVB, PVB/Polylysine, PVB/TA/Polylysine, PHB,
PHB/Polylysine, PHB/TA/Polylysine, CH/PL/TA and CH/PL/TA/Polylysine fibers
fabricated by Forcespinning®
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SEM

The SEM images show the fiber morphology of the samples and help in the calculation of
the average size diameter for each sample. Figure 14 shows the typical SEM images of the fibers
made by using the Forcespinning® technology of the materials: PVB, PVB/Polylysine,
PVB/TA/Polylysine, PHB, PHB/Polylysine, PHB/TA/Polylysine, CH/PL/TA and
CH/PL/TA/Polylysine. The morphology is seeming to be one of a smooth, continuous and
homogenous fibers for the fiber mats of PVB, PVB/Polylysine and PVB/TA/Polylysine fibers
and CH/PL/TA and CH/PL/TA/Polylysine, however for PHB, PHB/Polylysine and
PHB/TA/Polylysine fibers the SEM images show a rough surface with continuous and
homogeneous fibers. (Refer to Appendix A for more images)

The distribution and average diameter of the different fibers samples are shown in Figure
15. PVB have an average diameter of 1.58 mm, PVB/Polylysine have an average diameter of
1.35 mm and PVB/TA/Polylysine have an average diameter of 1.50 mm, furthermore as shown
in Figure 15 PVB the distribution of the fibers diameter average varies between the materials,
being PVB the one with the widest range and PVB/TA/Polylysine with the smaller distribution.
This suggest that the fiber diameter distribution is affected by the presence of polylysine and TA.
Furthermore, PHB have an average diameter of 1.25mm, PHB/Polylysine of 2.32 mm, and
PHB/TA/Polylysine have an average diameter of 2.24 mm. The distribution of the fiber diameter
varies as well among the materials, we can observe that PHB have the smallest average diameter
while PHB/Polylysine and PVB/TA/Polylysine have a wider distribution and a bigger average
diameter suggesting that upon the addition of polylysine and TA the average diameter of the
PHB fibers seems to increase. Finally, CH/PL/TA and CH/PL/TA/Polylysine had the smallest
average diameter having
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582 nm and 748 nm, respectively. The distribution for the CH/PL/TA fibers is narrower
compared to the CH/PL/TA/Polylysine fibers. From the analysis it can be assumed that upon the
addition of TA and polylysine to the CH/PL/TA composite the fibers diameter seems to increase

as well as the distribution seems to get wider.

PVB/Polylysine PVB/TA/Polylysine

CH/PL/TA CH/PL/TA/Pelylysine

Figure 14. SEM images of PVB, PVB/Polylysine, PVB/TA/Polylysine, PHB,
PHB/Polylysine, PHB/TA/Polylysine, CH/PL/TA and CH/PL/TA/Polylysine fibers
fabricated by Forcespinning®
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Figure 15. Average Diameter of PVB, PVB/Polylysine, PVB/TA/Polylysine, PHB,
PHB/Polylysine, PHB/TA/Polylysine, CH/PL/TA and CH/PL/TA/Polylysine.

TGA
TGA was performed to understand the decomposition of the materials and to assure that

no material is decomposing in an air environment at room temperature (RT).
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TGA of PVB, PVB/Polylysine and PVB/TA/Polylysine

The TGA of PVB, PVB/Polylysine, and PVB/TA/Polylysine were performed in an air
environment (Figure 16). Thermal stability can be observed from the TGA in air up to where the
material starts to decompose with an onset point around 290°C. Similar onset points can be
observed in through the different samples however some variations are obvious suggestion of a
change in thermal stability and a shift of degradation to a higher temperature. The onset point for
PVB are 290°C and 473°C, for PVB/Polylysine 311°C and 474 and for PVB/TA/Polylysine are
300°C and 472°C. The degradation of the butyral side groups is the larger mass loss shown

between 290°C and 400°C where a second curve can be observed which can be attributed to the

start of the loss of the acetate residues from of the polymer as found in the literature. [116]
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Figure 16. TGA of 1. PVB, PVB/Polylysine, PVB/TA/Polylysine
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TGA of PHB, PHB/Polylysine and PHB/TA/Polylysine
TGA was run under air atmosphere (Figurel7). The TGA shows how PHB starts

degrading a lower temperature when compared to PVB however the material shows excellent
thermal stability at RT. The onset point for pure PHB is 243°C while PHB/Polylysine have an
onset point around 237°C and PHB/TA/Polylysine have an onset point around 257°C meaning
that the PHB/TA/Polylysine have a better thermal stability than the pure PHB fibers while
PHB/Polylysine starts degrading at lower temperature when compared to the PHB fibers. The
material in the three samples are mostly degraded by 300°C, degradation attributed to random

chain scission of the polymer [117], however they are not completely degraded until 450°C.
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Figure 17. TGA of PHB, PHB/Polylysine and PHB/TA/Polylysine
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TGA of CH/PL/TA and CH/PL/TA/Polylysine

The thermal stability of CH/PL/TA and CH/PL/TA/Polylysine is variable in the range of

temperature studied (Figure 18). At 40°C, starting temperature of the TGA, a mass loss can be

seem in the thermogram, though a higher loss of material is seem in the CH/PL/TA/Polylysine

composite than the CH/PL/TA composite more studies will be needed to better understand the

behavior. The onset point in the CH/PL/TA TGA graph is showed around 240°C and a second

onset point is shown around 443°C while the onset points for CH/PL/TA/Polylysine are around

245°C and 430°C suggesting that upon the addition of Polylysine the thermal stability of the

composite decreases by 5°C. Both materials are mostly degraded by 550°C, yet full degradation

is seem in the CH/PL/TA/Polylysine.
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Figure 18. TGA of CH/PL/TA and CH/PL/TA/Polylysine
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DSC

DSC of PVB, PVB/Polylysine and PVB/TA/Polylysine

DSC was performed to obtain a better understanding of the molecular elongation and
movement of the polymer chains specifically its microstructure. PVB is an amorphous polymer,
we can attribute the arrangement of the polymer (or meso-order) in the first cycle to the process
that the polymer had to undergo during the rapid elongation from the spinneret due to the
centrifugal forces exerted by the cyclone. The polymer PVB shows a natural glass transition
temperature (Tg) around 69°C, which is decreased to 55°C which is expected due to the meso-
order produces by the alignment of the polymer molecules into fibers. The same behavior is
noted in the PVB/Polylysine and PVB/TA/Polylysine, where we can see that compared to PVB
its natural Tg is higher being 71°C and 72°C respectively. The Tg of the materials decreases to
55°C for PVB, 57°C for PVB/Polylysine and 58°C for PVB/TA/Polylysine in the first cycle
which could be attribute to the organization of the molecules into fibers. The Tg seems to be
affected by the addition of polylysine and TA, being at a higher temperature when compared to
PVB fibers, this can be due to this addition the polymer fibers need more energy (heat) to
rearrange thus increasing the Tg. The first cycle and second cycle of the PVB, PVB/Polylysine

and PVB/TA/Polylysine are shown in Figure 19.
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Figure 19. DSC of PVB, PVB/Polylysine, and PVB/TA/Polylysine
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DSC of PHB, PHB/Polylysine and PHB/TA/Polylysine

PHB is a semi-crystalline material that have two different crystal structures, though more
analysis is needed to know which crystal structures are present in the polymer. After the
elongation of the molecules of the polymer chain into fibers, the crystals seem to arrange in a
way that only one endothermic peak is present. By the shift of the exothermic peaks we can see
that by the addition of polylysine it behaves as a nucleation agent shifting the peak to a higher
crystallization temperature while by the addition of TA the peak seems to shift to the left, the
same behavior as a plasticizer decreasing the crystallization temperature of the fibers as shown in
Figure 20.
DSC of CH/PL/TA and CH/PL/TA/Polylysine

The DSC of CH/PL/TA and CH/PL/TA/Polylysine shows that the composite is
amorphous and similar to the DSC of PVB, PVB/Polylysine and PVB/TA/Polylysine that due to
the elongation after spinning the polymers into fibers the glass transition temperature is shifted to
a lower temperature and a meso-order is obtained and is showed in the thermograph as an

endothermic curve that can be appreciated in Figure 21.
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Figure 21. DSC of CH/PL/TA and CH/PL/TA/Polylysine

Contact Angle
Contact angle was performed to understand the relation between the hydrophobicity or
hydrophilicity of the materials and its ability to function for cell growth in an in-vitro
environment. Table 4 contains the results with the contact angle in degrees of the surfaces of
PVB, PVB/Polylysine, PVB/TA/Polylysine PHB, PHB/Polylysine, PHB/TA/Polylysine,
CH/PL/TA and CH/PL/TA/Polylysine with water.

PVB, PVB/Polylysine and PVB/TA/Polylysine fibers are hydrophobic with average of
contact angle of 102°, 100° and 102°, respectively. PHB, PHB/Polylysine, PHB/TA/Polylysine
fibers are hydrophobic as well with slightly lower average contact angles, 99° for PHB, 100° for
PHB/Polylysine and 96° for PHB/TA/Polylysine. On the other hand, CH/PL/TA and

CH/PL/TA/Polylysine fibers mat have a contact angle of 0°, making them super hydrophilic.
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Table 4. Contact Angle of PVB, PVB/Polylysine, PVB/TA/Polylysine PHB, PHB/Polylysine,

PHB/TA/Polylysine, CH/PL/TA and CH/PL/TA/Polylysine fibers with water.

Material/Polymer Mat Average Contact Angle (degree)

PVB 102.59
PVB/Polylysine 100.7
PVB/TA/Polylysine 102.29
PHB 99.37
PHB/Polylysine 100.86
PHB/TA/Polylysine 96.82
CH/PLITA 0

CH/PL/TA/Polylysine 0

Cell Growth

Cell growth experiments were performed using NIH 3T3 Mouse Embryonic Fibroblast
cells. Cell adhesion was examined in a variety of fiber mats: of PVB, PVB/Polylysine,
PVB/TA/Polylysine PHB, PHB/Polylysine, PHB/TA/Polylysine, CH/PL/TA and
CH/PL/TA/Polylysine. The experiments show that upon the addition of polylysine and tannic
acid cell growth and adhesion is not seeming to be inhibited. We found that in all cases the
presence of polylysine does not significantly decrease the ability of 3T3 mouse embryonic

fibroblasts to adhere to the fibers. P values were calculated using ANOVA biostatistical test.
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Figure 22 shows the confocal visualization of the nucleus and mitochondrial morphology
of embryonic fibroblast-3T3 cells on PVB, PVB/Polylysine, and PVB/TA/Polylysine using a
FluoView FV10i-LIV Olympus® microscope. DAPI signaled blue for the nucleus, and Mito
Tracker (MTR) signaled red for both the presence of mitochondria and fibers. Figure 23 shows
the quantification of the 3T3 mouse embryonic fibroblast cells where there is no significant
difference in cell adhesion among PVB fibers with or without polylysine and tannic acid which p

value of 0.114 indicates no statistical difference between the samples.

PVB/Polylysine

*

PVBITA/Polylysine

Figure 22. Confocal visualization of the nucleus and mitochondrial morphology of
embryonic fibroblast-3T3 cells on PVB, PVB/Polylysine, and PVB/TA/Polylysine fibers.
(n=3 experiments)
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Figure 23. Quantitation of fibroblast-3T3 cells on PVB, PVB/Polylysine,
and PVB/TA/Polylysine fibers

Polylysine does not seem to inhibit cell adhesion in the fibers of PHB, PHB/Polylysine
and PHB/TA/Polylysine as showed in Figure 24; where a confocal visualization of the nucleus
and mitochondrial morphology of embryonic fibroblast-3T3 cells on PHB, PHB/Polylysine, and
PHB/TA/Polylysine using a FluoView FV10i-LIV Olympus® microscope. DAPI signaled blue
for the nucleus, and Mito Tracker (MTR) signaled red for both the presence of mitochondria and
the fibers. The p value is 0.081 which indicates that there is no significant difference in the cell
count per image among these samples. This can be depicted in the graph in Figure 25, where an
apparent increase in cell per image from PHB to PHB/Polylysine and a decrease by the addition
of Tannic Acid, however the p value is 0.081 which p>0.05 which means that this values are
statistically similar thus that the addition of polylysine and tannic acid are not inhibiting the

ability of 3T3 fibroblast cells to adhere to the material.
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PHB/Polylysine

PHB/TA/Polylysine

Figure 24. Confocal visualization of the nucleus and mitochondrial morphology of
embryonic fibroblast-3T3 cells on PHB, PHB/Polylysine and PHB/TA/Polylysine fibers
(n=3 experiments)
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Figure 25. Quantitation of fibroblast-3T3 cells on PHB, PHB/Polylysine and
PHB/TA/Polylysine fibers

A similar behavior can be observed in Figure 26 where 3T3 fibroblast cells in CH/PL/TA
and CH/PL/TA/Polylysine fibers were a confocal visualization of the nucleus and mitochondrial
morphology of embryonic fibroblast-3T3 cells on PHB, PHB/Polylysine, and
PHB/TA/Polylysine using a FluoView FV10i-LIV Olympus® microscope. DAPI signaled blue
for the nucleus, and Mito Tracker (MTR) signaled red for the presence of mitochondria.
However, the nucleus in this samples did not get dyed properly by the DAPI which could be due
to a human mistake factor. Figure 27 is a graphical representation of the quantitation of the cells
per image in CH/PL/TA and CH/PL/TA fibers, where the p value is 0.374 which is greater than
0.05 showing that there is not significant difference between the samples in cell growth and
adhesion, therefore indicating that the addition of polylysine to the CH/PL/TA composite does

not inhibit the ability of 3T3 mouse embryonic fibroblast to adhere to the fiber mats.
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CHIPLITA CHIPL/TA/Polylysine

Figure 26. Confocal visualization of the nucleus and mitochondrial morphology of embryonic
fibroblast-3T3 cells on CH/PL/TA and CH/PL/TA/Polylysine fibers. (n=3 experiments)
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Figure 27. Quantitation of fibroblast-3T3 cells on CH/PL/TA and CH/PL/TA/Polylysine
fibers.
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Antimicrobial Activity
Figure 28 shows the antimicrobial experiment using Escherichia coli (E. coli) in the
different fiber mats: PVB, PVB/Polylysine, PVB/TA/Polylysine, PHB, PHB/Polylysine,
PHB/TA/Polylysine, CH/PL/TA and CH/PL/TA/Polylysine. The results show no inhibition of E.

coli bacterial growth throughout the different samples.
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PHB/TA/Polylysine

CH/PL/TA/Polylysine

Figure 28. Antimicrobial activity of PVB, PVB/Polylysine,
PVB/TA/Polylysine, PHB, PHB/Polylysine, PHB/TA/Polylysine, CH/PL/TA
and CH/PL/TA/Polylysine fibers.
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CHAPTER VI

CONCLUSION

Polymers spun using the Forcespinning® Technology could help increase cell growth. The
polymers studied seems to mimic the extracellular matrix giving the cells a scaffold-like membrane
to adhere and grow. These fibers show no antimicrobial activity against the gram-negative bacteria
Escherichia coli; however, the addition of a better antimicrobial agent may help address this
problem. PVB based fibers showed the possibility for this material to be used for bio-applications
with ethanol as a solvent, giving the fiber the ability to withstand aqueous solutions and the
presence of water without dissolving, as it would be in an open wound. PHB based fibers showed
good cell adherence as well as CH/PL/TA based fibers. Studies show that the materials do not
inhibit the ability of 3T3 mouse embryonic fibroblast cells to adhere to the fibers.

The studies showed great thermal stability with the lowest degradation on set point being
237 °C which shows that the materials are not decomposing at room temperature making them
safe for the use of in-situ applications. DSC showed that upon the elongation produced by the
Forscespinning® process the glass transition temperature seems to decrease giving the material
the ability of flexibility which is desired for the application.

These studies indicate the use of fibers could enhance wound healing by giving the cells a

3D matrix to adhere and grow while having the plasticity needed to flex and fit into an acute
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wound. However, more research is needed to understand the behavior of cell growth and to
improve antibacterial activity, certainly TA should have had an effect, if the studies were properly
conducted, then the concentration should have been increased or other additives could have been

added.
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APPENDIX A

BIOLOGICAL EXPERIMENTS

Other experiments were done to understand and draw a path for the experiments in this
thesis. Experiments with 3T3 fibroblast cells in CH/PL/TA fibers, CH/PL/TA fibers dipped in
Polylysine for 5 minutes, CH/PL/TA fibers dipped for 2 hours and CH/PL/TA/Polylysine fibers
were performed and the images of the results are showed here (Figure 1). A quantitative analysis
between CH/PL/TA labeled as “untreated” and CH/PL/TA dipped for two hours in polylysine is
shown in Figure 2. Student T test was performed and a p value <0.05 was obtained suggesting
that between the samples there is significant difference, thus there is a n increase in cell adhesion
in the fibers dipped in polylysine for two hours compared to the CH/PL/TA untreated fibers.

Cell adherence of PVB fibers with different percentage of hydroxyl groups were
exanimated PVB from Kuraray 60T had 5-6% more hydroxyl groups than PVB 60H. The

resulting cell images are shown in Figure 3.
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Figure 1. Confocal visualization of the nucleus and mitochondrial morphology of embryonic
fibroblast-3T3 cells on CH/PL/TA fibers, CH/PL/TA fibers dipped in Polylysine for 5
minutes, CH/PL/TA fibers dipped for 2 hours and CH/PL/TA/Polylysine fibers.
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Figure 2. Quantitative analysis of cell growth of 3T3 fibroblast cells in untreated NFs and
NFs treated with polylysine for two hours. Student’s T-test: p<0.05 (n = 5 experiments).

PVB 60H| - PVB 60T

Figure 3. Confocal visualization of the nucleus and mitochondrial morphology of embryonic
fibroblast-3T3 cells on PVB fibers.
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APPENDIX B

STATE OF STATE-OF-THE-ART EQUIPMENT AND STATE-OF-THE-ART SOFTWARE

Table 1. State-of-the-Art Equipment.

Equipment

Purpose

Results Obtained

Forcespinning®

Development of PVB,
PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,

PVB, PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and

CH/PL/TA and CH/PL/TA/Polylysine fibers
CH/PL/TA/Polylysine fibers. | were obtained.
Scanning Electron Images of PVB, PVB, PVB/Polylysine,

Microscope

PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and
CH/PL/TA/Polylysine fibers
obtained through
Forcespinning®.

PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and
CH/PL/TA/Polylysine fibers
images were obtained and
analyzed and are included in
Chapter 5 of the thesis.

Thermogravimetric Analyzer

Thermal degradation analysis
of PVB, PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and
CH/PL/TA/Polylysine fibers.

Temperatures of degradation
of PVB, PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and
CH/PL/TA/Polylysine fibers
and are included in Chapter 5
of the thesis.
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Differential Scanning
Analyzer

Thermal analysis: measure
glass transition temperature,
melting and crystallization
temperatures of PVB,
PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and

CH/PL/TA/Polylysine fibers.

Obtained the Glass Transition
Temperature of PVB,
PVB/Polylysine,
PVB/TA/Polylysine,
CH/PL/TA and
CH/PL/TA/Polylysine fibers
and melting and
crystallization temperature of
PHB, PHB/Polylysine and
PHB/TA/Polylysine fibers
and are included in Chapter 5
of the thesis.

Confocal Microscope

Visualization of Cells in
PVB, PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and

CH/PL/TA/Polylysine fibers.

Images of cells in PVB,
PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and
CH/PL/TA/Polylysine fibers
and are included in Chapter 5
of the thesis.

Contact Angle

Measure the contact angle
between PVB,
PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and
CH/PL/TA/Polylysine fibers
and water.

Contact angles of PVB,
PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and
CH/PL/TA/Polylysine fibers
a table with the results is
included in Chapter 5 of the
thesis.
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Table 2. State-of-the-Art Software

Software

Purpose

Results Obtained

TA Analyzer Software

Analysis of TGA and DSC

TGA: onset point,
temperature of degradation
and residual percentage of
material of PVB,
PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and
CH/PL/TA/Polylysine fibers
included in Chapter 5 of the
thesis.

DSC: Glass transition
temperature, melting and
crystallization temperature of
PVB, PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and
CH/PL/TA/Polylysine fibers
included in Chapter 5 of the
thesis.

SigmaPlot

Analysis of experimental data

Graphing of Experimental
Data presented in Chapter 5
of the thesis.

ImageJ

Analysis of SEM images

Average Diameter of PVB,
PVB/Polylysine,
PVB/TA/Polylysine, PHB,
PHB/Polylysine,
PHB/TA/Polylysine,
CH/PL/TA and
CH/PL/TA/Polylysine fibers
included in Chapter 5 of the
thesis.
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