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ABSTRACT
With an expenditure of 111 billion dollars a year, the field of dentistry needs a new
methodology for repairing patients’ teeth. The current techniques and procedures to repair teeth
could be considered temporary or expensive procedures. The need has risen to develop a new
procedure that can regenerate human teeth and repair the damaged area. This investigation
explores the possibility of creating a new methodology to regenerate a patient’s damaged and
decaying teeth. This research investigates infusing calcium-hydroxyapatite (C-HAp) and
gentamicin into electrospun nanofibers, thus creating a non-woven nanofibrous tissue, which is
then amalgamated with a 50/50 solution of polycaprolactone (PCL). The nanofibrous tissues were
prepared and characterized by means of a scanning electron microscope (SEM), Fourier transform
infrared spectroscopy (FTIR), and Roman spectroscopy for porosity, cell adhesion capability, and
chemical composition. Biocompatibility and anti-bacterial tests were done to check the viability
of the material to be used to help propagate the regeneration of damaged dentin material in human
teeth. It was seen that the sample tissues had properties to help kill Streptococcus mutans, which
is the leading bacteria that causes tooth decay. The mechanotransduction of bone modeling shows
that the ability of the body to regenerate bone mass and density could be possible under the correct
environment. The new methodology will address environmental concerns of the human anatomy
and help the natural healing cycle of the damaged areas of the tooth. The samples were tested for
cytotoxicity by means of cell culturing and MTT assay. The tissue characteristics show an
extensive nanofiber structure infused with C-HAp, antibiotics and PCL for regeneration of the
tooth dentin. This research investigation has great potential for a new methodology in the dental
field to help the populace maintain a better way of life at a cheaper cost, over time.
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CHAPTER 1
INTRODUCTION
The objective of this investigation was to produce a targeted system that could excite
mesachymal stem cells, stored in the pulp of teeth, to differentiate into new osteocytes or
odentocytes. This system would also work as a drug delivery system to provide a controlled
environment with gentamycin being released in treatment of decay causing bacteria. Teeth are
bone structures that develop on the mandible and maxilla bone of the jaw and serve as a means for
eating, phonetics, and chewing. Even though the morphology varies from tooth to tooth, their
structure is essentially the same. Teeth are composed of enamel, dentin, pulp, and periodontium.
The development of the tooth consists of a mutual epithelial mesachymal collaboration that
differentiates the cells in an organized manor to form an organ [1]. Dentinogenesis is the formation
of dentin, a substance that forms the majority of teeth. The regeneration and restoration of the
cellular matrix of adult dentin structures will be the ultimate goal. With the knowledge that
dentinogenesis can occur in response to stimuli from bacteria that causes caries or tooth decay can
assist with the process of developing a new procedure to help the stimuli regenerate the damaged
dentin and bone area. The knowledge and understanding of tooth regeneration requires a deep
knowledge of how teeth develop and the biological pathways that help facilitate tooth growth.
Odontology, or dentistry, has been around for centuries and has been considered one of the
most important health issues that affects the overall health of humans. Currently, approximately
5% of adults in America have lost all their teeth, and 92% have dental caries in their permanent
teeth. White adults and those individuals living in families with higher incomes and more
education have had more incidence of tooth decay then the rest of the populace. Currently, 26%
of the American people have untreated decay; black and Hispanic, younger, and those individuals
1

with lower incomes have more untreated decay. This does not include adults aging from 20 to 64
years of age that have an average of 3.28 decayed or missing permanent teeth and 13.65 decayed
or missing permanent tooth surfaces [1]. Figure 1 shows a pantograph x-ray image of treated tooth
decay.

Figure 1: Pantograph of treated tooth decay [1]
Although the dentistry field has been around for a long time, there has been no real
advancement in the regeneration of lost dentin minerals caused by tooth decay. In 2012, national
dental expenditures were approximately $111 billion dollars [2]. Local dental clinics charge
patients anywhere from $100 to $300 to fill decayed teeth. Dental crowns, which cover the top of
teeth and essentially become the new tooth surface can cost from $700 to $1,200, depending on
the type of material used: ceramic, metal mixtures, or solid gold. Dental bridges, which are fake
teeth that fills gaps, cost $2,000 to $3,000, surgical tooth extractions cost $200 to $400 per tooth,
and simple tooth extractions cost $100 to $200 per tooth [3]. With the cost of these procures to
patients and increasing insurance rates, there has been a need for new research to create permanent
and non-costly repairs to patient’s teeth.
Streptococcus mutans bacteria eats into the tooth and lives off the minerals in dentin. This
causes the tooth to decay at a rate faster than the body can regenerate the lost minerals. The current
2

method of patient tooth care may temporarily fix the problem but causes long-term damage. The
durability and appearance of teeth are more important to people than their concern about tooth
functionality. This study tries to create a system that can kill bacteria causing tooth decay, and then
assist in the natural cycle of the tooth to regenerate lost minerals and dentin.
1.1

Nanodental Technology
With the growing interest in the dentistry field, a new field has started to emerge called

nanodentistry. This new field strives on improving human health using nanostructured materials
to diagnose, treat, and prevent diseases by using dental applications of nanotechnology.
Researchers foresee procedures being performed using nano-based equipment, which will become
an important part of dental and periodontal health [4]. One of these techniques will involve major
tooth repair and regeneration. With the use of genetic engineering, tissue engineering, and tissue
regeneration, new teeth will be generated by means of dentition renaturalization, whereby patients
with dental amalgam can have it excavated and replaced with native biological material, thus
creating a full renaturalization of their teeth that at one time were modified with fillings, crowns,
and other procedures. The new structure formed by the material would be indistinguishable from
the original tooth dentin and the regenerated dentin. This research will relate the ideology of
mechanotransduction

(mechanisms

by which cells

convert mechanical

stimuli

into

electrochemical activity), physiological bone adaptation, fracture healing, distraction osteogenesis
(surgical technique of generating new bone), and drug delivery to decay-causing bacteria to
dentinosteogenesis (dentin regeneration).
1.2

Dental Terminology
Tooth caries is the breakdown of or damage to teeth as the result of bacteria, which can

cause decay or cavities [1]. Tooth decay has been defined as the destruction of an individual’s
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tooth enamel, or durable outer coating of the tooth. Persistent contact with plaque, a pasty white
film of bacteria that produces acids, will cause deterioration of tooth enamel and weaken it until
the bacteria has caused an entrance to the inner portion of the tooth, or dentin. Decomposition of
the enamel will cause a damaged area on the surface of the individual’s tooth that develops into an
opening or hole. If the affected area does not get treated, then the hole will get larger and will
affect deeper layers of the patient’s tooth. These abscesses could cause the individual to have
severe infections, toothaches, and eventually loss of the affected tooth. As shown in Figure 2 caries
that are caused by bacteria’s are broke down in to three types; smooth surface cavities, pit and
fissure cavities, and root cavities [2]. Smooth surface cavities are slow developing regions of decay
on the smooth surfaces of the tooth [2]. Pit and fissure cavities are decay that starts to develop in
the grooves of the molars, larger back teeth, or the top of the molars [2]. Root cavities are decay
that happens below the gum line and directly into the root of the tooth [2].

Figure 2: Classification of Types of cavities (adapted from Ref [2])
The dental pulp are structural networks in the inner portion of the tooth made up of living soft
tissues and cells. The coronal and radicular pulp, located in the central region, comprises of large
nerves and blood delivery vessels. There consists of three layers rich cell zone, free cell zone, and
4

odontoblastic layer. When the tooth starts to form interaction between dental papilla cells and
epithelial cells promote tooth architecture and structure by stimulating mesenchymal cells to
differentiate into odontoblasts cells; these cells forms the primary dentin in the tooth [2].
1.3

Drug Delivery of Gentamicin
Directed or targeted drug delivery can be a way of transporting a drug to an assured area

which can be controlled, in a given area, instead of the drug affecting the entire body. With targeted
drug delivery, the given area of concern will be targeted instead of the entire body; by the drug.
This helps eliminate any side effects that could occur and the bio viability of the cells are amplified.
Integrating drugs, like gentamicin, into a material for drug delivery has advantageous results due
to characteristics of the environment. Gentamicin an aminoglycoside that has a wide-ranging
bactericidal activities against aerobic gram positive bacteria and aerobic gram negative bacteria
has great properties to help fight cavity causing bacteria’s [3]. The antibiotic has biological
properties that not only kill bacteria that causes tooth decay but also has properties to help cell
propagation. This naturel and three-dimensional network allows nanofibrous tissues embed with
large amount antibiotics to help biological repair easily and biological fluid flow through the pulp
into structure of the highly mineralized nanofibrous tissue. The release of the bio-compatible drug
causes hardly an irritation to tissues and regenerative cells. Gentamicin one of the most used
antibiotic used in helping the human body fight bacteria can be considered advantages in its use
in a biomaterial. This will also help with the adhesion and propagation of cell growth, protein
adsorption, and cell adhesion onto the nanofibrous tissue. In drug delivery techniques, using
gentamicin would be in a researcher’s best importance because the biologically penetrating
behavior of gentamicin which makes the antibiotic respectable in the bacterial destruction inside
the tooth. By utilizing the antibiotic’s characteristics, gentamicin can be directed to the anticipated
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damaged area, at the same time the nanofibrous tissues are introduced into that same environment.
This environment will become sealed and the gentamicin will also help with cell proliferation and
destroy possible infections in the damaged area during regeneration.
1.4

Mechanotransduction
Knowledge in mechanotransduction was looked at because of being defined as the process

by which physical forces are adapted into biochemical signals that are then incorporated into
cellular responses. It acts as the fundamental role in bone repair and regeneration similar to the
matrix of dentin in the tooth. Using the principles of mechanotransduction could help with a clear
understanding of how to regenerate damaged tooth minerals or remineralization of the tooth. The
role of mechanotransduction in dentin regeneration processes include pathological fracture
healing, physical adaptation, and distraction osteogenesis to help with the natural healing and
regeneration of bone. This knowledge should help with the understanding of dentinosteogenesis.
The advancements that have been made in the knowledge of bone mechanotransduction in a microperspective can help with the study of tooth regeneration. The theories that hypothesize how
mechanical force has revealed the effects on bone repair and regeneration such as tensegrity and
mechanosome theories. The recent advances in the knowledge and technology in
mechanotransduction of the molecular signaling pathways, which include calcium ion channels,
integrin, growth factor beta (TGF-β), calcium hydroxide, and morphogenetic can help with a better
understanding how cell regeneration, differentiation, and proliferation works. With the knowledge
of bone mechanotransduction will further enable research into nanodentistry and could lead to the
development of applications that improve tooth structures and dental procedures [6]. Dentin
regeneration are unquestionably influenced by the physiological, biological mechanic
environment, and biochemical interactions with in the human body. The process of
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mechanotransduction where physical forces are generated and transformed into biochemical
signals that are assimilated into cellular responses [7]. There can be 4 phases considered when
looking at mechanotransduction which are effector cell response, biochemical coupling,
mechanical coupling, and transmission of signals from the sensor cell to the effector cells [8]. Bone
absorption and formation are controlled by complex biological mechanisms which are responsible
for the dynamic balance of interaction with the anatomy of the body. With studies and knowledge
in the process of how the body reacts to bacteria, dentin damage, and pain receptors could lead to
an advancement and development of innovative dental technics and methodology that could
further enhance patient’s health and life.
1.4.1 Physiological Bone Adaptation
Wolff’s Law states that when loading in a bone increases then the body will adapt to remodel the
bone in a way that strengthens the bone. Though, researchers believe that dentin will not remodel there has
been evidence that dentin material could remodel at a secondary dentin and tertiary dentin state. To meet
the everyday demands of the mechanical environment the body has to adapt the mass and geometry of the
bones dynamic features. With these principles the ideology of mechanotransduction in the tooth could
occur. Mechanostat theory which proposes that bone adapts so that it can function mechanically as needed
by detecting and responding to mechanical loads [8]. The biological dynamic and duration control systems,
bone formation, shape, size, and density can be directly changed due to mechanical loads. These principles
indicate that the body can physically change bone structure and strength by using receptors to indicate the
load given and strength needed in a given area. This can also be applied in dental research. The dentin
regeneration cycle and layers given to teeth by the body if given time can become stronger and fight off
injuries in the correct environment. If the patient could give teeth rest or time off then the body would have
time to regenerate and repair the damaged tooth. Because of the environment the body does not have the
opportunity or time needed to repair the damaged area. This would be were this research comes into play
by giving the proper environment and structure to help the natural process of repair and regeneration. Dental
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osteogenic stimulus for differentiation of follicle stem cells but bone cells desensitize rapidly because of
mechanical loading of the muscles of mastication and physical dentist repairs. Resensitization must occur
before signaling of the biochemical pathways can take place. This supports the claim that give the right
conditions dentin regeneration would be possible. By implementing an intermittent load and condition to
promote cell acceleration, retarding, and resorption the possibility to allow regeneration could be possible.
Other factors such as gender and age could also affect mechanotransduction process in bone do to the
slowing of cell differentiation. This would be a leading cause of needing to start a new method of repairing
tooth decay lose at a younger age. As a patient gets older the multicellular unit imbalances and worsens
increasing bone and dentin lose this results in a predisposition to bone stimulation do to minimal trauma
compared to a younger patient. The compromise of dentin material properties and structural design has a
reduction in dentin formation at a molecular tissue level. The reduction in dentin formation causes an
increase in remodeling of the teeth with negative dentin material. Do to the reduction and absorption of the
dentin material and bone as a patient gets older contributes to tooth loss and finally false teeth.

1.4.2 Dentin Hypersensitivity, Structure, and Hydrodynamics
Epidemiological research on dentin hypersensitivity barely exist but there has been a few
clinical research studies that has examined the development over a short time. The studies
focused mainly on the effectiveness of desensitizing agents after following dental treatment.
Adhesive restoration and periodontal surgery causes hypersensitivity and has been defined as
“sensitivity” but does not reflect the situation for dentin that was already exposed [9]. In this
research study, the presence of a gingival recession improved the probability of tooth
hypersensitivity which in turn diminished the treatment progress [10]. The sensitivity would be
caused by open pores in the dentin of the damaged tooth. Figure 3 shows the open pores then
make a tubules down to the pulp which fires off pain receptors. Even though, Dentin
hypersensitivity would not be classified as a lethal condition it would affect the quality of life for
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those that have to deal with the pain. This would be another consideration for the new treatment
technique that this research lays out.

Figure 3: Illustration of dentin tubules through which sensation is transmitted to the dental pulp
[adopted from 11]
1.4.3 Fracture Healing and Distraction Dentin Osteogenesis
When the skeletal bone becomes damaged the healing system takes over to repair and
regenerate the bone. When a tooth becomes damaged the body sends receptors to start the process
of healing and repairing the tooth but the healing of a fracture would be an intrinsic and unique
process which results in regeneration not scarring of the bone [12] whereas the healing of the tooth
does not have the same environment and time to heal. Bone cells consist primarily of osteoblast,
osteoclasts, and osteocytes which are active osteoblast and inactive bone lining cells. As in bone
the primary cells in tooth dentin would be the same. Dentin osteogenesis, odontogenesis, targets
the dentin formation by dentin alteration by facilitating dentin formation at an early stage. Primary
dentin is formed during odontogenesis, where odontoblast are critical for the structure formation
until the tooth become functional. Comprehensively, cellular connected networks where
9

osteocytes serve as sensory cells and osteoblasts and osteoclasts are the effector cells prospectively
are the mechanotransduction bone tissue regeneration progressions [13]. The osteoclast cells can
sense the flow of fluid and manipulate molecules that control osteoclast arbitrated bone resorption
and osteoblast dentin reformation; the result could be plausible dentin reformation [14]. This
process has occurred and been supported by mice studies that have targeted ablation of osteocytes.
The results of defective mechanotransduction due to lack of osteoblastic dysfunctions [15].
Depending on the severity of the bone fracture the mechanical modulation varies the
fixation and the load that follows the injury. Hypotheses propose that mechanical influences on
tissues differentiation in fractures that hydrostatic pressure and tensile strain, shear strain, and fluid
flow which have been identified as the key stimulating mechanical forces [16-19].
Mechanotransduction pathways that lead to fracture bone regeneration and repair are still to be
understood for signaling pathways [20]. This understanding of signaling pathways will be key in
the knowledge needed to generate dentin regeneration in the same natural process that bone
fractures are healed in the human anatomy.
Distraction Dental osteogenesis, specifically characterized ossified bone, consist of
osseous regeneration that occurs primarily through intramembranous bone ossification. The
stimulation by several mechanotransductive pathways in the integrin mediation, extracellular
signal kinase that are dependent on the pathway of potential central mediator cells that act as a
signaling junction point and controls mesenchymal stem cells during distraction for osteogenesis
differentiation [21].
1.4.4 Tensegrity Theory
Tensegrity theory derived from control theory and architecture theory with the suggested
mechanism that describes how mechanical stresses applied at the macroscopic level can affect the

10

molecular configuration and purpose of living cells [22]. Osteopathic medicine has pursued to
classify the mechanical causes of the body’s structure and functional relationship to diseases and
regeneration. Knowledge achieved by researchers in the past 25 years has established that the
architectural ideologies of tensegrity can be functional to biological organisms, termed
biotensegrity. At a molecular level biotensegrity permits the cell to mechanically sense the
surroundings and translate mechanical signals into biochemical modifications [23]. This theory
the whole cell acts as a mechanotransduction molecule in seclusion believed to assist as a
mechanotransducer to facilitate the integration of local signals with other environmental inputs
before producing a specific response [24].
1.4.5 Mechanosome Theory
The important feature of the mechanosome theory model would be the peak force prompted
formation of multi-protein complexes containing focal adhesion, called adherens, junctions
associated with the proteins. In the cellular structure load encouraged materialization of bone
would be transformed into mechanical elastic deformation sensor cell membranes. These elastic
deformations are the dynamic forces in membrane proteins. Mechanosome are complexes that are
connected to the proteins and act as a signaling scaffold that are proficient at carrying mechanical
data into the nucleus [25]. Figure 4 shows the transformation of mechanical energy into chemical
energy initiates variations in the protein phosphorylation and modification of DNA geometry and
arbitrates the formation and armament of nascent signaling complexes to the bone cell cytoplasm
or odontoblasts cells [26].
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Figure 4: Mechanosome theory and mechanostat chart (adopted from H. Frost: Utah Paradigm of Skeletal
Physiology)

1.4.6 Role of Osteocyte in Mechanosignal Transduction
Osteocytes make up almost 95% of the cellular components of bone tissue. The cell
communicates with other osteocytes and osteoblast cells at the endosteal surface through the
lacuna-canalicular systems [27]. The formation of the complex network is ideally suited for
mechanosensation, mechanosignaling, and integration of systemic signals. Mesenchymal stem
cells through a process called osteoblast linage differentiation develop into osteocytes but only 1020% of osteoblasts differentiate into osteocytes [28]. Though there has not been a lot of research
on and knowledge on the transition from osteoblast to osteocytes new research has identified
several osteocyte specific markers like dentin matrix protein 1 (Dmp 1) [29-32], phosphate
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regulating endopeptidase homolog (PHEX), matrix extracellular phosphoglycoprotein (MEPE) ,
and sclerostin (Sost) [33-35]. There has been a link between osteoblast being responsible for
achieving a balance between bone formation and resorption. Bone regeneration can be augmented
by an increased orientation of mesenchymal precursor cells into osteoprogenitors and the
differentiation into osteoblast [36].
1.4.7 Molecular Dentin Mechanotransducer
Mechanotransduction of pulpal afferents can be associated with pain in a sensitive tooth.
Hydrodynamic theory derived that tooth sensitivity would be a result of exposed dentin with patent
dentinal tubules. The perception of pain occurs when a mechanical stimulus, fluid flow, activates
specific sensory nerve ending at the base of the tubule and superficial pulp tissue of a sensitive
tooth [38]. During this stimuli regeneration of the tooth could start occurring by giving the tooth
the proper environment to start the cell osteoblast differentiation into osteocytes. When this occurs
then nanoparticles, antibiotics, and nanofibrous tissues that are introduced into the affected area
could help propagate the formation of new bone/dentin material for tooth regeneration.
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CHAPTER 2
LITERATURE REVIEW
For decades, dentin and tooth regeneration has been the interest of scientists, dentist, and
engineers who have worked in the bio composite field. Being one of the health concerns of the
populace a new methodology has been needed. With nano-technological advances in the past 10
years has led to an avenue that needs to be researched to try and map out a method to help the
process of regeneration.
Regenerative medicine have a major impact on the quality life of humans that are based on
advanced and applied material or biomaterial science. Researchers have been challenged to
develop regenerative biomaterials to assist in the bone regeneration of the natural minerals in the
dentin secondary and tertiary material of the tooth by using nanoparticle and nanofibrous tissues
through electro spinning. Excitingly the consistency of dentin materials are very common with
bone material. Bone and dentin both contain about 10% fluid, 18% collagen, 2% non-collagenous
protein, and 70% hydroxyapatite in total weight volume [39]. Figure 5 shows the demineralized
dentin matrix (DDM) and demineralized bone matrix (DBM) primarily are type I collagen with
growth factors such as bone morphogenetic proteins (BMPs) and fibroblast growth factors (FGFs)
[39].
Clinical study of human dentin was in a patient that was 17 years of age that had missing
teeth. The x-ray indicated that there was fractured root residue and atrophied bone. The dentist
removed 4 wisdom teeth and used the material to derive tooth material. The teeth were divided
into two regions the crown and the root. The crown was crushed and decalcified in 0.6 HCL
solution and the root was perforated and made into a porous structure. These biomaterials were
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named by KTB as auto-tooth bone (ATB). The dentist then did a procedure to implant the root by
using the patient’s blood centrifuging and combining with the ATB as a glue. A titanium bar was
implanted along with the root and glued into place. After, the tooth graphed into place the new
tooth grew into place [39].

Figure 5: Crushed tooth granules and SEM photos of demineralized dentin matrix (DDM)
(a) Wet granules (b)(c)(d): SEM of DDM granule [adapted from, 39]

2.1

Nanostructured Hybrid Materials
There has been recent research on biomaterials and tissue engineering that looked into the

regeneration of dentin material using scaffolds. The aim of the scaffolds was to us electrospun
nano-fibers of Poly (ε- caprolactone), PCL which is able to simulate the collagen extracellular
matrix of cells. The study was researching the possibility of engineering a natural biological entity
and implantable structure that could led to the regeneration of the tooth-bone elements [40]. The
researchers continued the study by culturing mouse osteoblast embedded in a collagen gel on the
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newly created scaffold membrane. The structure was then coupled with embryonic dental germs
then implanted for bone and tooth regeneration [40]. The research showed implantable membrane
scaffold represented a strategic bone or tooth regenerative procedure using FDA approved
polymers and biocompatible materials before implementation. The researchers showed a new
technic that could further lead into a platform for further research of sophisticated technics and
innovation of better procedures and products. This research looked procedures like osteogenesis
and angiogenesis which are potentially the best procedures currently for engineering bone
regeneration. Through, research in mechanotransduction researchers has been able to Figure out
techniques and methodologies to help fight the diseases. Currently, in the dental regeneration field
bone regeneration for periodontal surgical procedures are done in primarily the jaw bone and
tissues surrounding the gums. But, bone regeneration can also benefit individuals with missing
teeth, dental bridges, and dentures by replacing them with pre-grown teeth or implants. Though
dental implants resolve the issue of missing teeth and the problem with dentures the implants
require a significant amount of jawbone space and hypersensitivity could lead to even greater
discomfort for the individuals going through the procedure.
2.2

Tissue Engineering
Tissue engineering in regenerative endodontics involves biological procedures that are

directed at restoring damaged pulp dentin structures. Currently in the dentistry field dentist have
utilized biomaterials to create a barrier formation that consist of calcium biocompatible material.
Pulp capping has been one of the oldest procedures done in regenerative dental research.
Reparative bridges formed under a pulp cap has suggested that there is precursor cells that signals
effectors cells; in the pulp of the tooth. These cells are capable of differentiating into secondary
odontoblast to form secondary dentin. Recently, researchers have been able to isolate stem cells
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that where in the pulp of permanent teeth that could have the possibility to differentiate into
specialized cells used for regeneration. There are three factors that goes into regeneration of dentin
of the tooth they are appropriate stem cell population, physical delivery method (like a scaffold),
and signaling molecules that are supported by sufficient nutrition [41], see Figure 6. Nutrition can
be easily introduced when experiments are ran in vitro through medium and other biochemical but
when it comes to in vivo and in situ nutrition has to come from the host or introduced with other
means.

Figure 6: Tissue engineering triad (adopted from [41])

The two key stem cells that are needed in dentin formation are mesenchymal and epithelial
stem cells. Mesenchymal are the main stem cell that will be need in regeneration because of their
capability to differentiate into many forms of cells and structures to include cartilage, bone, and
adipose tissue. With current research discovery of mesenchymal stem cells located in the
perivascular of the dental pulp, periodontal ligaments, and dental follicle leads to high potential of
regeneration of the dentin of the tooth [41]. This rises for further research in extracted tooth matter
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to try and introduce minerals from an outside source to allow mechanotransduction signaling of
mesachymal stem cells to differentiate and start regeneration procedures.
2.3

Scaffold
Scaffolds are three dimensional structures that are porous, biocompatible, and

biodegradable. They assist as probable biological transporters to expedite delivery of stem cells,
growth factors, and local receptor sites. Scaffolds provides a framework matrix for cell adhesion,
cell seeding, and growth area. Researchers can also incorporate antibiotics, nutrients, and viable
resources to help promote cell development and growth [41].
There are two types of materials that can be used for scaffolds synthetic or natural
polymers. Synthetic scaffolds are comprised of materials like calcium phosphate (Ca/P) that
include hydroxyapatite and natural scaffolds are comprised of collagen, fibrin, polysaccharides, or
glycosaminoglycan’s and alginates. In dentin regeneration, bio active glass has been suggested
due to the enhanced activity of odontoblastic activity on its surface were as collagen has a better
tensile strength and can be twisted into desired forms. Though there has been a vast variety of
materials used for scaffolds the correct combination must be discovered through research for the
best outcome [41]. Certain criteria’s have to be meet for a scaffold to be successful in odontoblast
regeneration and pulp dentin reconstruction. Biodegradability, biocapability, porosity, physical
and mechanical strength, and the ability to support vascularity are the key components for a good
scaffold. The scaffold must have sufficient pore size and pore volume to permit diffusion and
penetration for adequate cell growth. The temporary building block matrix of the scaffold will
degrade and be replaced by the new formed cellular matrix of dentin. Scaffold also serve as a
support for the load of the environment it is placed into until the damaged area can support itself.
The degradation rate of the scaffold has to take in account the environment and the time that will

18

be needed to reconstruct the damage area. Throughout the day a tooth routinely will be subjected
to mechanical loads, therefore scaffolds will need certain mechanical properties to support the
applied loads [42].
In 2014, a team of researchers lead by Liang Jiao used cryopreserved dentin matrix (CDM)
as a scaffold to regenerate dentin pulp tissue. The journal article published in Science Direct
outlined using treated dentin matrix as an ideal bioactive scaffold material for dental regeneration.
The study hypothesized that using cryopreservation could effectively sustain the survival and
viability of dentinogenesis associated protein materials for the dentin matrix that would be suitable
for biological regeneration of dentin and pulp tissue. The researchers specified that the mechanical
properties and the viability to release dentinogenesis proteins of the CDM could be well-kept for
up to six months but also offers satisfactory indication that other bioactive scaffold material of
tissue engineering can be stored through this procedure [42].
In 2016, “Dentin regeneration by stem cells of apical papilla on injectable nanofibrous
microspheres and stimulated by controlled BMP-2 release” was looked at by a research team led
by Wei Wang [43]. The aim of their research was to examine the properties of Poly-L-Lactide
Acid (PLLA) nanofibrous microspheres. In this study they used the material for a cell delivery for
odontogenic differentiation of human stem cells for dentin regeneration. The research showed that
the delivery system help enhance the sialophosphoprotein accumulation and odontogenic gene
expression levels in vitro and promoted mineralization and osteodentin formation in vivo [43].
In these two studies the evidence is over whelming that the possibility of dentin
regeneration through scaffolds will be possible with further research. In the case studies it is
evident that scaffolds can be preserved and induced into the infected area of the tooth and partial
regeneration has been possible. Though there has been success there has still been a lack of
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advancement in the area compared to bone regeneration. With bone and dentin being made up of
the same chemical composition by weight the theories of bone regeneration should be able to be
applied to dentin regeneration. Mechanotransduction theory linked to odontoblastic theories
should be a viable avenue approach for tooth regeneration and remineralization.
2.4

Dental Implants
Dental implants are a better technique of replacing lost teeth in a patient over

dentures but the initial cost of the implants are costly compared to dentures. With expenditures of
a single implant ranging from 1000 to 3000 dollars the cost and a lot of other complication could
arise. As with any surgery there can always be the possibility for infection in the area that would
cause a great deal of pain, hypersensitivity, and complications. Though, implants are very
expensive they are more comfortable then dentures and can last a lot longer if they do not come
loose and need to be replaced. Dr. Benjamin S Fiss, DDS, says “I dental implant requires a great
financial investment than a removable bridge or conventional dentures. On the other hand, and
implant can offer advantages in terms of comfort and appearance-benefits many patients find well
worth the cost. A dental implant also requires an investment in time, perhaps three to nine months
from start to finish” [44]. With high expenditure, risk, and time there needs to be a preventive
method to save teeth before the stage of dentures and implants are needed. Figure 7 shows the case
study images and procedure for autograft bone regeneration for dental implants. The use of human
C-HAp to help regeneration of maxilla jaw bone to have an area to fix the implants indicates that
regeneration in the mouth region could be possible.
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Figure 7: Case study of bone regeneration in 58 year old woman: (a) four missing teeth and
atrophied upper maxilla, (b) DDM autograft before suturing, (c) immeidately after operation, and
(d) final view after prosthetic restoration using dental implants (adopted from [45]).
2.5 Electrospinning Background
The Electrospinning process uses an electric field between a high voltage by connecting a
positive lead to a metal tipped syringe and a negative polarity cable connected to collector screen.
A polymer solution slowly gets pushed out of the syringe causing a droplet of polymer to be
elongated and collected on the collector screen because the force acts in opposite direction as the
droplet causing a conical shaped known as the Taylor cone. Figure 8 shows a graphical illustration
of the process.
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Figure 8: general setup of electrospinning chambers (adopted from [46])
The environment inside the electrospinning chamber has a lot of criteria’s that has to be taken into
account from humidity, voltage, distance, moisture, and viscosity of the solution. A researcher can
calculate the process by using the Maxwell stress tensor equations. Electrospinning equations
defined by Maxwell stress tensors were taken in account.
1

1

1

𝜎𝑖𝑗 = 𝜀𝑉𝑖 𝑉𝑗 𝜇 𝐵𝑖 𝐵𝑗 − 2 (𝜀𝑉 2 + 𝜇 𝐵 2 )𝛿𝑖𝑗
0

(1)

where 𝜀 the permittivity of the solution, V is applied voltage to the spinneret (spinning voltage),
B the magnetic part and dividing by 𝐻 2 . H will be the distance between spinneret and the collector
screen. Equation (1) can be further reduced [57],
𝜎 = (𝜀𝑉 2 )/𝐻 2

(2)

Balancing the Maxell stress and spinneret gives the critical spinning voltage 𝑉𝑐 that has to be
overcome to initiate electrospinning [57].
𝛾𝐻 2

𝑉𝑐 = √
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𝑟𝜀

(3)

was the balanced equation needed to initiate the electrospinning process at 15 kV. Inertia,
hydrostatic pressure, and viscoelastic forces had to also be accounted for because of the possible
positive or negative impact of the force acting variables on the polymeric solutions. To include the
Earnshaw’s theorem needed for primary principles of voltage needed to be applied on a polymeric
solution that will cause mutual charge repulsion.
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CHAPTER 3
MATERIALS AND METHODS

3.1

Materials
Polycaprolactone (average molecular weight of 70,000), GPC), Acetic acid, Glacial

(certified ACS), Acetonitrile, for HPLC and Gentamycin sulfate were purchased from Scientific
Polymer Products, Inc., Fisher Scientific, ACROS, and National Pharmaceuticals; respectively.
Figure 8 shows photos of the materials used in this research work. These materials were used
without any further purifications or modifications. Figure 9 shows graphical illustration of the
materials used.

(a)

(b)

(c)

(d)

Figure 9: Chemicals used in experiments (a) PCL purchased from Scientific Polymer Products,
Inc (b) Acidic Acid purchased from Fisher Scientific (c) Acetonitrile purchased from ACROS
(d) Gentamycin purchased from National Pharmaceuticals
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3.2

Apparatus for Electrospinning
Electrospinning setup was equipped with both positive and negative high voltage supply

devices, 1-channel syringe pump, high clean chamber, coaxial, collector plate, and moving
capability for spinneret and collector. Figure 10 shows the electrospinning chamber that was used
in this experiment. Many experiments can be achieved with the chamber but mainly used for
different types of nano-fibers that thickness and arrangement can be controlled.

Figure 10: Electrospinning chamber used in experiment
3.3

Experimental Plan

3.3.1 Materials Used
3.3.1.1 Polycaprolactone (PCL)
PCL used in biomedical ceramic materials have been studied for possible osteo tissue
regeneration and phenotypic response of human bone marrow mesenchymal cells (hBMSCs)[47].
PCL has the assets of easy preparation, excellent chemical resistance, biocompatibility, and
respectable physical properties. These properties make the polymer good for regeneration and
medical applications. PCL has non-toxic properties, biodegradable in soil, wide-ranging
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miscibility, mechanical compatibility with other polymers, and good joining capability to a wideranging spectrum of substrates [47]. PCL a semi-crystalline aliphatic thermoplastic has a melting
point and glass transition temperature of 60º C [47]. Due to the chemical properties PCL has great
properties for nanofibrous tissues and regeneration of bone, dentin, and drug delivery systems.
The chemical structure has been shown in Figure 11.

Figure 11: Structure of polycaprolactone (adapted from [48]).

3.3.1.2 Acetic Acid, Glacial (AAG)
Acetic Acid, Glacial a synthetic carboxylic acid with antibacterial and antifungal properties
with a chemical formula of C2H4O2. It was used because of its ability to enhance lipid solubility
that allows fatty acid accumulation on cell membranes and wall structure [49]. Because of the
hydrophobicity of PCL dissolving into an AAG solution with an alkaline hydrolysis acid enhanced
the PCL properties for cell adhesion by increasing the number of terminal OH groups and
hydrophilicity of the membrane. Water contact angle decreases from 120º to 0º [50]. Because
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AAG has hydrophilic polar protic properties similar to water it dissolves PCL and enhances the
properties of the nanofibrous tissue membrane. In Figure 12 the chemical structure can be seen.

Figure 12: Acetic acid, glacial chemical structure (adopted from [51])

3.3.1.3 Acetonitrile, for HPLC (ANL)
Acetonitrile an expensive and moderately toxic chemical can be pragmatic to modifying
the surface properties of PCL films and membranes. But, due to the ester bonds of PCL and
hydrophobicity of PCL a hydroxide nucleophilic attack has to be performed on ester bonds. The
strategy was to use a mixture of AAG and ANL to modify the surface of PCL and hydroxyapatite
components of the nanofibrous tissues, in which makes a non-toxic environment [52]. In Figure
13 the chemical structure can be seen.

Figure 13: Chemical structure of Acetonitrile (adapted from [53]).
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3.3.1.4 Gentamycin Sulfate (GS)
A very strong antibiotic that inhibits microbial contamination in tissue culture
applications. Used to confer antibiotic resistance and sensitivity in molecular biological
procedures. GS has the molecular formula C21H43N5O7H2SO4 .
3.3.1.5 Calcium-Hydroxyapatite (C-HAp)
Calcium Hydroxyapatite C-HAp has a formula of Ca5(PO4)3(OH) and a most important
component and crucial factor of normal bone and dentin growth. Hydroxyapatite makes up the
matrix of dentin in the teeth and gives teeth their rigidity [54]. C-HAp a calcium phosphate has
the same morphology and composition of human hard tissues it has a hexagonal structure and a
stoichiometric Ca/P ration of 1.67 [55]. The characteristics of C-HAp would be that it can be
considered the most stable of the calcium phosphates. Thermodynamically C-HAp has the most
stable compounds under physiological circumstances such as pH, temperature, and composition
of the body fluids [55]. Nano-C-HAp has started to become very attractive to the biomedical field
due to the crystallography and chemical composition compared to the human hard tissue. Figure
14 shows the chemical structure of C-HAp. The C-HAp for this experiments was derived from
bovine teeth. In Figure 14 the complex chemical structure can be seen.

Figure 14: Chemical structure of Calcium Hydroxyapatite (adapted from [56]).
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3.3.2 Preparation of Calcium Hydroxyapatite
A two bovine jaw was donated from Stroots Locker in Goddard Kansas; first from a young
calf and second from an old bovine. In Figure 14 the process of extracting the teeth from the jaw
bone was illustrated; each tooth had to be extracted one by one to make sure they were fully intact.
Next the teeth were placed in a Cole-Palmer oven and heated for two hours at 700º C to burn out
impurities and carbon Figure 15 shows the setup of the oven and final product of C-HAp. The
teeth were then ground using a mortar for one hour until the fired teeth were a fine powder and
prepared for chemical analysis using FTIR and Roman.

Figure 15: Jaw bone and teeth extraction

Figure 16: Furnace setup and final product of C-HAp powder
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3.3.3

Preparation of PCL Solution
PCL solutions were prepared in the second step of the experiment. Here, 1 gram of PCL

was dissolved in 50/50 solution of AAG and ANL to make a 10% PCL solution. The sample was
but in a sonication bath for 10 minutes with a pulse of 60 pulses a minute. Figure 17 shows the
final step of preparing the solution by putting the solution on a stir plate for 24 hours at 60o C and
a stir rate of approx. 500 rpm. The process was repeated 3 more times adding in C-HAp 5%, 10%,
15%, respectively to the solution. Sample 5 solution was created with same process but with 1
gram PCL and .5 grams of gentamicin added to the 50/50 solution of AAG and ANL. The process
was repeated 3 more times adding in C-HAp 5%, 10%, 15%, respectively to the solutions. Table
1 shows the sample chemical composition breakdown.

Figure 17: preparation of solution for electrospinning
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TABLE 1
SOLUTION COMPOSITION FOR EACH EXPERIMENTAL SAMPLE
Nanofiber Solution Composition
PCL

Solution

Calcium Hydroxyapatite

Gentamicin

Sample 1

1g

9g

0%

0%

Sample 2

1g

9g

5%

0%

Sample 3

1g

9g

10%

0%

Sample 4

1g

9g

15%

0%

Sample 5

1g

9g

0%

5%

Sample 6

1g

9g

5%

5%

Sample 7

1g

9g

10%

5%

Sample 8

1g

9g

15%

5%

3.3.4 Preparation of Nanofiber Tissue using Electrospinning Chamber
An electrospinning chamber was setup and used to create nanofibrous tissues. A syringe
was filled with the different chemical compositions from table 1 and placed in the 1-channel
syringe pump to control solution release rate at 1ml/h. The spinneret, of the syringe was placed at
20cm away from the collector with the high voltage cable placed on the spinneret with a voltage
of 15kV and the ground was placed on the collector. Figure 18 shows the nanofibrous tissue that
was created from the solution that were placed in the electrospinning chamber for 10 hours. The
samples were collected and arranged for analysis.
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Figure 18: Sample of the electrospun nanofibrous tissue
3.3.5 Raman Spectroscopy Preparation
Raman spectroscopy a molecular spectroscopy which detects an inelastically dispersed
light that allows interrogation and identification of vibrational phonon states of molecules. Offers
an irreplaceable analytical tool for molecular finger printing [58]. Similar to FTIR the, shown in
Figure 19, Raman has a highly selective method of identification and differentiation of molecules
and chemical classes. In this investigation the Raman was used for verification of chemicals and
identification of C-HAp samples.

Figure 19: Raman spectroscopy Horiba Xplora
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3.3.6 Fourier Transform Infrared Spectroscopy
In infrared (IR) spectroscopy, IR radiation was applied and passed through all nanofibrous
tissue samples. Whereas some of the IR radiation was absorbed by the sample the rest passed
through the sample, showing that the IR radiation had been transmitted. The resulting spectrum
demonstrates the molecular absorption and transmission, and these spectrums produce a molecular
fingerprint of the sample. By using Fourier transform infrared spectroscopy (FTIR), it was
conceivable to identify unidentified materials, conclude the quality or uniformity of a sample, and
establish the amount of mechanisms were in a nanofibrous tissue [59]. Figure 20 shows the FTIR
that was used for collecting attenuated total reflectance of each sample. The sample was then
compared to synthesized chemical product finger prints and chemical functional group light
spectrums.

Figure 20: FTIR spectroscopy used in characterization of samples.
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3.3.7 SEM Analysis
Figure 21 shows the Scanning Electron Microscope that was used for topology
characterization of the tissue samples that were created. The sample had to be prepared for the
SEM scans because the SEM uses a focused electron beam over the surface to create an image.
The electron beams interaction with the nanofibrous tissue samples produce a signal that can be
interpreted for characterization of the topography and composition of the samples [60]. The
samples first had to be thoroughly degreased and dried to eliminate any outgassing from organic
contamination. The samples were prepared by cutting and fitting each sample to a stub. Because
of the low conductive of the samples a gold coating had to be sputtered over the samples to
eliminate the charge effect.

Figure 21: Scanning Electron Microscope used for experiment
3.3.8

Antibacterial Test Preparation
Antibacterial test was performed on samples to see the viability and release of gentamicin.

A staphylococcus aureus from ATCC #25923 was cultured. An M-broth from Fisher #R453781
was prepared for the test. M-Broth was but in 500 ml of water then autoclaved at 121º C for 15
minutes. Mueller Hinton agar plates from fisher cat# M0026 was prepared. 1 ml of broth was put
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into the aureus tube, then transferred to 5 ml of broth. Picked one clone from plate and grew in 5
ml of M-broth at 37º C, O/N for 72 hours. Diluted bacteria 1:20 and 50:1000 in the 50 µL of stock
and put into 1 ml of medium. Pipette 0.2 ml of the 1:20 diluted S. aureus onto each big 150 mm
M-H plate and spread with an alcohol-flamed L-rod and allowed to air dry. Cultured the plate in
37º C, O/N.
3.3.8

Cell Viability Test
Cell Viability gives a determination of living or dead cells based on the total number of

samples. The test was performed on the membrane of the nanofibrous tissue to analysis the cell
adhesion and viability of cell growth on the samples. L-929 osteoblast cells were used for the
viability test.
3.3.8.1 Preparation of Cell Viability Test
Three different membranes were created from each sample totaling 24. Table 2 and
3 shows placement and organization of the membranes that were put into two 24 well plates with
20,000 cells in 200 µl of medium and put in incubator at 37º C for 3 days. Transferred membrane
to two new plates and added 1 ml of fresh medium and 0.1 of 3-(4,5-Dimethylthiazol-2-yl)-2,5Diphenyltetrazolium Bromide (MTT) into each well; also into the wells that had cells in the old
plates. Waited 8 hours and replaced the MTT medium by 1 ml of 10% SDS. Finally transferred
200 µl of SDS from 24 well plates to 96 well plates. Read the plates at OD 590 for analysis.
TABLE 2
CELL CONFIGURATION OF FIRST 24-WELL PLATE
Horizontal Cells
A
B
C
D

1
Medium
Medium
Medium
Medium

2
Sample1
Sample1
Sample1
Medium

Vertical Well Orientation
3
4
5
Sample2 Sample3 Sample4
Sample2 Sample3 Sample4
Sample2 Sample3 Sample4
Medium Medium Medium
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6
Medium With Cells
Medium With Cells
Medium With Cells
Medium With Cells

TABLE 3
CELL CONFIGURATION OF SECOND 24-WELL PLATE
Horizontal Cells

3.3.9

1

2

Vertical Well Orientation
3
4
5

A

Medium Sample5 Sample6 Sample7 Sample8

B

Medium Sample5 Sample6 Sample7 Sample8

C

Medium Sample5 Sample6 Sample7 Sample8

D

Medium Medium

Medium

Medium

Medium

6
Medium With
Cells
Medium With
Cells
Medium With
Cells
Medium With
Cells

Cytotoxicity Test
The cytotoxicity test delivered perception into the nanofibrous tissue membranes

biocompatibility and viability of use living biological systems. L-929 cells were used for the
cytotoxicity test.
3.3.9.1 Preparation of Samples for Cytotoxicity Test
Three samples of each nanofibrous tissue was cut into eight membrane samples. The 24
samples were cut into the size of a penny. The samples where then placed under a UV light for 45
minutes to makes sure the samples were sterile. The samples were then placed in two 24 well
plates with 1 ml medium and placed in an incubator for one day at 37ºC.
3.3.9.2 Growth of Cells
The L-929 cells were taken out of the nitrogen tank and kept in warm water bath for 15
minutes in order to bring them to room temperature from the liquid nitrogen chamber. The cells
were then placed in 10 ml of medium (ATC 30-2002) with 5% FCS for osteoblast. They were then
placed in warm water for 10 minutes. Prior to centrifuging the tubes, 0.1 µl of the samples, were
taken from each tube and then mixed with dye to count the cells using a hemocytometer. The
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remaining solutions with cells were then centrifuged at 250 cpm for 8 minutes. The force of the
centrifuged separated the cells and medium. The cells separated and accumulated at the bottom of
the tubes. Next the medium in the centrifuged tubes was removed, and 10 ml of fresh medium was
added to the tubes. After the medium and cells were mixed, they were poured into a culture plate
and put into the incubator at 37oC, and cell growth was observed every day. When enough cells
where cultured they were removed for cell counting using a hemocytometer. According to
hemocytometer results, there were a total of 8.2 x 106 L-929 fibroblast cells present in the 1 ml
medium. It was not important to know the total number of cells, meaning that only a certain number
of cells was necessary for the assay. A total of 10,000 cells was placed in each well in 100 µl of
cell medium was required to do the assay. 10 ml of solution was needed for each 96-well assay,
total of three 96-well plates totaling 30 ml of medium. It was necessary to calculate the desired
amount of solution for each of the 96-well assay by using the following formula:

𝐶1 x 𝑉1 = 𝐶2 x 𝑉2(1)
Where, C1 = 8.2 x 106/ml, C2 = 105/ml, and V2 = 30 ml. Therefore, V1 is needed.
Using the formula, it was found that 4.8 ml solution from the tube, with cells, should be mixed
with 30 ml of the medium to make a total of 34.8 ml of solution for all three of the 96-well assay.
After the 34.8 ml solution was prepared, approximately 10,000 L-929 cells in 100 μl of medium
were placed in each of the wells in the three 96-well plate. Then the plate was incubated at 37°C
overnight for cell attachment to the well base. The medium would then be removed three times
before testing day 1, day 4, and day 7.
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3.3.9.3 Preparation of Supernatants for L-929 Fibroblast Cells
For the cytotoxicity testing, the 1:4:7 samples order was followed. After each incubation
period the old medium was collected in vials and frozen. The new medium would be put in place
of the old medium and the cells would back in to incubation at 37oC. The order for the replacement
on day one to day 7 was as follows: old medium in the wells were collected and put into small
tubes then placed into a freezer at –20oC. The same amount of medium was put into the emptied
wells, and left to fed cells and collect toxins for 3 days at 37oC in the incubator. At the end of day
three, the old medium was collected and kept at –20oC and the same amount of fresh medium was
added to the wells. The same process was applied for the 7th day, and the old medium was
refrigerated at –20 oC.
The supernatants or old medium was removed from the freezer and brought to room
temperature for preparation, the medium and supernatants were mixed into ratios and added to
wells having cultured cells. The mixtures that was prepared, for each sample, was in ratios of 1:1
1:50, and 1:25 dilution for each day. Then, SDS solutions was prepared in ratios of 1:1, 1:5, and
1:25 in cultured well of cells with only medium, for control purposes. Tables 4, 5, 6 shows the
position of the mixture of supernatants and cell cultures in the first, second, and third 96 well plate,
respectively. Three days later, 20 µl of (MTT) was added to each well of a 96-well plate. The MTT
was kept for 6 hours in the wells before being removed. The MTT was replaced with 200 µl of
10% SDS and maintained at 37oC overnight. Finally, 150 µl of SDS was transferred from each
well, and optical density studies was performed for analysis.
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TABLE 4
CONFIGURATION OF SUPERNATANTS FOR FIRST 96 WELL PLATE
Day1
1

Day4

2

3

4

Day7

5

6

7

8

9

10

11

12

Sample 1

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

SDS 1:1

Sample 1

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Sample 1

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

SDS 1:5
SDS
1:25

Sample 2

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Medium

Sample 2

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Medium

Sample 2

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Medium

Sample 3

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Medium

Sample 3

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Medium

TABLE 5
CONFIGURATION OF SUPERNATANTS FOR SECOND 96 WELL PLATE
Day1

Sample 3
Sample 4
Sample 4
Sample 4
Sample 5
Sample 5
Sample 5
Sample 6

Mediu
m
Mediu
m
Mediu
m
Mediu
m
Mediu
m
Mediu
m
Mediu
m
Mediu
m

1

Day4

2

3

4

Day7

5

6

7

8

9

10

11

12

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

SDS 1:1

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

SDS 1:5
SDS
1:25
Mediu
m
Mediu
m
Mediu
m
Mediu
m
Mediu
m
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TABLE 6
CONFIGURATION OF SUPERNATANTS FOR THIRD 96 WELL PLATE
Day
1
1

2

Day4
3

4

Day7

5

6

7

8

9

10

11

12

Sample 6

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Sds 1:1

Sample 6

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Sample 7

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Sds 1:5
Sds
1:25

Sample 7

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Medium

Sample 7

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Medium

Sample 8

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Medium

Sample 8

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Medium

Sample 8

Medium

1:1

1:5

1:25

1:1

1:5

1:25

1:1

1:5

1:25

Medium

Medium
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CHAPTER 4
RESULTS AND DISCUSSIONS
4.1 Results of Raman Spectroscopy
The Raman spectroscopy was used to analyze the C-HAp that was made for this
experiment. The Raman Spectroscopy verified the legitimacy of the chemical composition of the
C-HAp and the crystal size and structure of the powder. In Figure 22 the topology of the crystals
were examined for size, shape, and structure composition. The Raman verifies that the crystal
structure are between approximately 100 nm – 1000 nm and again verified with a SEM image.
The chemical analysis shows the compound was similar to hydroxyapatite (HAp). In Figure 22
and 23 the composition of the synthesized C-HAp was verified with a chemical synthesized
sample. This showed that C-HAp had similar composition as HAp but a calcium increase. The
method used to create and synthesis C-HAp from bovine teeth was a valid method and cheaper
than buying and synthesizing a similar material like HAp. With validity of the chemical
composition of C-HAp verified this allowed for further studies and analysis.

Figure 22: Crystal structure of C-HAp from Raman Spectroscopy shows crystal are
between 500nm – 1200 nm. SEM shows powder clumps from 500nm-12000nm
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Figure 23: Raman of C-HAp analysis with peaks in 950 waveshift (𝑐𝑚−1 ) number

Figure 24: Raman of HAp (adopted from [61]) with a wavenumber shift of 950 (𝑐𝑚−1 ) which
verifies chemicals made from bovine teeth
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4.2

Results of SEM
The SEM was used to investigate the properties and behavior of the materials

used in this study. The SEM one of the most widely used research instruments used in nanostructural analysis, characterization, and topography of solid materials was used to characterize
the nanofibrous tissues. The SEM provided information on the topographic features, phase
distribution, composite differences, crystal structure, and orientation of the electrospun fibers.
Figure 21 shows how the fibers are spun uniformly but the C-HAp caused beading and
mineralization on the fibers. The fibers range from 10 nm to 150 nm with deposit or beading
around 200 nm. The network of the fibers are spaced and uniformed in a way that will help with
the growth and adhesion of cells. In Figures 25-30, the different compositions show that as the
C-HAp is increased without gentamycin the fibers and structures had less beads and calcium
deposits. When gentamycin was introduced into the nanofibrous tissue calcium deposits and
beads of the antibiotics was present. Showing that the fibers had definitively absorbed and had
the C-HAp and Gentamycin present in the surface. The porosity of the actual fibers of the PCL is
roughly below 500 nm but as the C-HAp increases the pores become even smaller and evenly
distributed as seen in Figure 26. The images from the SEM indicated that the sample seven has
the best properties for possible cellular matrix mimicking of dentin regeneration.
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Figure 25: Nanofibrous tissue comprised with 10% PCL, 10% C-HAp, 5% gentamycin, 50/50
AAG/ANL solution. Beading and calcium deposits are evident in the SEM image

Figure 26: Nanofibrous tissue comprised with 10% PCL, 5% C-HAp, 5% gentamycin, 50/50
AAG/ANL solution. Beading and calcium deposits are evident in the SEM image
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Figure 27: Nanofibrous tissue comprised with 10% PCL, 5% C-HAp, 50/50 AAG/ANL solution.
Beading and calcium deposits are evident in the SEM image

Figure 28: Nanofibrous tissue comprised with 10% PCL, 5% C-HAp, 0% gentamycin, 50/50
AAG/ANL solution. Beading and calcium deposits are evident in the SEM image
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Figure 29: Nanofibrous tissue comprised with 10% PCL, 10% C-HAp, 0% gentamycin, 50/50
AAG/ANL solution. Structural integrity increased and tightness of fibers are evident in the SEM
image

Figure 30: Nanofibrous tissue comprised with 10% PCL, 10% C-HAp, 5% gentamycin, 50/50
AAG/ANL solution.
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Figure 31: Nanofibrous tissue comprised with 10% PCL, 0% C-HAp, 0% gentamycin, 50/50
AAG/ANL solution. Slightly porous with pores around 500 nm

Figure 32: Nanofibrous tissue comprised with 10% PCL, 15% C-HAp, 5% gentamycin, 50/50
AAG/ANL solution. Beading and calcium deposits tightly woven pattern with structural integrity
and tight nit fibers.
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4.3

Results of FTIR Test
The FTIR test was performed on the prepared samples to identify chemical finger prints of

known chemicals and newly generated bonds. The understanding of FTIR spectrum analysis O-H
alcohol and phenol vibration ranges between 3550 – 3200, Alkyne groups range between 2950 2850, anine and amide groups range between 3700-3500, C-H are just below 3000, the O-H bond
of COOH is 3000-2500, CHO Ald are 2900 or 2700, Triple bond CC and CN range between 22602200, C=O Carbonyl range from 1950-1680, and alkene, aromatice C=C are at 1600 or 1500. In
appendix A the figures show other chemical groups are Ald 1740-1690, Ket 1750-1680, Ester
1750-1735, C.Acids 1780-1710 and Amide 1690 -1630. In the FTIR results of the nanofibrous
tissue with C-HAp powder shows that at 1065 cm-1 575 cm-1 a very strong peaks were given to the
ester (𝑃𝑂4 stretching vibration) group, a very strong hydroxyl (-OH stretching vibration) group at
600 cm-1 and 3600 cm-1 . Figure 33 shows other peaks that are attributed to 𝐻2 𝑂 bonding between
1,900 cm-1 and 2,400 cm-1.
Figure 34 shows the FTIR spectrum of PCL. The absorbance at 1,700 cm-1 (C-O stretching
vibration) increased, associated to the IR spectrum of the C-HAp powder and there was an alkaline
chain between 2900 and 3100 cm-1.
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Figure 33: FTIR spectrum fingerprint of C-HAp powder.

Figure 34: FTIR spectrum of PCL (adopted from [62])

As mentioned above in Chapter 3, Materials and Methods, C-HAp was introduced to the PCL
solution and electrospun to make a nanofibrous tissue structure. When C-HAp was introduced with
PCL, the ester group (𝑃𝑂4) of C-HAp reacts with the hydroxyl group (–OH) of PCL, new FTIR
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vibrations are generated in the structure, see Figure 35. The 𝑃𝑂4 in the sample 2 FTIR spectrum
bond has been weakened and the absorption and transmittance, respectively, went from 46% to
54% at 1169 cm-1 and 575 cm-1 the absorption went from 61% to 92%.

Figure 35: sample 2 10% PCL and 5% of C-HAp FTIR spectrum.
All samples that had PCL and C-HAp added without gentamycin all showed the same chemical
characterizations. Showing that the electrospinning process combined the chemicals in an orderly
method. Figure 36 shows the FTIR of samples without gentamycin add to one chart, also see
appendix A for sample 3 and 4 individual spectrum readout. The FTIR analysis of the samples 24 nanofibrous tissues shows the finger prints of both PCL and C-HAp.
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Figure 36: Nanofibrous tissue with PCL and C-HAp only, FTIR spectrum analysis

The spectrum of Gentamycin was added to the PCL and C-HAp solution and 3 new samples were
created and FTIR spectrum analysis was performed. Figure 34 for Gentamycin and PCL FTIR
only showing the gentamycin finger print at 2359.38 cm-1 and 2341.72 cm-1 which indicates the
amide group and 2944.14 cm-1 and 2865.89 cm-1 indicating a medium C-H bond and O-H of
COOH bond, respectively. This FTIR spectrum indicates a new functional group with a strong
bond that can be used to identify the gentamycin added to the material. In Figure 37 PCL
fingerprint and Gentamycin fingerprints are within the sample and the two chemical fingerprint
compositions in the sample.
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Figure 37: PCL and Gentamycin nanofibrous tissue fiber.
Samples 6, 7, and 8 with the gentamycin added at 5% and C-HAp at 5%, 10%, and 15%,
respectively, shows the fingerprint of the newly added gentamycin bonds, C-HAp bonds, and the
PCL bonds. The FTIR shows and supports that the newly formed nanofibrous tissues has the
chemical composition desired for the current study. Figure 38 shows sample 6,7, and 8
transmittance for comparison and analysis (See Annex A-1 thru A-6 for individual sample analysis
and FTIR spectrum analysis for each sample).
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Figure 38: FTIR spectrum analysis of samples with gentamycin, PCL, and C-HAp chemicals

The FTIR spectrum analysis was a good tool to show the best samples for further testing and to
verify that chemical composition and properties, of each individual sample, was what the research
was considering for best possible candidates for regeneration properties.
4.4

Results of Antibacterial Test
The goal of the antibacterial test was to verify the susceptibility and predict the in vivo

success or failure of the antibiotic used in this research. The Test was performed in vitro to
measure the growth response of staphylococcus aureus from ATCC # 25923. The bacteria
response to nanofibrous tissue without gentamycin was continuous and accelerated growth
whereas nanofibrous tissues that were treated with gentamycin repelled the bacteria and created a
bacteria free zone around the samples. Figure 39 shows bacteria growing on samples without
gentamycin and not growing on samples with gentamycin.
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Untreated sample

Treated samples

Figure 39: Bacteria test results with gentamycin and without gentamycin
The results indicate that gentamycin would be a possible candidate for the antibacterial used in
future studies and research because the untreated sample seems to have feed the bacteria and the
bacteria grew exponentially over 72 hour period whereas the treated samples showed signs that
they killed and repelled the bacteria.
4.4

Results for Cytotoxicity Test
The cytotoxicity test was done with the supernatant medium from 1:4:7 day test of the L-

929 cells. Figure 40-42 shows that there are color changes in the wells, indicating that supernatant
was effective in cells.
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Figure 40: 96-well plate 1 prepared for L-929 supernatant medium samples.

Figure 41: 96-well plate 2 prepared for L-929 supernatant medium samples.

Figure 42: 96-well plate 3 prepared for L-929 supernatant medium samples.
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Figure 43 shows the Optical microscope images that were used to characterize and obtain images
of cells inside the wells after the MTT assay was performed. The images shows the cells growth
in medium only without tissue membrane. The in vitro study provided an estimation of cell profile
and cell cytotoxicity of the nanofibrous tissue samples. The cell growth was six times the
concentration from day one to day seven.

Figure 43: Images of cells in the wells containing medium L-929
Results indicate that with increasing cell counts, the released amount of the gentamycin increased,
so that the number of living cells increased. As shown, the PCL, C-HAp, and Gentamycin sample
was the most effective on cells because the percentage of living cells is shown as being the highest.
Although the percentages of living cells show consistency among the eight samples, the
released amount of the gentamycin in simples 5-8, on days 1, 4, and 7, shows consistency with cell
growth. The result expected from day 1 showed the lowest living cell percentage due to the
nanofibrous tissue membrane and environmental stress of the cells. Consistently, day 4 was
expected to show a higher cell count day 1, and less then day 7 and the results were confirmed.
Day 7, was expected to show a higher number compared to day 4 because by increasing of cell
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growth which the test indicated that this was verified. However, results collected from days 1, 4,
and 7 exhibit consistent cell growth other combinations of polymers and protonating solutions
might be studied for better results. Figure 44-46 shows the cell percentage was lower than expected
the results were consistent with expected results.

Day 1 dilute 1:1 1:50 1:25
100
90
80
70
60
50
40
30
20
10
0
sample 1 sample 2 sample 3 sample 4 sample 5 sample 6 sample 7 sample 8
1:1

1:5

1:25

Figure 44: Living cell percentages for Day 1 dilution of L-929

Day 4 dilute 1:1 1:50 1:25
120
100
80
60
40
20
0
sample 1 sample 2 sample 3 sample 4 sample 5 sample 6 sample 7 sample 8
1:1

1:5

1:25

Figure 45: Living cell percentages for day 4 dilution of L-929
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Day 7 dilute 1:1 1:50 1:25
120
100
80
60
40
20
0
sample 1 sample 2 sample 3 sample 4 sample 5 sample 6 sample 7 sample 8
1:1

1:5

1:25

Figure 46: Living cell percentages for day 7 dilution of L-929
Results of the MTT assay using L-929 cells growth compared from day to day 7 showed a 3 times
growth rate from day 1 to day 4 and doubled from day 4 to day 7. Figure 47 shows cell growth
from day 1 through day 7 furthermore it shows approximately a 51% increase in cells. However,
the cell growth was substantially greater on day 7 then day 1 possible other solutions might bare
better results for cell factor growth.

CELL GROWTH PERCENTAGE

Cell growth day 1 through 7
70
60
50
40
30
20
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NANO-TISSUE SAMPLES
Day 1

Day 4

Day 7

Figure 47: cell growth pattern of samples on day 1 to day 7
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8

To make the graphs clearer and to see the total effectiveness of the samples on cells, the
percentages of living cells in days 1, 4, and 7 were collected and the results compared for L-929
cells. It can be seen that for cells, the percentages of cells increased over time showing possible
low toxicity.
4.5 Cell Proliferation on Nanofibrous Tissue Membrane
The determination of cell growth on the nanofibrous tissue membrane was done
using a Cell Viability test or proliferation assay using MTT protocols. The process contained cell
counting after a MTT dye was applied to the membrane with cells attached. When the cells
digested the MTT they produce a purple formazan in the mitochondria of living cells that can be
counted verse dyed cells in a well with no membrane. The absorbance of the colored formazan can
be quantified by having cells grown in an isolated well and membranes grown in individual wells
with the same cell batch being grown. The amount of formazan that was formed was measured
and analyzed with a spectrophotometric for the increased formazan compound. Though, with MTT
assay there are possible sources of error that has to be considered. MTT solution has to be stored
at 2-8º C and could decompose and produce erroneous results and the change of dark color or
formation of crystals indicate product deterioration. Microbial contamination could also lead to
MTT cleavage and formation of MTT formazan causing erroneous results and high protein levels
in the culture medium could cause precipitate which would cause false readings. In Figure 46 and
47 the sample color change can be seen. With all the possible errors taken into account the test was
ran with good formation of formazan and a bright purple change of color on the membrane of the
samples. The results of the absorption test also showed great cell proliferation on the membranes
medium. In Figure 48 the cell formation and adhesion can be seen on the fibers of the samples.
Sample 7 had the best cell growth followed by sample 8. The composition of sample 7 was created
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with a 50/50 solution of ANL and AAG, 10% PCL, 10% C-HAp, and 5% gentamycin and sample
8 was the same except an increase in C-HAp from 10% to 15%. The outcome showed that cells
were adhering to the nanofibrous tissues and growing on the membrane. Figures 51-52 shows the
absorption and adhesion of the samples that were tested; the samples were examined using an
optical microscope to look for cells on the membrane and fibers. In these figures, cells can be seen
attached to the membranes.

Figure 48: staining of Nanofibrous tissue membranes with MTT shows formazan reaction on
surface of sample 5-8
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Figure 49: staining of Nanofibrous tissue membranes with MTT shows formazan reaction on
surface of sample 1-4

Proliferation test
140
GROWTH VIABILITY
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Figure 50: Cell proliferation results of cells grown on membrane shows cell adhesion on sample
7 was extenuatingly higher

61

Figure 51: Shows fibers and cells of sample 7 and cell matrix growth of the fibers

Figure 52: Shows cells on the surface of sample 8 after being assay
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Figure 53: shows L-929 cells on surface using 500X Zeus microscope

Figure 51: shows L-929 cell growth on the fibers of the membrane at 1000x
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Figure 52: shows L-929 cell growth on the fibers of the membrane at 1000x

As seen in the figures cells are present on all samples and growing uniformly on the nanofibrous
tissues. This indicates that the fibers are susceptible for cell proliferation and differentiation. It also
gives a good indication that the tissues will act as a good alternative material, for dentin
regeneration, over scaffolds and other procedures. Annex B has more microscope images of
nanofiber, tissue, and cells.
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CHAPTER 5
CONCLUSION

This investigation aimed to fabricate a nano-tissue that can be used as an alternative method
in regeneration of dentin of the tooth. The objective was to produce a targeted system that could
excite mesachymal stem cells stored in the pulp to differentiate into new osteocytes or odentocytes.
The system would also work as a drug delivery system to provide a controlled environment with
gentamycin being release in treatment of decay causing bacteria. For this purpose, PCL was
modified by Acetic Acid and acetonitrile solution before adding in Calcium derived
hydroxyapatite from bovine teeth. Due to the nature of PCL, the material does not have the material
composition for cell adhesion because of the chemical nature of the material. The PCL surface had
to be modified by an acid solution making the material contact angle go from 120º to 0º making
the PCL perfect for electrospinning for this research. The PCL solution had a 5:10:15 percent of
Calcium Hydroxyapatite added to the solution; along with 5% gentamycin. To make 8 nano-tissues
that could be further tested.
The SEM imaging showed that the electrospun fibers were organized in the appropriate
orientation. The SEM showed fibers ranging from 5nm to 250nm on the nano-tissues. This
provided incite of the network structure of the nano-tissues to be determined if viable for cell
growth and proliferation inside the material. It was established by research and investigation that
the material would be a good candidate for further research in possible dentin regeneration.
The FTIR chemical analysis on the nano-tissues showed that all expected components were
present. Peaks belong to C-HAp and gentamycin was generated and seen in FTIR spectrums. Also,
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results suggest that heat treatment caused some esterification bonds to weaken, which can be
assumed was from the decrease in peak height of 𝑃𝑂4 peaks.
C-HAp profile was examined using a Raman to determine the method of synthesis was
accurate and verify the C-HAp powder that was derived from Bovine Teeth. The indication showed
that the substance that was obtained from the bovine teeth was indeed C-HAp needed for the topic
of research.
Cytotoxicity tests were carried out in-vitro using L-929 fibroblast cells. Results showed
that cell proliferation and growth was present from day 1 to day 7 with an increase of 3 times the
cells on day 4 compared to day 1 and 2 times the growth from day 4 to day 7. This indication
proves that the nano-tissues are viable for cell adhesion and growth. The semi non-toxic material
has chemical and material properties that are needed for further research on this topic.
This research shows a new technology that should be researched for a new viable
methodology from tooth preservation and regeneration. The system will prove to be more cost
effective and improve the quality of life for dental patients.
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CHAPTER 6
FUTURE WORK

The creation of a Calcium phosphate or C-HAp based cement should be made for testing
to seal the nanofibrous tissues in the damaged tooth area. Human teeth should be collected from a
dentist and used in this study instead of bovine teeth for better and closer in-vitro analysis. A
Bioreactor can be designed for further in-vitro testing on extracted human teeth. The design of the
reactor will allow the system to be put into place while medium nutrients, similar to the pulp, are
supplied and directed through the pulp channel for environmental simplicity of the tooth. In-vivo
studies should be conducted in order to see the real efficiency of the system in the body. The invivo test should allow panoramic dental x-rays of mice teeth that have been given cavities to see
the time frame of regeneration or dentin pulp interaction with the nanofibrous tissue material. This
will also allow precise knowledge of the systems viability over current methods.
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APPENDIX A
FTIR ANALYSIS

Figure A-1: Functional group of FTIR analysis
A-1

Figure A-2: Sample 2 FTIR spectrum for 10% PCL 5%C-HAp 50/50 AAG ANL

A-2

Figure A-3: Sample 3 FTIR spectrum for 10% PCL 10%C-HAp 50/50 AAG ANL
A-3

Figure A-4: Sample 4 FTIR spectrum for 10% PCL 15%C-HAp 50/50 AAG ANL
A-4

Figure A-5: Sample 6 FTIR spectrum 10% PCL 5% C-HAp 50/50 AAG ANL 5% gentamycin
A-5

Figure A-6: Sample 6 FTIR spectrum 10% PCL 10% C-HAp 50/50 AAG ANL 5% gentamycin
A-6

Figure A-7: Sample 6 FTIR spectrum 10% PCL 15% C-HAp 50/50 AAG ANL 5% gentamycin

A-7

Figure B-1: Nanofibrous tissue with fine nanostructure the sample looks beaded but when
zoomed in the fibers are too close to see separation

Figure B-2: Shows large beading of presumably C-HAp crystals or gentamycin on the fibers

B-1

Figure B-3: Cells and tissue topology from Zeus microscope at 500x

Figure B-4: Purple Formazan product from cell metabolism shown at 200x Zeus microscope

B-2

Figure B-4: Purple Formazan product from cell metabolism shown at 200x Zeus microscope

Figure B-5: Cells on the surface of the nanofibrous tissue shown at 200X

B-3

