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Synopsis

Injuﬁes and diseases related to the musculoskeletal system plague millions of
individuals each year. While autograft procedures, where bone is removed from another
area of the patient’s skeleton and implanted into the defect, are considered by many
orthopedic surgeons to be the best option for treating large bone defects, these procedures
still have many limitations. For instance, bone grafting requires a second surgical site, is
limited in quantity, and is restricted regarding the integration of implanted bone and
vascular structures with native tissue. As an alternative approach, bone tissue engineering
offers a promising new approach to repair of bone fractures with bone loss, fractures that
do not heal, and fractures due to bone tumors. Bone tissue engineering is an emerging
area where new opportunities are possible by the use of nanostructured biomaterials,
which could replace hard and soft skeletal tissue. Electrospinning or electrostatic
spinning has emerged as a very popular technique to fabricate polymeric nanofiberous
structures for tissue engineering. Electrospun nanofiber matrices in various forms
including thick nanofiber sheets, tubular structures, and as a coating material have been

used in a variety of biomedical applications.

A number of biodegradable and bioresorbable materials, as well as scaffold
designs, have been experimentally and/or clinically studied. Polycaprolactone (PCL) is a
biodegradable synthetic polymer that is currently used in a number of biomedical
applications. However, poor mechanical properties, intrinsic hydrophobic nature and
slower resorption kinetics of PCL impair its use as material scaffold for hard tissue
replacement. Therefore strategies to improve mechanical performance, hydrophilicity and
degradation profile of PCL based scaffolds are needed. Copolymers consisting of
hydrophobic polycaprolactone blocks and hydrophilic polyethyleneglycol block have
attracted the interest of material scientists in this regard but polyethylene glycols are
incompatible*With polycaprolactone owing to their large difference in hydrophilic and

hydrophobic nature.




The present study aims at synthesizing a triblock copolymer of the type PEG-
PCL-PEG by coupling reaction between polyethylene glycol and polycaprolactone and
further blending this copolymer with PCL to improve the hydrophilicity and
biodegradation rate of PCL. Pristine and composite scaffolds using PCL and PCL/ECE
blends were fabricated by electrospinning process by adopting nano hydroxyapitite as the
reinforcement. A comparative study of physico-mechanical properties, biostability and
cytotoxicity with 1929 cells were conducted for PCL, PCL/ECE, PCL/HAP and
PCL/ECE/HAP scaffolds. The results of each stage were very promising, the reaction
yield for the synthesis of copolymer was around 72% and the chemical composition and
structural elucidation were done by utilizing FTIR, H'NMR, GPC and TGA. The
structural analysis using FTIR and NMR supports the formation of copolymer. The GPC
analysis showed a monomodal molecular weight distribution with polydispersity index of
1.038. The thermo gravimetric analysis indicated that the copolymer is thermally stable
up to 201°C. The influence of solution concentration on the morphology of electrospun
fibers was initially investigated for PCL. As revealed by SEM images, fibers exhibited a
rougher surface morphology with increasing solution concentration. The effect of
synthesized copolymer and the filler HAP on mechanical and morphological property of
PCL was also evaluated. Mechanical properties depict a non homogenous distribution of
HAP particles at loadings beyond 2 wt%. Based on the observations, an optimum
solution concentration of 10%, HAP content of 2 wt% and PCL to ECE ratio of 90:10
was chosen. The effect of processing parameters such as applied potential and feed rate
on the morphology of the hydroxyapatite filled PCL/ECE blends was investigated. A
reduction in fiber diameter was observed with increasing potential (up to 17kV) whereas
the fiber diameter increased with increasing feed rate. Minimum fiber diameter was
observed with feed rate of ImL/h. It was also observed that minimum fiber diameter was
observed with feed rate 1mL/h and 50:50 solvent ratio (DCM & DMF). Micro computed
tomography analysis revealed a reduction in scaffold porosity from 92 to 80% with the
incorporation of nano HAP. The addition of ECE to neat PCL significantly reduced the




porosity to about 74%. Hence it is clear that the incorporation of both ECE and HAP
caused an overall decrease in porosity. In vitro biodegradation negatively impacted the
mechanical properties of all the four scaffolds. The cytocompatibility evaluation was
conducted with mouse fibroblasts cells and all the scaffolds showed non cytotoxic
response. The results are quite promising and this new composite scaffold can act as a

bespoke material for bone tissue engineering.




Chapter 1

INTRODUCTION

1.1 Background

A paradigm shift is taking place in medicine from using synthetic implants and
tissue grafts to a tissue engineering approach that uses degradable porous scaffolds.
Materials for making scaffold matrices include biomaterials such as natural /synthetic
polymers, ceramics and composites. Many polycaprolactone (PCL) based devices such as
drug delivery devices, sutures and cranioplasty implants have been approved by Food and
Drug Administration (FDA) for use in the human body. PCL is degraded by hydrolysis
of its ester linkages in physiological conditions and has therefore received a great deal of
attention for use as an implantable biomaterial. In particular it is especially interesting for
the preparation of long term implantable devices, owing to its slower degradation. It is
being investigated as a scaffold for tissue repair via engineering. The poor mechanical
properties of PCL, depending on the preparation technique and molecular weight, impair
its use as a material scaffold for hard tissue replacement. Also PCL has an intrinsic
hydrophobic chemical nature with poor surface wetting and interaction in biological

fluids. The above drawback may obstruct its biomedical applications.

Considering the potentials of PCL, it is possible to design a scaffold with desired
properties by appropriate modifications. A number of novel approaches have been
developed for the fabrication of biomaterial-based three-dimensional scaffolds. The
electrospinning technique which has been actively explored recently; can architecturally
fabricate and mimic the chemical, physical and mechanical properties of the native extra-
cellular matrix (ECM). Polymeric nanofiber woven/non woven matrix is among the most

promising biomaterials for native ECM analogs. In fact, microscaled polymeric
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nonwoven mesh has already been widely used in tissue engineering because of its high
surface area and high porosity. The simplicity with which nanofibrous polymeric
scaffolds are produced by electrospinning has invigorated interest in many biomedical
applications, such as tissue engineering, wound dressing, enzyme immobilization and
drug delivery. For a specific successful application, the chemical, physical and biological
properties of electrospun scaffolds should be adjusted to match the environment by using
a combination of multi-component compositions. Physical and biological properties,
such as hydrophilicity, mechanical modulus and strength, biodegradability,
biocompatibility, and specific cell interactions, are largely dependent on the chemical
compositions of polymer electrospun scaffolds. Polymer blending and copolymerization
are two effective means to combine different polymers to yield new materials properties.
Designing composites scaffolds utilizing osteogenic and osteoinductive inorganic phases
such as hydroxyapatite confers its high bioactivity as well as mechanical stability to the
polymer matrix. Thus, by selecting a combination of proper components and by adjusting
the component ratio, properties of electrospun scaffolds can be tailored with desired new

functions.

Though the electrospinning technique has several advantages, it is critical to
understand and optimize several issues such as consistency of processing method,
optimization of structure and properties of scaffold including pore size, porosity,

mechanical property, biostability and cytocompatibility.




1.2 Literature Review
1.2.1 Biomaterials

Biomaterial is any material, natural or man-made, that comprises whole or part of
a living structure or biomedical device which performs, augments, or replaces a natural
function .Although biomaterials are primarily used for medical applications, they are also
used to grow cells in culture, in apparatus for handling proteins in the laboratory, in
devices to regulate fertility in cattle, in the aquaculture of oysters, and possibly in the
near future they will be used in a cell-silicon "biochip” that would be integrated into
computers. The common thread is the interaction between biological systems and
synthetic (or modified natural) materials. A biomaterial must always be considered in the

context of its final fabricated, sterilized form.

Many definitions have been proposed for the term "biomaterial." One definition,
endorsed by a consensus of experts in the field, is: “A biomaterial is a nonviable material
used in a medical device, intended to interact with biological systems.” [Williams, 1987].

“In 2009 Williams redefined the definition of biomaterial as “A biomaterial is a substance
that has been engineered to take a form which, alone or as part of a complex system, is
used to direct, by control of interactions with components of living systems, the course of
any therapeutic or diagnostic procedure, in human or veterinary medicine.” A
complementary definition essential for understanding the goal of biomaterials science, is

"

that of "biocompatibility." “Biocompatibility is the ability of a material to perform with
an appropriate host response in a specific application. [Williams, 1987]. Biocompatibility
is related to the behavior of biomaterials in various environments under various chemical

and physical conditions.

A biomaterial should be non toxic and biocompatible one. For example,

polymers, many low-molecular-weight "leachables" exhibit some level of physiologic




activity and cell toxicity. It is reasonable to say that a biomaterial should not give off

anything from its mass unless it is specifically designed to do so. [Ratner et.al., 1996]

Table 1.1 Applications of Synthetic Materials and Modified Natural Materials in Medicine

Application

Types of materials

Skeletal system

Joint replacements (hip, knee)

Titanium, Ti—Al—V alloy,Stainless
steel, polyethylene

Bone plate for fracture fixation

Stainless steel, cobalt—chromium alloy

Bone cement

Poly (methyl methacrylate)

Bony defect repair

Hydroxylapatite

Atrtificial tendon and ligament

Teflon, Dacron

Dental implant for tooth fixation

Titanium, alumina, calcium

Phosphate

Cardiovascular system

Blood vessel prosthesis

Dacron, Teflon, polyurethane

Heart valve

Reprocessed tissue, stainless steel,

carbon

Catheter

Silicone rubber, Teflon, polyurethane

ans

Artificial heart

Polyurethane




Skin repair template Silicone-collagen composite

Artificial kidney (hemodialyzer) Cellulose, polyacrylonitrile

Heart—Lung machine Silicone rubber

Senses

Cochlear replacement Platinum electrodes

Poly (methyl methacrylate), silicone

Intraocular lens
rubber, hydrogel

" Contact lens Silicone—acrylate, hydrogel

Corneal bandage Collagen, hydrogel

Biomaterial scaffolds are used for tissue engineering application. Tissue
engineering has been recognized as an alternative technique to whole-organ and tissue
transplantation for diseased, failed, or malfunctioned organs. It is an emerging area of
applied research with a goal of repairing or regenerating the functions of damaged tissue
that fails to heal spontaneously by using cells and synthetic functional components called

scaffolds.] Murugan & Ramakrishna.,2007]

A scaffold provides a 3-D framework for the cells to attach and develop in vitro
[Liu et al.1996]. It acts as a temporary support for the cells to adhere and proliferate. An
ideal tissue-engineered scaffold should be mechanically stable and capable of functioning
biologically in the implant site. Mechanical stability is dependent primarily on the
selection of the biomaterial, the architectural design of the scaffold, and the cell material
interactions. It should mimic native ECM both architecturally and functionally. A tissue

engineering scaffold should be biodegradable so that a second surgery is not required to




remove the implant. The rate of degradation should coincide or at least be controllable to

mimic the rate of neo-tissue formation. [ Hutmacher., 2000].

Many techniques are employed for scaffold fabrication in tissue engineering.
Fibrous scaffolds are attractive for tissue engineering because of their inherent
advantages of high surface area for cell attachment, controlled porous architecture, and a
3-D microenvironment for cell-cell contact. Nanofibers composed of natural or synthetic
biodegradable polymers can be tailor-designed to possess the tissue matching mechanical
compliance. The orientation of these fibers is considered as one of the important features
of a perfect tissue scaffold, because the fiber orientation greatly influences cell growth
and related functions. Therefore, engineering scaffolds with a control over fiber
orientation is essential and a prerequisite for controlling cell orientation and tissue
growth. Electrospinning is a straightforward, cost-effective, and versatile method, which
is recently applied in engineering well-defined nano-fibrous scaffolds that hold promise
in serving as a synthetic extra-cellular matrix (ECM). This technology enables to
architecturally fabricate and mimic the chemical, physical and mechanical properties of

the native extra-cellular matrix (ECM). [Chew-et al., 2006]

1.2.2 Electrospinning

Electrospinning has vast applications due to an increased interest in nanoscale
properties and technologies. This technique allows for the production of polymer fibers
with diameter varying from 3 nm to 5 um. Potential applications of electrospinning
include filtration membrane, catalytic nanofibers, fiber based sensors, and tissue

engineering scaffolds [Pham ez al., 2006].

One attractive feature of electrospinning is the simplicity and inexpencive nature.
The electrospin setup consist of a capillary through which the liquid is to be electrospun

is forced: high voltage source with negative and positive polarity, which injects the




charge into the liquid: and a grounded collecter set up. (fig 1.1) [Sill and Von Recum.,
2008]

V —

s

Fig 1.1 Electrospin setup

Although the term ‘‘electro spinning’’, derived from ‘electrostatic spinning’. The
polymer filaments were formed, from the solution, between two electrodes bearing
electrical charges of opposite polarity. One of the electrodes was placed into the solution
and the other onto a collector. Once ejected out of a metal spinneret with a small hole, the
charged solution jets evaporated to become fibers which were collected on the collector.
The potential difference depended on the properties of the spinning solution, such as

polymer molecular weight and viscosity.

So far, we have found in the open literature that more than fifty different
polymers have been successfully electrospun into ultra fine fibers with diameters ranging
from <3 nm to over | pm. Most of the polymers were dissolved in some solvents before
electrospinning. When the solid polymer or polymer pellet is completely dissolved in a
proper amount it becomes a fluid form called polymer solution. The polymer fluid is then
introduced into the capillary tube for electrospinning, a DC of very high KVs is necessary

to generate the electrospinning.
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Electrospin fibers have high porosity similar to the natural extracellular matrix
(ECM). Electrospun fibers can be oriented or arranged randomly, giving control over
both the bulk mechanical properties and the biological response to the scaffold. The
diameters of polymer fiber materials are shrunk from micrometers (e.g. 10—-100 mm) to
sub microns or nanometers, there appear several amazing characteristics such as very
large surface area to volume ratio (this ratio for a nano fiber can be as large as 103 times
of that of a micro fiber), flexibility in surface functionalities, and superior mechanical
- performance (e.g. stiffness and tensile strength) compared with any other known form of

the material. [Ming Huang et al., 2006].
1.2.2.1 Parameter Investigation

Many parameters can influence the transformation of polymer solutions into
nanofibers through electrospinning. These parameters are applied voltage, flow rate, the
solvent parameters such as polymer concentration (viscosity), elasticity, conductivity, and
surface tension solvent volatility and variables such as the gap (distance between the tip
and the collecting screen), ambient parameters such as solution temperature, humidity,

and air velocity in the electrospinning chamber, Needle tip design and placement.
¢ Applied voltage

The strength of the applied electric field controls formation of fibers from several
microns in diameter to tens of nanometers. Sub optimal field strength could lead to bead
defects in the spun fibers or even failure in jet formation. Deitzel et al. examined a
polyethylene oxide (PEO)/water system and found that increases in applied voltage
altered the shape of the electrospun fibers. At low voltages or field strengths, a drop is
typically suspended at the needle tip, and a jet will originate from the Taylor cone
ﬁx'oducing bead-free spinning when the force of the electric field is sufficient to overcome
the surface tension [Deitzel ef al.,2001]. As the voltage is increased, the volume of the

drop at the tip decreases, causing the Taylor cone to recede. As the voltage is increased
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further, the jet eventually moves around the edge of the tip, with no visible Taylor cone;
at these conditions, the presence of many beads can be observed [Zong et al., 2002].So

there is a voltage limit in which the smooth fine fibers will obtain.

Meechaisue et al examined the effect of varying the applied electric field strength
from 10 to 25 kV/10 cm for poly (DTE carbonate) solutions with polymer concentrations
of 15 and 20% (w/v). For the 15% (w/v) poly(DTE carbonate) solution the author
observed primarily beaded fibers when the applied electric field strength was below 20
kV/10 cm, while mostly smooth fibers were obtained above this field strength. Increasing
the electric field strength from 10 to 15 kV/10 cm decreased the bead density, while
increasing the field strength from 20 to 25 kV/10 c¢m increased the average fiber diameter
from 1.9 to 2.2 pm. The authors attribute the increase in fiber diameter to the increase in
the mass flow rate relative to the increase in the electrostatic force. For the 20% (w/v)
poly(DTE carbonate) solution only smooth fibers were obtained at all electric field
strengths. Additionally, the average fiber diameter was found to increase monotonically
from about 2.5 pm at 10 kV/10 c¢cm to about 5.4 pm at 25 kV/10 cm, while the fiber
density monotonically decreased over this same range. Based on the work by Deitzel et
al., Meechaisue ef al. and others it is evident that there is an optimal range of electric
field strengths for a certain polymer/solvent system, as either too weak or too strong field

will lead to the formation of beaded fibers.

e Flow rate

Polymer flow rate also has an impact on fiber size, and influence fiber porosity as
well as fiber shape. Megelski ef al. examined the effects of flow rate on the structure of
electrospun fibers from a polystyrene/tetrahydrofuran (THF) solution [Megelski et al.,
2002]. They demonstrated that both fiber diameter and pore size increase with increasing
flow rate. Additionally, at high flow rates significant amounts of bead defects were

noticeable, due to the inability of fibers to dry completely before reaching the collector.
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Incomplete fiber drying also leads to the formation of ribbon like (or flattened) fibers as

compared to fibers with a circular cross section.

Solution Parameters

¢ Polymer concentration

Polymer concentration is an important parameter which affects the morphology of
electrospun fibers. Fong et al. recognized that higher polymer concentration resulted in
fewer beads. The shape of the beads changed from spherical to spindle like when the
polymer concentration varied from low to high levels. Reducing surface tension of a

polymer solution, fibers could be obtained without beads [Fong et al., 1999].

One of the most important quantities related with electrospinning is the fiber
diameter. The fiber diameters will depend primarily on the jet sizes as well as on the
polymer contents in the jets. The polymer concentration influences both viscosity and the
surface tension, both of them are very important parameters for electrospinning. Most
significant parameters influencing the fiber diameter is the solution viscosity. The fibers
from low viscosity solutions tended to be shorter and finer whereas those from more
viscous solutions were relatively continuous [Baumgarten et al, 1971, Doshi and
Reneker., 1995, Fong et al., 1999]. However, when a solid polymer is dissolved in a
“solvent, the solution viscosity is proportional to the polymer concentration. Thus, the
higher the polymer concentration the larger the resulting nanofiber diameters will be. In
fact, Deitzel et al. pointed out that the fiber diameter increased with increasing polymer
concentration according to a power law relationship [Deitzel et al.2001]. Demir et al.
further found that the fiber diameter was proportional to the cube of the polymer

concentration [Demir et al.2002].
o Conductivity / solution charge density

Increasing the solution conductivity or charge density can be used to produce

more uniform fibers with fewer beads [Jiang et al., 2004]. One approach to increasing
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solution conductivity has been through the addition of salt; beading decreased upon the
addition of salt. Conductivity has been increased by the addition of alcohol to the solvent,
resulting in smoother fibers of poly (hydroxybutyrate-co-valerate) (PHBV) with fewer
beads present. Addition of tetrachloromethane, which reduced the solution conductivity,
produced larger beads [Zuo et al.,2005 ]. Zhang et al. showed that PVA fiber diameters
were decreased from 214 19 nm to 159 + 21 nm when NaCl concentration was
increased from 0.05 to 0.2% (spinning conditions: solvent - water, voltage - 5 kV,
distance to collector - 10 cm, flow rate - 0.2 mL/h). Zong et al. studied the effect of the
addition of various salts (NaCl, KH,PO,, NaH,PO,) to PDLA solutions. They found that
salts with smaller ionic radii produced smaller fibers (210 nm) while salts with larger
ionic radii yielded larger ones (1000 nm).They attributed this difference to the higher
charge density, and thereby mobility, of ions with smaller radii; the higher mobility
resulted in increased elongational forces exerted on the fiber jet yielding a smaller fiber

[Zong et al.,2002].

e Surface tension

The impact of surface tension on the morphology and size of electrospun fibers
has also been investigated. An increasé in surface tension increases the beading. The
addition of ethanol to PEO and PVA solutions lowered the surface tension. In the case of
the PEO, the solution containing ethanol exhibited less beading; [Fong et al 1999]
however, when ethanol was added to PVA solutions, beading was increased. The
difference in the effect of adding ethanol to these systems was attributed to the fact that it
is a non-solvent for PVA and a solvent for PEO [Lee ef al., 2004].

¢ Polymer molecular weight

Researches have examined the relationship between polymer molecular weight
and the morphology and size of electrospun fibers. Gupta et al found as the molecular

weight increased, the number of beads and droplets was reduced. Additionally, PMMA
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with a narrow molecular weight distribution gave uniform fibers at a lower concentration

than those with larger molecular weight distributions [Gupta et al.,2005].
¢ Solvent volatility

Choice of solvent is also critical parameter. In order to have sufficient solvent
evaporation to occur between the capillary tip and the collector a volatile solvent must be
used. As the fiber jet travels through the atmosphere toward the collector a phase
separation occurs before the solid polymer fibers are deposited, a process that is greatly
influenced by the volatility of the solvent. Megelski et al. examined the structural
properties of polystyrene fibers electrospun from solutions containing various ratios of
DMF and THF [Megelski et al.,2002]. Solutions electrospun from 100% THF (more
volatile) demonstrated a high density of pores, which increased the surface area of the
fiber by as much as 20-40% depending on the fiber diameter. Solutions electrospun from
100% DMF (less volatile) demonstrated almost a complete loss of micro texture with the
formation of smooth fibers. Between these two extremes it was observed that pore size
increased with decreased pore depth (thus decreasing pore density) as the solvént
volatility decreased. As mentioned previously a phase separation occurs as the polymer
jet is traveling through the atmosphere, this phase separation can be vapor-induced, non-

solvent from the vapor phase penetrates to the polymer solution [Deitzel ez al., 2001].
o Capillary -collector distance

The distance between capillary tip and collector can also influence fiber size.
Additionally, this distance can dictate whether the end result is electrospinning or
electrospraying. Doshi and Reneker found that the fiber diameter decreased with
increasing distances from the Taylor cone [Doshi et al.,, 1995]. In another study, Jaeger et
al. electrospun fibers from a PEO/water solution and examined the fiber diameter as a

function of the distance from the Taylor cone [Jaeger et al., 1998]. They found that the
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diameter of the fiber jet decreased approximately two-fold, from 19 to 9 um after
traveling distances of 1 and 3.5 cm, respectively. Additionally, Megelski et al. were able
to notice the formation of a beaded morphology for electrospun polystyrene fibers upon
shortening of the distance between the capillary tip and the collector, which can be
attributed to inadequate drying of the polymer fiber prior to reaching the collector

[Megelski et al., 2002].

e Needle tip design and placement

Several designs and configurations of needle tips have been investigated for the
electrospinning process. For example, some researchers developed a coaxial, two-

capillary spinneret. The use of multiple tips was also investigated [Ding et al., 2004].

e Collector composition and geometry

A number of materials and geometries have been studied for the collection of
electrospun polymeric fibers. Metal collectors, a water reservoir, and a methanol collector
“are usually used. They found that smooth fibers were obtained using the metal collector.
Collection on the surface of water caused the hydrophobic polymer fibers to shrink, while
methanol caused swelling of the fibers [Kim et al.,2005]. It was found that the packing
density was influenced by the conductivity of the collectors: the more conductive
collectors dissipated the charge of the fibers. When this charge was not dissipated (non-
conductive collectors), the fibers repelled one another, yielding a more porous structure
[Liu et al.,2002]. Fibers with a conductive frame produce better alignment than a non-
conductive one. Fibers have also been collected using a rotating cylindrical drum

collector rather than a stationary target (Fig. 1.2)
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Rotating drum collector (c)

Fig 1.2 Electrospinning set up with rotating mandrel as collector

¢ Ambient parameters

Few studies have been conducted to examine the effects of ambient parameters
(i.e., temperature and humidity) on the electrospinning process. Mit-Uppatham et al. spun
polyamide-6 fibers at temperatures ranging from 25 to 60°C [Mit-Uppatham et al., 2004].
They found that increasing the temperature yielded fibers with a decreased fiber
diameter, and they attributed this decline in diameter to the decrease in the viscosity of
the polymer solutions at increased temperatures. The humidity was varied by Casper et
al. while spinning polystyrene solutions. Their work showed that increasing the humidity
resulted in the appearance of small circular pores on the surface of the fibers; increasing
the humidity further lead to the pores coalescing. Spinning has also been performed under
vacuum in order to obtain higher electric fields; doing so produced fibers and yarns with

larger diameters.

It is difficult to isolate the effect of many of the parameters since they are
interrelated. For example, changing the solution concentration/viscosity affects other
solution properties, such as the conductivity and surface tension. Additionally, though a

large number of distinct polymers have been electrospun, there has been little systematic
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investigation of the conditions required for successful spinning. A trial-and-error
approach has been employed in which the solution properties and spinning parameters are
varied until uniform, defect-free fibers are obtained. Electrospun polymer fibers have

tremendous potential as tissue engineered scaffolds, and other applications.

1.2.2.2 Applications of Nanofibers

From a biological viewpoint, almost all of the human tissues and organs are
deposited in nanofibrous forms or structures. Examples include: bone, dentin, collagen,
cartilage, and skin. All of them are characterized by well organized hierarchical fibrous
structures of nanometer scale. The current research in electrospun polymer nanofibers has
focused one of their major applications on bioengineering. We can easily find their

promising potential in various biomedical areas.

e Medical prostheses

Polymer nanofibers fabricated via electrospinning have been proposed for a
number of soft tissue prostheses applications such as blood vessel, vascular grafts, guided
tissue regeneration etc. In addition, electrospun biocompatible polymer nanofibers can
also be deposited as a thin porous film onto a hard tissue prosthetic device designed to be
implanted into the human body [Athreya & Martin., 1999]. This coating film with
gradient fibrous structure works as an interphase between the prosthetic device and the
host tissues, and is expected to efficiently reduce the stiffness mismatch at the

tissue/device interphase and hence prevent the device failure after the implantation.

e  Wound dressing

Polymer nanofibers can also be used for the treatment of wounds or burns of a
human skin, as well as designed for haemostatic devices with some unique
characteristics. With the aid of electric field, fine fibers of biodegradable polymers can be

directly sprayed /spun onto the injured location of skin to form a fibrous mat dressing,
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which can let wounds heal by encouraging the formation of normal skin growth and
eliminate the formation of scar tissue which would occur in a traditional treatment . Non-
woven nanofibrous membrane mats for wound dressing usually have pore sizes ranging
from 500 nm to 1 mm, small enough to protect the wound from bacterial penetration via
aerosol particle capturing mechanisms. High surface area of 5-100 m?/g is extremely

efficient for fluid absorption and dermal delivery.
¢ Drug delivery and pharmaceutical composition

Delivery of drug/pharmaceuticals to patients in the most physiologically
acceptable manner has always been an important concern in medicine. Drug delivery
with polymer nanofibers is based on the principle that dissolution rate of a particulate
drug increases with increasing surface area of both the drug and the corresponding carrier
if needed. Ignatious and Baldoni described electrospun polymer nanofibers for
pharmaceutical compositions, which can be designed to provide rapid, immediate,
delayed, or modified dissolution, such as sustained and/or pulsatile release
characteristics.As the drug and carrier materials can be mixed together for
electrospinning of nanofibers, the likely modes of the drug in the resulting nanostructed
products are: (1) drug as particles attached to the surface of the carrier which is in the
form of nanofibers, (2) both drug and carrier are nanofiber-form, hence the end product
will be the two kinds of nanofibers interlaced together, (3) the blend of drug and carrier
materials integrated into one kind of fibers containing both components, and (4) the
carrier material is electrospun into a tubular form in which the drug particles are
encapsulated. The drug delivery in the form of nanofibers is still in the early stage
exploration, a real delivery mode after production and efficiency have yet to be

determined in the future.
e Bone Tissue Engineering
The search for successful bone analogue materials has led many researchers to prepare

porous scaffolds with the intent to mimic as closely as possible the composition and/or
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structure of the extracellular matrix (ECM) of natural bone. Electrospinning is a
widespread technique for born tissue engineering.Bone tissue engineering, nanofibers
from PCL have been extensively studied[Yoshimoto ET AL.,2003]. In addition to the
pure PCL nanofibers, nanofibers from gelatin/PCL blend [Zhang et al., 2005] and PCL
composite with calcium carbonate nanoparticles and hydroxyapatite (HAp)
nanoparticles[Fujihara et al.,2005] for bone scaffolds have been investigated. The
addition of 50% gelatin to PCL improved both the fiber mechanical strength and surface
wettability, therefore enhancing the cell attachment and growth on the scaffold surface.
Also, the cells were observed to migrate up to 114 um inside the scaffold within one
week of culture. In contrast, PCL nanofibers containing these inorganic nanoparticles
were expected to have high osteoblast proliferation and differentiation. In addition, a
bond-like calcium phosphate (CaP) was coated on PCL nanofiber surface
[Wutticharoenmongkol et al .,2006}. The CaP-coated nanofiber membrane showed high
wettability. Because of its similar structure to the natural bone, such a mineralized
electrospun scaffold is expected to be a potential cell carrier in bone tissue engineering. A
combination of PCL nanofibers and microfibers was used to develop multilayer scaffolds

[Tuzlakoglu et al., 2005].
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