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Chapter 1

INTRODUCTION AND
OBJECTIVES

1.1 Introduction

Important work in terms of healing and reconstruction of human tissue
has become a reality due to extensive research and development in the
medical and engineering fields |7, 8|. Injury, disease, congenital mal-
formation and the world’s life expectancy growth enlarged the demand
for replacement of human tissue and organs. Currently, there are a vari-
ety of materials and processes to regenerate and replace (with adequate
fidelity) human tissue. Bone, cartilage, skin, cardiovascular prosthesis,
and partial organ tissue regeneration and reconstruction are now possi-
ble and have shown promise for a large portion of individuals that have
special needs because of tissue loss or organ failure [9, 10, 11, 12, 13, 14].

Tissue engineering is broad field, which applies a number of fab-
rication techniques to produce scaffolds to implantation. Among the
techniques used for fabricating scaffold materials, electrospinning has
emerged as a promising technique. During electrospinning an external

electrical field is applied to a polymer melt or solution, generating elec-

15



16 CHAPTER 1. INTRODUCTION AND OBJECTIVES

trostatic forces that induce the formation of nanometric fibers. The tech-
nique has been constantly improved since its first presentation in 1902
by J. F. Cooley and W. J. Morton [4, 1, 15|, particularly in the biomed-
ical field, where it has been used for research in drug delivery, tissue

scaffolding and wound care systems [16, 17, 18].

Electrospinning has been applied to process a wide range of materials
due to its adaptation potential. Polymers, ceramics and composites have
been produced using electrospinning for biomedical applications [19, 20,
21, 22, 23|. In particular, the technique has been used to combine the
properties of two or more materials to reach the desired scaffold. In
biomedical applications, composites of a polymeric matrix and ceramic
fillers have been mainly used for drug delivery systems and for improving

the mechanical properties of medical devices.

Ceramic fillers such as silica, alumina, calcium phosphates and carbon
nanotubes have shown to significant improve the mechanical behavior of
the composite sysyems [24, 25, 26, 27, 28, 29]. Among the ceramic
fillers widely applied in the biomedical field, special attention has been
dedicated to carbon nanotubes in the past decade. Carbon nanotubes
rank among the highest-modulus and strongest fibers known [30, 31]
and are therefore expected to be excellent reinforcing fillers in polymeric
composites. Furthermore, their structure allow several types of surface

functionalities, which can be designed for optimal matrix compatibility.

In this work, carbon nanotubes were used as fillers in a polymeric
matrix of polyamide 6. A slowly resorbable polymer was used to avoid
the carbon nanotubes release, since their biocompatibility is still under
investigation with controversial results [32, 33, 34]. The purpose of this
research was to produce a system with tunable morphological and me-
chanical properties, easy of production and that could guide the biological
response. This thesis presents the production and physical and biological

characterization of random and aligned PA6 and PA6/MWCNT networks



1.2. OBJECTIVES 17

for biomedical applications.

1.2

Objectives

The aim of this work is to develop and characterize a novel nano- and

micro-structured composite system made of biocompatible polymeric ma-

trix with aligned domains of carbon nanotubes for biomedical applica-

tions.

1.2.1 Specific Objectives

Develop a novel composite system with tuneable morphology and

mechanical properties.
Align carbon nanotubes along with the polymeric matrix.

Analyze the physical modifications on the polymeric matrix when
CN'Ts are added.

Investigate the variation of protein adsorption caused by the CN'Ts
addition.

Evaluate the biological response, in terms of proliferation, viability

and morphology, when CNTs are added to the system.
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Chapter 2

STATE OF THE ART

2.1 Tissue Engineering

Several authors have defined tissue engineering differently in the past
years |8, 35]. However, the most used definition in the scientific world was
given by Langer et al., which defined Tissue Engineering as “an interdis-
ciplinary field that applies the principles of engineering and life sciences
toward the development of biological substitutes that restore, maintain,
or improve tissue function” [8]. In figure 2.1 the typical approach used
in tissue engineering is presented.

Injury, disease, and congenital malformation have always been part of
the human experience. As the world population life expectancy increases,
the demand for replacement of human tissue and organs increases. Im-
portant developments in the multidisciplinary field of tissue engineering
have permitted a novel set of tissue replacement parts and implemen-
tation strategies [36, 37, 38]. Advances in biomaterials, stem cells,
growth and differentiation factors, and biomimetic environments have
created unique opportunities to fabricate tissues in the laboratory from
the combination of scaffolds (artificial extracellular matrices), cells, and

biologically active molecules.

19



20 CHAPTER 2. STATE OF THE ART

Among the major challenges now facing tissue engineering is the need
for more complex functionality, as well as both functional and biomechan-
ical stability in tissues destined for transplantation. The structure and
properties of the artificial scaffolds are critical to guarantee normal cell

behaviour and performance of the cultivated tissue.

Scientists have developed numerous tissue replacement materials in
the past decades. Diverse tissues have been reproduced in laboratory [16,
39, 40, 41]. Biodegradable and biostable polymers [42, 43], either natural
or synthetic, ceramic materials [44, 9|, either natural or synthetic, and
composites |45, 46, 47| have been processed into scaffolds for tissue

engineering.

Figure 2.1: Tissue Engineering approach representation. (http://biomed
.brown.edu).
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2.2 Scaffolds in Tissue Engineering

Tissue engineering aims to produce three-dimensional (3D) scaffolds that
can mimic the biologic and mechanical function of natural extracellular
matrix (ECM). Scaffolds provide a 3D substrate for cells to form new
tissues with appropriate structure and function. Furthermore, scaffolds
can allow the delivery of cells and appropriate bioactive factors (such
as cell adhesion peptides and growth factors) to specific locations in the
body with high efficiency [48|. Scaffolds are also supposed to provide
mechanical support against in vivo forces to maintain the predefined 3D
structure during tissue development.

To support the replacement of normal tissue without inflammation,
the implanted material should be biodegradable and bioresorbable. In-
compatible materials are destined for inflammatory or foreign-body re-
sponse that eventually leads to rejection and/or necrosis [49, 50]. Degra-
dation products, if produced, should be removed from the body via
metabolic pathways at an adequate rate that keeps the concentration
of these degradation products in the tissues at a tolerable level [51].
The scaffold should also provide an environment in which appropriate
regulation of cell behavior (adhesion, proliferation, migration, and differ-

entiation) can occur so that functional tissue can form.

2.3 Polymers in Tissue Engineering

Polymer is a high molar mass molecule, which is composed by number of
repeating units called monomers. They are a large class of natural and
synthetic materials with a wide variety of properties. Polymers occur in
nature and can be found in living species, such as proteins, collagen, and
DNA. Synthetic polymers consist of a large group of materials that have

become of common use in our life.
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Tissue engineering applies the knowledge in polymers technology (pro-
duction and properties) to develop new biomaterials where ideal proper-
ties and functional customization such as injectability, synthetic manu-
facture, biocompatibility, nano-scale fibers, low concentration, resorption
rates can be engineered. To achieve the goal of tissue reconstruction, scaf-
folds must meet some specific requirements. High porosity and adequate
pore size are required to facilitate cell migration and diffusion throughout
the whole structure of both cells and nutrients. Biodegradability is often
an essential factor. Tissue engineering scaffolds should preferably be ab-
sorbed by the surrounding tissues. The rate at which degradation occurs

has to coincide as much as possible with the rate of tissue formation.

2.3.1 Natural polymers

Natural polymers can be classified as proteins (silk, collagen, gelatin,
fibrinogen, elastin, keratin, actin and myosin), polysaccharides (cellu-
lose, amylose, dextran, chitin and glycosaminoglycans) or polynucleotides
(DNA, RNA) [52]. The macromolecular similarities of natural polymers
with natural tissues generally increase biocompatibility and reduce im-
munologic responses. This further leads to the avoidance of issues related
to toxicity and stimulation of a chronic inflammatory reaction, as well
as lack of recognition by cells, which are frequently provoked by many
synthetic polymers.

Natural polymers are known to degrade by the effect of naturally
occurring enzymes and the possibility to control the degradation rate by
chemical cross-linking or other chemical modifications. In comparison
to synthetic polymers, this class is frequently known have inadequate
mechanical properties for load-bearing applications [52|. Their complex
structure difficult the identification of the most suitable manufacturing
techniques (compression molding, extrusion) to process them [53]. In

addition, the properties of natural polymers are not predictable neither
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reproducible.
Scaffolds from natural polymers have been intensively studied in the
past years. Collagen [39, 54|, gelatin [55, 56]] and silk fibroin |57, 42]

are some of the polymers studied for tissue engineering applications.

2.3.2 Synthetic polymers

Synthetic polymers are chemically synthesized polymers and repre-
sent the largest group of materials applied in tissue engineering. The
predictable and reproducible mechanical and physical properties such as
tensile strength, elastic modulus and degradation rate [58] are some of
the factors that led to the increase number of applications in tissue engi-
neering. Nevertheless, this class of polymers has a higher risk of toxicity,
immunologic response and infection than natural polymers due to their
more complex structures and process techniques.

Some synthetic polymers are hydrolytically unstable and degrade in
the body while others may remain essentially unchanged for the life-
time of the patient. Biodegradable polymers have been applied in tissue
engineering to repair nerves, skin, vascular system and bone. Typical
biodegradable polymers used for biomedical purposes are hydrophobic
polyester, such as polyglycolide (PGA) [55, 43|, and polylactide (PLA)
[59, 60|, polyurethanes (PUs) [61, 62] and polyamides (PAs) [63, 64].

2.4 Composites in Tissue Engineering

Composite materials can be defined as a material composed of two
or more chemically and physically distinct phases (metallic, ceramic or
polymeric), which are separated by an interface. This class of materials
has been applied for many years in structural engineered parts due to its
excellent mechanical properties [65, 66]. Composites are usually classi-
fied based on its matrix (metals, ceramics or polymers) or reinforcement

(particulates, short or continuous fibers, nanofillers) components [65].
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Taking advantage of this well known technology, researchers have been
applying composite materials in tissue engineering to enhance mechanical
properties and cell function, and deliver special molecules [67, 28, 68].

Composites as well as any implanted material applied in tissue engi-
neering must exhibit specific mechanical properties related to the tissue
that will be repaired or replaced. Furthermore, the materials must re-
tain their properties when implanted in vivo so that they can provide the
necessary support for cell attachment and proliferation.

In tissue engineering, biocompatible polymers have been mostly ap-
plied as matrix for composite materials along with ceramic fillers [69, 70,
71]. Generally, polymers are known to be flexible and exhibit a lack of
mechanical strength and stiffness, however they are simple to mold and
can easily form complex structures. While ceramics are stiff and brittle.
Composites aim to combine the properties of both materials to enhance

tissue reconstruction.

2.5 Surface Features

One of the most important ambitions of the biomedical field is to un-
derstand how individual cells communicate and interact between them-
selves and the physical and chemical environment in which they reside.
Recently, there have been improvements and developments of new tech-
nologies that have allowed scientists to observe and manipulate the envi-
ronment around cells at the micron and nanoscale, which permits inves-
tigation of how the surrounding environment impacts cellular functions.
In the microenvironment, cells are able to interact at the micro to the
nano scale (e.g. cells can range from 10 to 100 microns in diameter, while
proteins are down to the nanometer size).

Advances in fabrication processes at the micro- and nano-metric levels
in the last decade have allowed bioengineers to produce novel patterned

biomaterials, which are able to guide cell functions and organization.



2.5. SURFACE FEATURES 25

Since the morphology of a tissue plays an important role on the remodel-
ing process, novel engineered devices/scaffolds target to mimic the natu-
ral tissues to enhance biocompatibility and reduce unexpected immuno-
logical responses. It has been reported that the topographic patterning
can be used to control cell functions such as proliferation, organization,
migration and differentiation [36, 72, 73, 74].

2.5.1 Micro patterning

Microscale topographic features have been shown to regulate many
aspects of cell functions.

Huang et al. [72] demonstrated that while myoblasts tend to differ-
entiate and orient randomly when cultured in vitro, when cultured on
patterned membranes with 10 micron wide grooves spaced 10 microns
apart they differentiate into organized, parallel myotubes with decreased
proliferation and increased myotube length compared to the myoblasts
on unpatterned surfaces.

Nanofibers are nano/submicrometric fibers composed of natural and /or
synthetic polymers that can be patterned into various orientations and
shapes to influence cell and tissue behavior. Oriented nanofibers influ-
ence cells similarly to matrix micropatterning or micro topographical
patterning. Patel et al. |74] reported that aligned electrospun fibers
significantly induced neurite outgrowth and enhanced skin cell migration

during wound healing compared to randomly oriented nanofibers.

2.5.2 Nano patterning

Several authors have published in vitro and in vivo experiments show-
ing that nanostructured materials, which mimic the nanometer topogra-
phy of the native tissues, improve biocompatible responses, and result in
better tissue integration in medical implants |75, 76, 77]. Nevertheless,
there is still lacks on the comprehension of how cells sense these features.

Dalby et al. [76] showed that endothelial cells develop a distinct and



26 CHAPTER 2. STATE OF THE ART

arcuate morphology when cultured on poly(4-bromostyrene) with islands
of 13 nm high. They also demonstrated that cells respond better to 13
nm islands than 35 or 95 nm.

Popat et al.  [77| demonstrated that marrow stromal cells showed
higher adhesion, proliferation, ALP activity and bone matrix deposition
when cultured on nano tubular titania in comparison with a flat titania

surface.

2.6 Carbon Nanotubes

Carbon nanotubes (CNTs) are an example of a carbon-based nano-
material, which since its discovered by Sumio Iijima in 1991 [78|, have
emerged as one of the most intensively investigated nanomaterial. The
physicochemical properties that are highly desirable for the use in the
commercial, environmental, and medical sectors are the reasons why
CNTs have been intensively investigated. Essentially, there are two
forms of CNTs: single-walled (SWCNT) and multi-walled (MWCNT).
The molecular structure of single-wall and multi-wall carbon nanotubes
can be visualized as a rolled-up graphene sheets, as present in figure
2.2. The CNTs structure is based on the orientation of the tube axis
with respect to the hexagonal lattice and can be completely specified by
its chiral vector C—>'h, which is denoted by the chiral indices (n, m), as

presented in equation 2.1.

Ch = nai + na3 (2.1)

where, integers (n, m) are the number of steps along the zig-zag car-
bon bonds of the hexagonal lattice, with @; and a@; the unit vectors.

The bonding in carbon nanotubes is essentially sp?, similar to the
bonding in graphite. The outstanding mechanical, electrical, thermal and
chemical properties of CNTs have been related to its molecular structure

since the curvature of CNT induces a quantum confinement and a ¢ —
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rehybridization |79, 80].

Figure 2.2: Molecular structures of a single-walled carbon nan-

otube (SWCNT) and of a multi-walled carbon nanotube (MWCNT).
(http://www-ibmec.u-strasbg.fr/).

2.6.1 Single-walled carbon nanotubes

Single-walled carbon nanotubes (SWCNTS) consist of a single rolled-
up graphene sheet with diameters ranging from 0.4 to 3 nm, while their
length can vary according to the synthesis process (up to 300 pm). SWC-
NTs may be either metallic or semiconducting, depending on their chiral
vector [81, 82, 83]. A TEM image of a SWCNT is presented in figure
2.3.

SWCNT exhibit excellent electric properties that are not shared by
the MWCNT, which candidate them for miniaturizing electronics beyond
the micro electromechanical scale currently used in electronics. Tissue
engineering also employ the particular properties of SWCN'Ts in pharma-
cological drug delivery, optical labeling, contrast agents, among others.
Nevertheless, a negative affect of SWCN'Ts is the impossibility to be ef-

ficiently functionalized. The functionalization process breaks down the
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C=C double bond, which introduce discontinuities in the structure of the

tube, therefore modifying its intrinsic properties.

Figure 2.3: TEM image of a single-walled carbon nanotube. (http://
www.electroiq.com).

2.6.2 Multi-walled carbon nanotubes

Multi-walled nanotubes (MWCNTS) consist of multiple rolled up gra-
phene sheets (concentric tubes) distanced by 0.34 nm. The diameter of
a MWCNT can vary according to the fabrication parameters, reaching
up to 200 nm. MWCNTs exhibit excellent mechanical properties and is
the most utilized for composite applications due to the loading transfer
capability. A TEM micrgraphy of a multi-walled carbon nanotube can
be observed in figure 2.4.

A particular kind of multi walled nanotube is the double-walled car-
bon nanotube (DWCNT), which presents similar morphology and proper-
ties to SWCNT but can be effectively functionalized with other chemicals

in order to add new properties, once the functionalization occurs in the
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Figure 2.4: TEM image of a multi-walled carbon nanotube. (http://
endomoribu.shinshu-u.ac.jp/).

outer tube, maintaining the inner tube intact.

2.6.3 Production technique

Carbon nanotubes can be produced by different kinds of techniques. The
most applied and established synthesis methods are Chemical vapor de-
position, arc-discharge and laser ablation. A brief description of these

techniques is given below.

2.6.3.1 Chemical Vapor Deposition (CVD)

The CVD process involves the decomposition of hydrocarbons (methane,
acetylene, ethylene, etc.) on catalyst particles (e.g. Co, Ni, Fe), which
are deposited on the substrate [80]. Usually, the hydrocarbons are de-
composed in a tube reactor at temperatures ranging from 550 to 750 °C.
The synthesis of CNTs is often plasma enhanced (PECVD). Depending
on the growth conditions (catalyst material, gas, temperature, flow-rate,
and synthesis time), MWCNTs range from 10-400 nm in diameter and



30 CHAPTER 2. STATE OF THE ART
0.1-50 pm in length [80].

2.6.3.2 Arc-Discharge

This process apply a direct current (DC) in two carbon electrodes which
generate an arc. The electrodes are kept under an inert gas atmo-
sphere (Ar, He), which increases the speed of carbon deposition. The
arc-discharge method produces high-quality SWCNTs and MWCNTs.
Nevertheless, the presence of a catalyst is necessary to grow SWCNTs.
A subsequent separation of CNTs from the substrate and metal parti-
cles is necessary and causes impurities in the final product. The major
contaminants are amorphous carbon, fullerenes, catalysts and graphite

particles. The CNTs produced by arc-discharge are highly crystalline.

2.6.3.3 Laser ablation

The laser ablation method, a pulsed or continuous laser is applied to
vaporize a target consisting of a mixture of graphite and metal catalysts
(e.g. Co, Ni). The system is kept in inert atmosphere, usually helium or
argon gas. The laser-produced MWCNTs are relatively short (300 nm)
with the inner diameter in the range of 1.5-3.5 nm, where the SWCNTs
have length from 5-20 um, and diameter between 1-0.4 nm [80].

2.6.4 Properties
2.6.4.1 Mechanical properties

The extraordinary mechanical properties of carbon nanotubes arise from
o bonds between the carbon atoms. Experimental measurements to-
gether with theoretical calculations show that nanotubes exhibit the
highest Young’s modulus (elastic modulus E) and tensile strength among
known materials. Krishnan et al. [30] reported the experimental value

of the elastic modulus of single-walled CNTs that can arrive up to 2.4
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TPa. Yu et al. [31] published an study where they applied an AFM
to measure the ultimate strength of MWCNTs, which ranged from 20 to
63 GPa. These values surpasses any well-known materials for their high
tensile strength, such as steel and synthetic fibers.

The exceptional mechanical properties of CNTs increased the interest
for the application of nanotubes where high tensile strength, extraordi-
nary flexibility and lightweight materials are requested, such as tissue

engineering.

2.6.4.2 Electrical properties

The nanometer dimensions of the carbon nanotubes together with the
unique electronic structure of a graphene sheet make the electronic prop-
erties of these structures highly unusual. The electric properties of carbon
nanotubes have being on of the most studied properties of the CNTs due
to the possible applications on the electronic industry. CNTs present a
high symmetry and extremely small size, which allow outstanding quan-
tum effects and electronic, magnetic, and lattice properties. Studies have
confirmed several important electronic properties of the nanotubes such
as the quantum wire effect of SWCNT, SWCNT bundle, and MWCNT
as well as the metallic and semi-conducting characteristics of a SWCNT
[84, 82, 85].
2.6.4.3 Optical properties

Defect-free nanotubes, especially SWCN'Ts, offer direct band gap and
well-defined band and sub-band structure, which is ideal for optical and
optoelectronic applications. Literature works refer specifically to the ab-
sorption, photoluminescence and Raman spectroscopy when the optical
properties of CN'Ts are discussed, especially because these properties al-
low quick and reliable characterization of the nanotube quality in terms

of non-tubular carbon content, structure (chirality) of the produced nan-
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otubes, and structural defects.

The optical spectra have been established for individual SWCNTs
and ropes using resonant Raman, fluorescence [86], and ultraviolet to the
near infrared (UV-VIS-NIR) spectroscopies [87]. In addition, electrically
induced optical emission [88] and photoconductivity [89] have been
studied for individual SWCNTs.

2.6.5 Carbon nanotubes in tissue engineering

Carbon nanotubes has emerged as a promising nanomaterial, which
has great potential for multiple uses in tissue engineering. The rise in in-
terest for CN'Ts stems from their unique structure that can be tailored to
closely mimic the nano-scale of native biological structures (i.e. collagen),
while also displaying interesting electrical and mechanical properties be-
sides the fact of their low density. Recently, several studies have been
published on the application of CNTs in the biomedical field, with numer-
ous authors having applied CNTs in neuronal regeneration [90, 91, 92]
and cartilage tissue engineering [93]. However, bone tissue regeneration
has shown to be the most interesting field for the application of this class
of nanomaterial |94, 95, 96, 97].

Special attention has been given to understand the interactions be-
tween CNTs and cells [90, 98, 99, 100, 101, 102]. Zanello et al. [101] ex-
amined the proliferation and function of osteoblast cells seeded onto five
differently functionalized carbon nanotubes. This work demonstrated
that bone cells prefer electrically neutral CNTs, which sustained os-
teoblast growth and bone-forming functions. Webster et al. [38| inves-
tigated the adhesion properties of osteoblasts, fibroblasts, neurons, and
astrocytes on polycarbonate urethane/carbon nanofiber/nanotube com-
posites. The experiments revealed that cell functions of the neural and
osteoblast cells increased, while glial scar tissue formation (astrocytes)
and fibrous tissue encapsulation (fibroblast) decreased.

Carbon nanotubes have also been previously used to enhance the
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electrical conductivity and mechanical properties of polymeric matrixes
in order to provide controlled electrical stimulation to cells and increase
the mechanical support for tissues. Supronowicz et al. [68] demonstrated
that when osteoblasts were cultured under an alternating current on a
CNT-doped poly lactic acid there was an enhancement on the prolifera-
tion by 46%), and an increase in calcium deposition by 307%. Schmidt et
al. [41] reported a significant increase in neurite outgrowth and spread-
ing of P12 cell line when cultured in a oxidized polypyrrole substrate
under electrical stimulation if compared to the substrate without stim-
ulation. Furthermore, carbon nanotube-reinforced chitosan matrix has
been studied and reported by Wang et al. [103|, which reported that
the addition of 0.8 wt% of CNTs into the chitosan matrix improved the
mechanical behaviour of the composites by 93% and 99% for the elastic
modulus and tensile strength, respectively. In addition, Ruan et al. [70]
showed an enhancement of 140% on ductility and 25% on tensile strength
of composites based on 1 wt% of carbon nanotube-reinforced ultrahigh

molecular weight polyethylene.

2.6.5.1 Carbon nanotubes biocompatibility

The main topic of this research is the use of carbon nanotubes in a
polymeric matrix, which is known to be resorbable in a period of time,
for biomedical application. Thus, the research would not be complete
without review the CN'Ts toxicity. Historically, the first toxicity evalua-
tions of CNT were carried out in 2004 by Lam et al. [104] and Warheit et
al. [32], in which they demonstrated the pulmonary toxicological effect of
single-wall carbon nanotubes in mices. Since these works, there has been
an increase in interest of carbon nanostructures in the biomedical field,
and as a result, a number of studies and publications have been dedi-
cated to this topic. However, amid the large resource of publications on
this topic results are still controversial [104, 32, 33, 105, 106, 107, 108|.
Jia et al. [105] showed that when SWCNTs and MWCNTs were incu-
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bated with alveolar macrophages (AM), significant increase (~35%) in
cytotoxicity was observed after 6 h of exposure. They also presented the
dose dependency of CNTs, where SWCN'Ts appear to significantly impair
phagocytosis of AM at low doses (0.38 mg/cm?). On the contrary, when
MWCNTs were used at high dosage (3 mg/cm?) necrosis and degenera-
tion was observed. Manna et al. [107] studied SWCNT in contact with
human keratinocyte cells, and observed an increase in oxidative stress and
the inhibition of cell proliferation of the keratinocytes when in contact
with nanotubes. However, Cherukuri et al. [33] studied the detection
of SWCNTs when uptaked by macrophage cells and observed that the
cells can actively ingest significant quantities of nanotubes (3.8 ug/ml)
without showing toxic effects. Leeuw et al. [106] studied Drosophila lar-
vae when fed with food containing ~10 ppm of disaggregated SWCNTs
and found no short-term toxicity or impaired growth or viability of the
Drosophila larvae.

Recently, Ren et al. [34] addressed in a review that CN'Ts might not
be as toxic as previous published. They raised the fact that no uniform
criterion for these analyses is found in the literature (e.g. amount of im-
purities, tested cell line, different culture medium and nutrients, different
ratio between medium and nanotubes) and this might contribute to some
of the controversial results.

However, from the detailed analyses of the literature, we observed
that the cytotoxicity of carbon nanotubes is mostly related to the CNTs
high concentration and amount of impurities. Nevertheless, several au-
thors are still studying the interaction between CNT and the biological

environmental.

2.7 Electrospinning Technique

The electrospinning technique was first reported and patented by J. F.
Cooley in 1902, where he presented a method to produce yarns through
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the application of a high voltage power. The US patent (#692631) was
entitled “Apparatus for electrically dispersing fibres” [1]. Cooley acknowl-
edged the principles that form fibers instead droplets such as fluid viscos-
ity, volatility of the solvent and the balance between electrical field and
surface tension of the solution. In his first scheme of the electrospinning
apparatus, shown in figure 2.5, he presented the deposition of a viscous
polymer solution on a positively charged electrode (brass sphere) placed
close to an electrode of opposite charge to obtain the electrospun fibers.
The theory was described as the result of “electrical disruption of the
fluid.”

Further contribution were made by G. I. Taylor in the 1960s to the
fundamental understanding of the behavior of droplets under an electrical
field [15]. Taylor mathematically modeled the shape of the cone formed

by the solution droplet, which has became known as Taylor cone.
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Figure 2.5: Electrospinning diagram drawn by Cooley in 1902, where A
is a solution of polymer (e.g., collodion or cellulose nitrate in ether or
acetone) delivered into the high-voltage direct current (DC) electric field
via tube B to form electrospun nanofiber