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In this review, we introduce the produc-

tion methods and applications of carbon nano-

tubes. Carbon nanotubes are now attracting a 

broad range of scientists and industries due to 

their fascinating physical and chemical proper-

ties. Focusing on the chemical vapor deposition 

(CVD) method, we will briefly review the history 

and recent progress of the synthesis of carbon 

nanotubes for the large-scale production and 

double-walled carbon nanotube production. 

We will also describe effective purification 

methods that avoid structural damage, and 

discuss the electrochemical, composite, and 

medical applications of carbon nanotubes.
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1. Introduction

After 30 years from their first synthesis 

by Endo in 19761) and 15 years from their 

detailed structural characterization by Iijima in 

1991,2) carbon nanotubes have grown from a 

material of dreams to a “real-world” material 

that has already found its application fields. 

The production capability for carbon nano-

tubes is growing every year in an exponen-

tial degree, and as a consequence the price 

is steeply descending. This is leading to even 

more use of carbon nanotubes in various 

fields, such as composites, energy devices, 

electronic applications, and medical applica-

tions, to list a few.

For novel applications of carbon nano-

tubes, the control of diameter, chirality, 

the number of layers and purity is crucial. 

However, at the moment, there is almost 

no control over these factors. Therefore, we 

need to address these issues to bring out the 

inherent potential of carbon nanotubes in full.

In this article, we will provide an overview 

of the preparation of carbon nanotubes and 

nanofibers via catalytic chemical vapor deposi-

tion methods, which are used for controlling 

the diameter and number of layers of carbon 

nanotubes. Finally, we will explore the major 

applications of various types of carbon nano-

tubes.

2. Methods of Preparing Car-
bon Nanotube: Historical View

The initial catalytic chemical vapor 

deposition (CCVD) method for producing 

carbon nanotube developed by Endo was a 

so-called seeding method.1) In this method, 

the substrate, dispersed with small metal 

catalysts such as iron particles, was set into 

the hotspot of the furnace under a constant 

flow of hydrocarbon such as benzene and 

hydrogen and argon mixture gas (Fig. 1). 

The temperature of the furnace was around 

1000ºC, and the fibrous materials grew on the 

surface of the substrate from the iron particle. 
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Fig.1. Schematic image of seeding-method-based fibrous carbon production setup. Fig.2. Transmission electron microscope image of fibrous carbon grown by seeding 
method. An iron catalyst particle is observed at the tip of the inner tube.
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The obtained fibrous carbon material had the 

carbon nanotube in the core, and deposited 

carbons on it (Fig. 2). The diameter of the 

fibrous carbon was several micrometers and 

the length was up to several centimeters. The 

metal catalyst particle was found in the core 

of the nanotube, proving that carbon nano-

tube growth started from the catalyst particle. 

Moreover, the catalyst particles were located 

at the tip of the tube. From these results, 

Endo proposed the tip-growth model of 

carbon nanotube. As shown in Fig. 3, carbon 

is supplied to the catalyst particle, and when 

the carbon is saturated, it starts to form the 

tubular carbon structure by using the spherical 

catalyst particle as a template. This growth lifts 

the catalyst particle upwards resulting in the 

image shown in the figure. We have to note 

that whatever the growth model is, be it tip 

growth or root growth, the catalyst particle 

is the starting point of the growth of carbon 

nanotubes in the CCVD process.

Due to the strong demand for this carbon 

nanotube in the market, Endo had to develop 

a continuous growth process of carbon nano-

tube, since the seeding method described 

above was a non-continuous method, and 

was unsuitable for industry-scale production. 

After a while, Endo managed to develop the 

continuous method called the floating reactant 

method.3) This method makes use of a vertical 

furnace, in which the metal catalyst, carbon 

source, and gases are fed from the top end of 

the furnace (Fig. 4). While the catalyst parti-

cles are floating, gradually falling inside the 

furnace, the tube growth and carbon deposi-

tion processes occur. This, at the bottom end 

of the furnace, results in the carbon nano-

tubes. This method was very effective for the 

volume production of carbon nanotubes, and 

the quality of the product was high as well. 

This production system is now used in a Japa-

nese company and their carbon nanotubes are 

widely available in the market.

In a catalytic CVD process, we cannot get 

rid of catalysts while producing carbon nano-

tubes. Therefore, depending on the application 

of the fibers, the catalysts must be removed 

after the synthesis. There are many ways to 

remove the catalysts, such as high-tempera-

ture heat treatment or acid washing.4-6) Heat 

treatment was carried out in a high-tempera-

ture furnace at around 3000ºC with an inert 

gas. It effectively evaporates the catalyst parti-

cles from the carbon nanotubes and almost no 

metal is detected after heat treatment. Acid 

washing is mostly performed in thinner tubes 

to remove the catalysts and the unreacted 
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Fig.3. Schematic image of tip-growth model. Carbon 
diffuses around the catalyst to form the tubular structure.
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Fig.4. Illustration of floating method setup (left) and its 
growth model (right). The basic growth mechanism is the 
same as those of other CCVD methods, since the growth initi-
ates from the catalyst.
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the major substrates is the quartz substrate,7-9) 

and metal particles are deposited either by 

dip coating or spraying a metal solution on 

the substrate. It is important to try to limit the 

aggregation of the catalyst particles, and keep 

catalyst size as homogeneous as possible. This 

is usually done by controlling the condensa-

tion of metals and by strictly controlling the 

temperature of the substrate. A dual-phase 

catalyst is sometimes used to inhibit the aggre-

gation. By performing these, catalyst diam-

eter usually remains in the range of 1–2nm, 

and can be made larger by the aggregation. 

However, for the purpose of obtaining the 

single walled carbon nanotube (SWCNT), it is 

desirable for catalyst size to remain small. The 

tubes on the substrate usually grow vertically 

from the substrate, and are easily peeled as 

nanotube mats, which make it easier to use 

them for optical polarizers and similar applica-

tions.

Another way is to use ceramic particles 

such as Al2O3, MgO,10) and zeolites (Fig. 

5). These particles, whose size ranges from 

~100nm to ~100µm, are mixed with metal 

solution in order to prepare ceramic-supported 

catalysts. Using the particles has the advan-

tage of gaining as much surface area as 

possible for supporting the catalyst, on which 

the nanotubes grow. To control catalyst size, 

metal particles. HNO3 and HCl are often used 

to remove the metal particles.

3. Controlling Growth

As the demand in the market grew, the 

need for various kinds of carbon nanotubes 

grew as well. There are so many parameters 

involved in the synthesis of carbon nanotubes; 

the size of the catalyst particle is just one of 

them, but is considered to be playing the 

major role in the CVD process along with the 

carbon source. As briefly mentioned before, 

the control over the diameter of the cata-

lyst particle is the key factor in controlling the 

diameter and number of layers of the tube. 

If the diameter of the catalyst remains small, 

the diameter of the synthesized tubes gener-

ally becomes small accordingly. Therefore, if 

we can control catalyst particle size, we can 

nearly control the diameter of the tube. There 

are many ways to grow fibrous carbon, and 

the number of ways to control catalyst size is 

increasing, as the importance became broadly 

recognized among researchers.

A widely applied method is to use a 

substrate and place the catalyst particles on it. 

There are many variations depending on the 

choice of substrate and the way of controlling 

(or limiting) the size of the catalysts. One of 

again, metal concentration and the tempera-

ture of the furnace are important. By suitably 

controlling the diameter of the metal catalyst 

particles, we can even obtain a very small tube 

in a freestanding form.11) Since the tubes grow 

around the ceramic particles, some process for 

removing these particles is needed. It is also 

important to remove the catalyst particles, and 

it is convenient if we can perform the removal 

of catalysts and ceramic particles at the same 

time. Depending on the ceramic used to 

support the catalysts, the acid for removing 

the ceramics varies among HF, HCl, or HNO3.

We have to note that the carbon source 

with carrier gas used in the synthesis also plays 

an important role for the ease of controlling 

the layer number of the tubes. Depending 

on the carbon source type, the activity of 

the catalyst particle can remain for a longer 

period, resulting in longer tubes. On the other 

hand, if the choice of carbon source is bad 

for the growth conditions selected (such as 

furnace temperature and flow rate), we end 

up with a mixture of single-, double-, and 

multi-walled nanotubes, along with deposited 

amorphous carbons. When the ease of carbon 

source decomposition is high, or the carbon 

flow rate is too high, it is very difficult to effi-

ciently synthesize single- or double walled 

nanotubes, and the process mostly results in 

multi-walled carbon nanotubes or even lots 

of amorphous carbons. Therefore, we need 

to use the carbon source with low carbon 

content, which is rather difficult to decom-

pose, such as ethanol/ethane and methanol/

methane, at the appropriate feed rate, for the 

efficient synthesis of single- and double-walled 

carbon nanotubes. This low-carbon-content 

carbon source simplifies the control of layer 

number.

Since the applications of multi-walled 

carbon nanotubes usually do not have a strict 

requirement for the controlled diameter, it is 

easier to synthesize the multi walled carbon 

nanotubes than single- or double-walled 

carbon nanotubes. As mentioned in the above 

section, CCVD is probably the only method 

suitable for the mass production of multi 

walled carbon nanotubes. As in the case of 

single- and double-walled carbon nanotube 

growth, catalyst particles can be located on 

Fig.5. Image showing growth of nanotubes from substrate such as zeolite. The pore restricts the aggregation of the cata-
lytic particles, and efficiently produces single walled carbon nanotubes.
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the substrate or float in the atmosphere. Since 

the CCVD uses the metal catalyst, the growth 

of the tube starts from the metal particle. 

Therefore, the particle size of the metal cata-

lyst determines the size of the tubes. The 

growth mechanism is expected to be the same 

as that of the single- and double-walled nano-

tube case, except the case of multiple-layer 

growth.

The purification process is required to 

obtain the best part of the synthesized nano-

tubes. When we say carbon nanotubes, 

we imagine the perfect tubular structure. 

However, it is not what we always obtain 

when we synthesize the tubes via the CCVD 

(and other) process. Therefore, we need to 

��� ���
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Fig.6. (a) SEM image of as-grown carbon nanotubes. (c) TEM image of as-grown carbon nanotubes. (b) SEM image of purified carbon nanotubes. 
(d) TEM image of purified carbon nanotubes. It is clear from the images that the purification process effectively removes the catalyst support and 
unwanted carbons.

somehow select the tubes that are as ideal 

as possible, from the obtained material. The 

purification process is usually a repetition of a 

two-step process. The first step is acid reflux, 

and the second step is annealing. Acid reflux 

is usually performed using HNO3, H2SO4, or 

HCl, which washes the metal catalysts and 

impurity carbons. Annealing is performed in 

oxygen or in some inert gases to burn the 

defective tubes and carbon particles (Fig. 6). 

After repeating these steps several times, the 

purity of the tubes become high enough, so 

that it becomes difficult to find the trace of 

other carbon impurities by Raman spectros-

copy, scanning electron microscopy (SEM), 

and transmission electron microscopy (TEM). 

We have to note that it does not mean that 

they are perfect or homogeneous tubes. In the 

purification of double walled carbon nano-

tubes, annealing is used to burn single walled 

carbon nanotubes, which are more unstable 

than double-walled nanotubes, and therefore 

burn faster than the double-wall nanotubes.

4. Applications of Various 
Types of Carbon Nanotubes

Depending on the size and morphology 

of the fibrous carbons, the application varies a 

lot. When the diameter is large, they are used 

in energy devices such as fuel cells, lithium ion 

secondary batteries, and electric double-layer 

capacitors. Large fibers can also be used in 

composites as a filler material, for reinforcing 
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Fig.7. (a) SEM micrographs 
of anode sheet containing 
carbon nanofibers/nanotubes 
in commercial Li ion battery, 
and (b) cyclic efficiency of 
synthetic graphite, heat-
treated at 2900ºC, as function 
of weight percent, in range 0 
to 1.5V, with current density 
of 0.2mA/cm2.

the composites, and as a thermal conductor. 

As the diameter of the fibrous carbon 

decreases, the applications also scale down in 

size. Smaller fibrous carbons can be used as a 

filler of three-phase composites, such as the 

resin/large carbon fiber/small carbon nano-

tube composite. In this composite, nanotubes 

fill and reinforce the resin that exists around 

the fiber. The nanotubes in the resin also act 

as an interconnection between the fibers to 

enhance the electrical and thermal conduc-

tivity of the composite. Nanotubes are used 

as field emitters and optical polarizers, as well. 

For the small carbon nanotubes, electronic 

devices, such as FETs, and interconnects are 

under development.

4.1 Electrochemical system
4.1.1 Lithium-ion battery

The outstanding mechanical properties 

and the high surface-to-volume ratio (due to 

their small diameter) make carbon nanotubes 

potentially useful as an anode material12-17) or 

as an additive18) in lithium-ion battery systems. 

An SEM image of an electrode containing 

10wt% carbon nanotubes as the additive 

shows a homogeneous distribution of nano-

tubes in synthetic graphite [Fig. 7(a)]. Figure 

7(b) reveals the cyclic efficiency of a synthetic 

graphite anode as a function of the weight 

percent of multi-walled carbon nanotubes 

(MWNTs). With increasing weight percent of 

carbon nanotubes, the cyclic efficiency of the 

synthetic graphite battery anode increases 

continuously, and in particular, when 10wt% 

nanofibers/nanotubes were added, the cyclic 

efficiency was maintained at almost 100% 

up to 50 cycles. At higher concentrations, the 

nanotubes interconnect graphite powder parti-

cles together to form a continuous conduc-

tive network. The characteristics of carbon 

nanotubes when used as a filler in the elec-

trodes of Li-ion batteries can be summarized 

as follows; (a) the small diameter of the nano-

fibers makes it possible to distribute the fibers 

homogeneously in the thin electrode material 

and to introduce a larger surface area to react 

with the electrolyte; (b) the improved elec-

trical conductivity of the electrode is related to 

the high electrical conductivity of the tubes, 

and the network formation of the nanofibers/

nanotubes with the graphite particles in the 

anode can be obtained to form a tube mat; (c) 

the relatively high intercalation ability of nano-

tubes does not lower the capacity of anode 

materials itself upon cycling; (d) a high flex-

ibility of the electrode is also achieved due to 

the network formation of the nanotube in a 

tube-mat structure; (e) the high endurance of 

the electrode is realized because nanotubes 

absorb the stress caused by the intercalation 

of Li ions; (f) improved penetration of the elec-

trolyte is attained due to the homogeneous 

distribution of the tubes surrounding the 

anode material, and (g) the cyclic efficiency of 

Li-ion batteries is improved for a relatively long 

cycle when compared with carbon black.

4.1.2 Additives to electrodes of lead-acid 
batteries

In order to increase the conductivity of 

electrodes in lead-acid batteries, carbon nano-

tubes of different weight percents are added 

to the active anode material (average diam-

eter = 2–5µm) of the positive electrode. The 

resistivity of the electrode is lowered for the 

case of 1.5wt% nanotube addition. When 

this sample (0.5–1wt%) is incorporated in the 

negative electrode, the cycle characteristics 

are greatly improved as compared with that 

of an electrode without additive (Fig. 8).18) 

This is probably due to the ability of carbon 

nanotubes to act as a physical binder, resulting 

in electrodes which undergo less mechanical 

disintegration and shedding of their active 
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material than electrodes without carbon nano-

tubes. Therefore, it is expected that the use of 

carbon nanotubes as an electrode filler should 

lead to improved cyclic behaviors for the elec-

trodes in lead-acid batteries as compared with 

those using conventional graphite powder, 

because the unusual morphology of carbon 

nanotubes, such as the concentric orienta-

tion of their graphite crystallites along the 

fiber cross section, induces a high resistance 

to oxidation, and furthermore the network 

formation would induce an improved utiliza-

tion of the active material in the electrode.

4.1.3 Electric double-layer capacitor

The advantage of the electric double-

layer capacitor (EDLC) is considered to be its 

high discharge rate,19) thus making it appli-

cable as a hybrid energy source for electric 

vehicles and portable electric devices.20) EDLC 

containing carbon nanotubes in the electrode 

exhibited relatively high capacitances resulting 

from the high surface area accessible to the 

electrolyte.17,21,22) On the other hand, the 

most important factor in commercial EDLC 

is considered to be the overall resistance on 

the cell system. In this context, carbon nano-

tubes and nanofibers with enhaced electrical 

and mechanical properties can be applied as 

an electrical conductive additive in the elec-

trode of EDLC. It has been demonstrated that 

the addition of carbon nanotubes results in an 

enhanced capacity at higher current densities, 

when compared with electrodes containing 

carbon blacks.23)

4.1.4 Fuel cell

Fuel cells have been considered as next-

generation energy devices because such 

systems transform the chemical reaction 

energy from hydrogen and oxygen into elec-

tric energy.24) Carbon nanotubes decorated 

with metal nanoparticles as an electrode has 

doubled the fuel cell performance due to 

the increased catalytic activity of nanotube-

based electrodes.25-27) In this context, we 

have reported the efficient impregnation of 

Pt nanoparticles (outer diameter < 3nm) on 

cup-stacked-type carbon nanotubes.28) The 

method involves the dispersion of the fibers 

in H2PtCl6, followed by low-temperature 
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Fig.8. Effects of carbon nanotubes embedded in conductive filler in polyvinylidene-derived carbon electrode, compared 
with those of carbon black/polyvinylidene composite.

10 nm

Fig.9. HRTEM image of highly dispersed Pt nanoparticles deposited on both outer and 
inner surfaces of shortened stacked-cone nanotubes/nanotubes.

annealing. Pt particle deposition is always 

homogenous, and can be controlled selec-

tively on the outer or inner core using the 

hydrophobic nature of the material (see Fig. 

9). Since the level of Pt particle activity on the 

fibers is high, this material could find appli-

cations as efficient catalysts and in biological 

devices. It is anticipated that carbon nanotube 

technology will contribute to the develop-

ment of fuel cells, as a catalyst support, and 

also as a main component as bipolar systems. 

However, additional basic and applied research 

is necessary.

4.2 Multifunctional fillers in poly-
mer composite

It has been shown that carbon nanotubes 

could behave as the ultimate one-dimensional 

material with remarkable mechanical prop-

erties.29,30) The density-based modulus and 

strength of highly crystalline SWNTs are 19 



Invited Review Paper

10        JSAP International   No.15 (January 2007)   JSAP International   No.15 (January 2007)        11

nanotubes/nanofibers in the polymer should 

be uniform within the matrix.

The smallest working composite gear 

has been prepared by mixing nanotubes into 

molten nylon and then injecting into a tiny 

mold. As shown in Fig. 11, the diameter of 

this gear is as small as that of human hair. This 

piece exhibits high mechanical strength, high 

abrasion resistance and also good electrical 

and thermal conductivity.

When cup-stacked-type carbon nano-

tubes are incorporated in polypropylene, 

the improvement in tensile strength with 

increasing the amount of nanotubes is really 

remarkable (up to 40%). This remarkable result 

can be explained by the particular morphology 

of cup-stacked-type carbon nanotubes. In 

other words, a large portion of edge sites on 

the outer surface of nanotubes might act as 

nucleation sites and then higher crystallization 

of polypropylene, resulting in good adhesion 

between nanotubes and polymers (good stress 

transfer), is achieved. Recently, various studies 

on the nucleation effect of nanotubes on the 

crystallization of semi crystalline polymer have 

been reported.36-38)

4.3 Medical applications

The high-purity multi-walled carbon 

nanotubes with diameters ranging from 40 

to 90nm (aver. = 80nm) used in this study 

were produced on a large scale through a 

right combination of a catalytic chemical 

vapor deposition synthetic method1,3) and 

subsequent heat treatment at 2800ºC for 

30min in argon atmosphere. These tubes 

are relatively linear and have a long tubular 

morphology.18) In addition, these tubes are 

highly crystalline [see TEM image in Fig. 12(a)] 

and contain an extremely small portion of 

iron (below 100ppm). It is noteworthy that 

metal iron, which is the essential component 

for nanotube growth, has to be removed 

completely because very recently published 

research revealed that metallic compounds 

incorporated in carbon nanotubes generate 

toxicity.39,40) Thus, thermal annealing could 

be the best choice both for removing the 

remaining metal compounds in carbon nano-

tubes and for improving structural integrity.
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Fig.10. (a) Stress–strain response of CNT under tensile loading, (b) HRTEM image of bent double wall carbon nanotube 
and (c) HRTEM image of twisted single wall carbon nanotube.
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and 56 times that of steel. On the basis of 

a continuum shell model, the armchair tube 

exhibits a larger stress –strain response than 

the zigzag tube under tensile loading [Fig. 

10(a)]. Also highly improved mechanical 

properties are expected owing to the strong 

carbon –carbon covalent bond depending 

strongly upon the atomic structure of nano-

tubes and the number of shells [see Figs. 

10(b) and 10(c)]. Moreover, carbon nano-

tubes exhibit enhanced electrical and thermal 

conducting properties; better than those of 

copper. Therefore, carbon nanotubes (single- 

and multi-walled) have been studied inten-

sively as fillers in various matrices, especially 

polymers.31-35) The best utilization of the 

intrinsic properties of these fibrous nanocar-

bons in polymers could be achieved by opti-

mizing the interface interaction of the nano-

tube surface and the polymer. Therefore, 

surface treatments via oxidation in conjunction 

with the polymer or epoxy could be used in 

order to improve adhesion properties between 

the filler and the matrix. This results in a good 

stress transfer from the polymer to the nano-

tube. There are various surface oxidative 

processes, such as electrochemical, chemical 

and plasma techniques. From the industrial 

point of view, ozone treatment is a very attrac-

tive technique. In addition, the dispersion of 
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0.53 mm

5 nm

(a) (b)

(c) (d)

Fig.12. (a) High-resolution TEM image of 
carbon nanotubes (note that linear graphene 
layers are highly developed along the tube 
length), (b) photographs of transparent nylon-
derived and opaque black-colored nanotube-
filled nanocomposite-derived microcatheters, 
SEM images of cross section (c) at low resolu-
tion and (d) high resolution. It is noteworthy 
that carbon nanotubes were dispersed homo-
geneously in nylon polymer.
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Fig.11. SEM image of smallest working gear 
(carbon nanotube/nylon composite); the inset 
shows the fractured surface.
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(a) (b)

Fig.13. Cross-sectional views of pure nylon-derived microcatheter (a) and nanotube-filled nanocompos-
ites-derived microcatheter (b) inserted into the arteries.

(a)

(b)

Fig.14. SEM images of extraluminal surface of pure nylon-derived microcatheter (a) and nanotube-filled 
nanocomposites-derived microcatheter (b).

Nylon-12 and 10wt% carbon nanotubes 

were mixed using a conventional mixer, and 

then the obtained dry mixture was fed into a 

conventional twin-screw extruder in order to 

fabricate a microcatheter (inner diameter = 

0.46mm, outer diameter = 0.53mm) [see Figs. 

12(b) and 12(c)]. The nanotube-filled nano-

composite-derived microcatheter has opaque 

black color while the pure nylon-derived cath-

eter is highly transparent. The relatively homo-

geneous distribution of carbon nanotubes in 

nylon polymer was confirmed by observing 

the fractured surface of the nanotube-filled 

microcatheter [see SEM image in Fig. 12(d)].

4.3.1 Anti-thrombogenicity and low blood 
coagulation of nanotube-filled nanocompos-
ites-derived microcatheter

We utilized adult beagle dogs (9–11kg) 

for thrombus formation in vivo. The bilateral 

femoral and common carotid arteries, with the 

length of approximately 5cm, were exposed 

surgically. These arteries were taped to avoid 

bleeding during the replacement of the nano-

tube-filled microcatheter to be tested, which 

was inserted into the artery at an angle of 

approximately 45º from proximal to distal 

sites. A detailed experimental procedure was 

published in our previous study.41)

We observed cross sections of the 

removed artery, which was stained by hema-

toxyline and eosin. The pure nylon-derived 

microcatheter [Fig. 13(a)] exhibited a marked 

formation of a thrombus with a dark violet 

color in the intra-arterial space. On the other 

hand, the nanotube-filled nanocomposite 

derived microcatheter [Fig. 13(b)] exhibited 

highly reduced thrombus formation. From this 

result, it is sure that the nanotube-filled micro-

catheter has lower reactivity toward blood 

than the pure nylon-derived one, if the blood 

stream is not disturbed. Even though both 

microcatheters exhibit a fibril-like network and 

blood cells as shown in Fig. 14, the nanotube-

filled microcatheter shows smaller amount of 

fibrils and blood cells [Fig. 14(b)]. As a result, 

it is confirmed that the nanotube-filled nano-

composites-derived microcatheter exhibits 

anti-thrombogenicity and low blood coagula-

tion.
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Fig.15. Changes in CD4+, CD8+, and CD4+/CD8+ 
after subcutaneous implantation of microcath-
eters. Asterisks indicate statistically significant 
difference (p<0.05) from the control.

(a) (b)

Fig.16. Macroscopic aspect of skin tissue implanted microcatheter; (a) nylon-derived, (b) nanotube-filled nanocomposite-derived microcatheters.

4.3.2 Biocompatibility of nanotube-filled 
nanocomposites-derived microcatheter

We observed very similar levels of CD4+ 

T-cell concentration for pure nylon- (51.5 ± 

2.7%) and nanotube-filled nanocomposite-

derived (49.7 ± 2.0%) microcatheters after 

one week of postimplantation [see Fig. 15(a)]. 

Also, CD8+ T-cell concentrations for both 

microcatheters were 14.3 ± 0.8 and 16.3 ± 

0.9%, respectively [Fig. 15(b)]. As a result, 

a low CD4+/CD8+ T-cell ratio (3.07 ± 0.1) 

for the nanotube-derived microcatheter was 

observed as compared with that for the pure 

nylon-derived microcatheter (3.72 ± 0.25). A 

major histocompatibility complex (MHC) class 

I pathway of the antigen-antibody response 

system was developed in case of the nylon-

derived microcatheter. From macroscopic 

appearances of an implanted tissue (Fig. 16), 

we observed the embedded pieces of the 
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(a)

x400

(b)

Fig.17. Light microscopic images of 
skin tissue implanted (a) nylon-derived 
microcatheter and (b) nanotube-filled 
microcatheters at different resolutions.

nylon-derived microcatheter encapsulated by 

an inflammatory thick membrane with new 

vessels characteristically, but not in the case of 

the nanotube-filled microcatheter. From histo-

pathological aspects of the implanted micro-

catheters after 1 week (Fig. 17), granuloma-

tous tissue with cellular infiltration remarkably 

appeared in the nylon-derived microcatheter 

[Fig. 17(a)]. In addition, the granuloma forma-

tion encapsulating a mass of the nylon-derived 

microcatheter was quite compact as compared 

with that in the case of the nanotube-based 

microcatheter [Fig. 17(b)].

5. Conclusions

In this paper, we have reviewed the 

possible routes to the large-scale synthesis of 

carbon nanotubes (single- and multi-walled), 

with an emphasis on their applications in elec-

trochemical systems and polymer nanocom-

posites. The unique electronic properties of 

nanotubes make them also good candidate 

materials in the electronic industry, so that 

silicon-based technologies could be replaced 

or supplemented by nanocarbons.

The possible applications of carbon nano-

tubes range from electronics, field-emission 

displays, energy storage devices, functional 

fillers in composites, and biomedical applica-

tions. These have attracted both industrial and 

academic interest. However, due to the gap 

between basic research and the requirements 

of real-world applications, small nanotubes are 

facing technical difficulties such as dispersion, 

chirality selection, and handling. Therefore, it is 

important to smoothly and efficiently transfer 

the basic findings to industries to commer-

cialize the novel technologies rapidly.
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