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Abstract: Measurement science and technology continue to play vital roles in biomedical research and in routine
healthcare. Over recent decades there has been a steady evolution of sensors for biomedical measurement aimed at
clinical care in hospitals, fundamental biomedical research in the laboratory, or even self-care in the home. The
measurements of interest are diverse, ranging from pressure, force, flow and displacement to electrical field/charge,
magnetic flux, and molecular species, such as gases, ions, proteins, bacteria, viruses, and DNA. In this review, we have
studied several biomedical applications of nanotubes and nanowires for proteins measurements in cells. Also, These
materials have a wide application as protein carriers and transporters. The wide applications of multi-walled carbon
nanotubes (MWCNT) on the serious concerns about their safety on human health and environment have been studied.
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INTRODUCTION

Graphene, which is a 2-dimensional one-atom thick
carbon layer, and its oxidized derivate, graphene-oxide
(GO), benefit from large surface area which can be
further functionalized with biomolecules for various
applications [13]. Both covalent and noncovalent
binding have been used to attach proteins, enzymes,
peptides, bacteria, cells, and nucleic acids to
graphenes and GOs, for various applications including
fluorescence- or electrochemical-based sensors,
labeling and imaging, therapy and targeted delivery,
and energy storage. CNTs are graphene sheet
structures rolled up in the shape of a cylinder which
can have an open end or a closed end depending on
the synthetic procedure. At present it is clear that the
best methods for CNTs synthesis are still chemical
vapor deposition (CVD), arc discharge and laser

vaporization or laser ablation, with different
variants/improvements (especially in catalyst
preparation and new carbon sources). However,

explanation for the growth mechanism of CNTs is still
under a fair amount of controversy. CNTs show very
interesting properties that arise from one key feature:
the combination of small size and immense surface
area. Some of the most relevant properties are their
outstanding tensile strength, high thermal conductivity
and stability, high resilience, semiconducting and/or
conducting electrical properties, etc. Since carbon
nanotubes (CNTs) were discovered by lijima in 1991
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[1], they have become the subject of many studies
because of their unique electrical, optical, thermal, and
mechanical properties [2-6]. Ever since the discovery of
the fullerene, the family of carbon nanostructures has
been steadily expanded. Included in this family are
single-walled and multi-walled carbon nanotubes
(SWNTs and MWNTSs), carbon onions and cones and,
most recently, SWNHs. These SWNHs with about 40—
50 nm in tubule length and about 2-3 nm in diameter
are derived from SWNTs and ended by a five-pentagon
conical cap with a cone opening angle of ~20°.
Moreover, thousands of SWNHs associate with each
other to form the ‘dahlia-like' and ‘bud-like’ structured
aggregates which have an average diameter of about
80-100 nm. The former consists of tubules and
graphene sheets protruding from its surface like petals
of a dahlia, while the latter is composed of tubules
developing inside the particle itself. Their unique
structures with high surface area and microporosity
make SWNHs become a promising material for gas
adsorption, biosensing, drug delivery, gas storage and
catalyst support for fuel cell. Single-walled carbon
nanohorns are an example of the family of Carbon
nanocones. CNTs can be visualized as a sheet of
carbon atoms rolled up into a tube with a diameter of
around tens of nanometers. There are two main types
of CNTs, an be single-walled (SWCNTs) and multi-
walled carbon nanotubes (MWCNTSs), the latter being
formed by several concentric layers of rolled graphite
(Figure 1).

In particular, SWCNTs are characterized by a high
aspect ratio. In the last decade, CNTs are intensively
explored for in vitro and in vivo delivery of therapeutics,
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Figure 1: Schematics of SWCNTs and MWCNTSs.

which was inspired by an important finding that CNTs
can penetrate cells by themselves without apparent
cytotoxic effect to the cells [7-9]. The high aspect ratio
makes CNTs outstanding from other types of round
nanoparticles that the needle-like CNTs allow loading
large quantities of payloads along the longitude of
tubes without affecting their cell penetration capability.
With the adequate loading capacity, the CNTs can
carry multifunctional therapeutics, including drugs,
genes and targeting molecules, into one to exert multi
valence effects. In the other side, owing to the ultrahigh
surface area along with the strong mechanical
properties and electrically conductive nature, CNTs are
excellent material for nano-scaffold and three
dimensional nanocomposites. In recent year, CNT
based devices have been successfully utilized in tissue
engineering and stem cell based therapeutic
applications, including myocardial therapy, bone
formation, muscle and neuronal regeneration.
Furthermore, owing to the distinct optical properties of
CNTs such as high absorption in the near-infrared(NIR)
range, photoluminescence, and strong Raman shift
[10], CNTs are excellent agents for biology detection
and imaging. Combined with high surface area of CNTs
for attaching molecular recognition molecules, CNT-
based, targeted nano-devices have been developed for
selective imaging and sensing. There are many areas
where CNTs are extremely useful. The Emerging field
of nanomedicine has been propelled by the growth and
gradual overlap of disciplines such as nanotechnology,
biochemistry, pharmacology, and medicine, all of which
are themselves highly interdisciplinary. The new field of
nanomedicine integrates advanced nanomaterials such
as nanowire(NW) arrays with biomolecules, cells, and
eventually organisms, in order to develop novel

platforms for application such as biosensing, drug
screening, and drug delivery. A biosensor is in general
an analytical device that responds to biological
detection of proteins in the form of electrical signals. It
can also be defined as a device in which the response
of some chemical biomatrix such as antibodies,
enzymes etfc. is modified into an electrical signal
depending on the concentration of the analyte used.
Typically, a biosensor is comprised of a transducer part
and a sensing part. The detector part is the one that
detects the target cells in the body and the transducer
collects the information from the detector and transmits
a signal to the output system. The detector part is
usually a protein or an enzyme that captures the target
cells, while the major part of the sensor is the
transducer which changes the characteristics of the
whole sensor and allows researchers to develop an
effective biosensor so that it can be implanted into a
human body. The structure of the transducer part is the
main factor that will decide the number of available
protein binding sites. one dimensional nanostructures
such as nanowires, nanotubes and nanobelts have
attracted a great attention in the construction of
biosensors due to their unique properties and potential
to be fabricated as sensors. With a large
surface/volume ratio and a Debye length comparable to
the nanostructure radius, the electronic properties of
these nanostructures are strongly influenced by surface
processes, giving rise to superior sensitivity than their
thin film counterparts. In comparison with 2-D films,
where the charges are accumulated on the surface, the
charge accumulation in 1-D nanostructures occurs in
the bulk of the material, which ensures good electrical
properties during detection. The 1-D nanostructures
are most commonly fabricated by a bottom-up
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approach using synthesis processes. A bottom-up
approach is nothing but a chemical reaction that is
done using particular reactants under specific
conditions. It basically requires a catalyst, a vapor
phase reactant (nanostructure material) and a thermal
environment to effectively synthesize the
nanomaterials. These 1-D nanostructures are chosen
particularly due to their high response to external
stimulus that can be used for real time monitoring
applications. In  biochemistry, developments in
genomics and proteomics have helped elucidate the
molecular basis of many diseases. They have
generated knowledge about disease biomarkers, with
potential for personalized medicine in diagnostics, in
which fine therapies (drug type, dose) can be adapted
to each patient, reducing side effects and improving
drug efficiency. Drug discovery has also benefited from
these developments with the design of new drugs and
the development of high through put screening (HTS)
strategies for new molecules. Combined with drug
delivery strategies based on novel nanomaterials, with
better  biocompatibility and target specificity,
nanomedicine opens the way to a myriad of potential
new therapies [11]. PEGylated GO nanoparticles
functionalized with transferrin proteins were used to
target gastric cancer cells (AGS) which overregulate
transferrin receptors. The transferrin-GOx conjugates
were used as optical probes for the targeted malignant
cells using their two photon photoluminescence, as well
as therapeutic agents for photo thermal therapy,
causing cell damage under high power laser irradiation.
In addition, bovine serum albumin (BSA) reduced GO
nanoparticles were intravenously injected into the tail of
mice bearing MCF-7 breast cancer tumor, whose cells
underwent thermal induced necrosis following laser
irradiation. Targeted drug delivery was also
demonstrated in vivo using oxidized SWCNT
functionalized with epidermal growth factor (EGF) and
an anticancer drug, cisplatin. Following the injection of
the EGF-SWCNT conjugated into mice with head and
neck squamous carcinoma tumors, the nanoparticles
targeted the EGF receptors overexpressed on the
tumor cells, resulting in slower tumor growth. Based on
these developments, there are three main impact areas
foreseen for nanomedicine: (1) high-quality and fast
diagnosis of diseases, with the development of
biosensors, (2) drug discovery, with the development of
fast and cheap screening strategies of potential new
drugs, and (3) drug delivery with targeted delivery and
translocation of active therapeutic reagents.
Neuroscience raises additional challenges that can
also benefit from the development of novel
nanotechnology-based platforms. These challenges

stem in particular from the regulation of the brain
microenvironment through the blood-brain barrier and
the organization of neurons and their specific response
to a panel of neurotransmitters. Recently, a couple of
laboratories [12] reported on an alternative method of
interfacing NWs and cells that holds promise of simpler
maneuvering and additional applications. Instead of
working with solutions of NWs, suspensions of living
cells are added to an array of vertically aligned NWs
that are fixed to a surface. Like CNTs, the NW arrays
present a major potential in nanomedicine, which
possible applications for drug delivery and discovery. In
addition, these arrays could provide a huge potential
for diagnostics in living cells. Proteomics is the study of
the proteome, the protein complement of the genome.
The terms “proteomics” and “proteome” were coined by
Marc Wilkins and colleagues in the early 1990s and
mirror the terms “genomics” and “genome,” which
describe the entire collection of genes in an organism.
These “-omics” terms symbolize a redefinition of how
we think about biology and the workings of living
systems. Until the mid-1990s, biochemists, molecular
biologists, and cell biologists studied individual genes
and proteins or small clusters of related components of
specific biochemical pathways. The techniques then
available—Northern blots (for gene expression) and
Western blots (for protein levels)}—made charting the
status of more than a handful of genes or proteins a
formidable analytical task. Three developments
changed the biological landscape and formed the
foundation of the new biology. The first was the growth
of gene, expressed sequence tag (EST), and protein-
sequence databases during the 1990s. These
resources became ever more useful as partial catalogs
of expressed genes in many organisms. The genome-
sequencing projects of the late 1990s yielded complete
genomic sequences of bacteria, yeast, nematodes, and
drosophila and culminated recently in the complete
sequence of the human genome. Sequences of plant
genomes and those of other widely studied animals
also are recently completed or are approaching
completion. These genome-sequence databases are
the catalogs from which much of our understanding of
living systems eventually will be extracted. The second
key development is the introduction of user-friendly,
browser-based bioinformatics tools to extract
information from these databases. It is now possible to
search entire genomes for specific nucleic acid or
protein sequences in seconds. Such database search
tools are integrated with other tools and databases to
predict the functions of the protein products based on
the occurrence of specific functional domains or motifs.
This array of free web-based tools now enables the
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biologist to probe structures and functions of genes and
gene products and to explore a great deal of interesting
biochemistry right from a desktop computer. The third
key development is the oligonucleotide microarray. The
array contains a series of gene-specific
oligonucleotides or cDNA sequences on a slide or a
chip. By applying a mixture of fluorescently labeled
DNAs from a sample of interest to the array, one can
probe the expression of thousands of genes at once.
One array can replace thousands of Northern-blot
analyses and can be done in the time it would take to
do one Northern. Moreover, with two-color fluorescent
probe labeling, expression of genes in two different
samples can be compared directly on one slide or chip.
From this single array, one can assess the expression
of all genes in the yeast genome. Such pictures vividly
confront us with the greatest challenge of the new
biology. We can see the whole system, but the
information contained in these thousands of data points
is beyond our ability to interpret intuitively. New
clustering algorithms, self-organizing maps, and similar
tools represent the latest approaches to rendering the
data in ways that biologists can comprehend. The most
important thing about arrays is that they have
challenged biologists to think big. A cell has thousands
or tens of thousands of genes that may be expressed
in varying combinations. The life and death of cells is
dictated by the expression of these genes and the
activities of their protein products. Each protein,
whether a trans membrane receptor, a transcription
factor, a protein kinase, or a chaperone, expresses a
function that assumes significance only all the other
functions and activities also being expressed in the
same cell. Thus, biologists are now struggling to think
big, to wunderstand systems rather than just
components, and to make sense of complexity.
Biomimetic refers to human-made processes,
substances, devices, or systems that imitate nature.
The art and science of designing and building
biomimetic apparatus is also known as biomimicry
because they mimic biological systems. The field is of
special interest to researchers in nanotechnology,
robotics, artificial intelligence (Al), the medical industry,
and the military. Some biomimetic processes have
been in use for years. An example is the artificial
synthesis of certain vitamins and antibiotics. More
recently, biomimetics have been suggested as
applicable in the design of machine vision systems,
machine  hearing systems, signal amplifiers,
navigational systems, and data converters. A neural
network is a biomimetic system that works by making
associations and educated guesses, and that can learn
from its own mistakes; an android is a humanoid robot

designed to have the same basic form and kinetic
abilities as a human. Here's how biomimicry is applied
to enable an electronic nose:

An electric nose detects the chemical components
of an odor and performs analysis to identify it based on
that information. Every odor is made up of molecules
and each molecule is a particular size and shape,
which corresponds to a similarly-sized and shaped
receptor in the human nose. When specific receptors in
a human nose receive their matching molecules, they
send signals to the brain, which identifies the smell
associated with those particular molecules. Electronic
noses based on the biological model work similarly,
substituting sensors for receptors and transmitting the
signal to a software program for processing, rather than
to the brain. Other possible applications of biomimetics
include nanorobot antibodies that seek and destroy
disease-causing bacteria, artificial organs, artificial
arms, legs, hands, and feet, and various electronic
devices. One of the more intriguing ideas is the so-
called biochip, a microprocessor that grows from a
starter crystal in much the same way that a seed grows
into a tree, or a fertilized egg grows into an embryo.

DISCUSSION

Types of Nanotubes

A Carbon Nanotube is a tube-shaped material,
made of carbon, having a diameter measuring on the
nanometer scale. The graphite layer appear appears
somewhat like a rolled-up chicken wire with a
continuous un broken hexagonal mesh and carbon
molecules at the apexes of the hexagons known as
graphene. Carbon nanotubes have many structures,
differing in length, thickness, and in the type of helicity
and number of layers. Although they are formed from
essentially the same graphite sheet, their electrical
characteristics differ depending on these variations,
acting either as metals or as semiconductors.
Elemental carbon in the sp2 hybridization can form a
variety of amazing structures. A part from the well-
known graphite, carbon can build closed and open
cages with honeycomb atomic arrangement. The first
such structure to be discovered was the C60 molecule
by Kroto et al. 1985 [13,14]. Although various carbon
cages were studied, it was only in 1991, when lijima
observed for the first time tubular carbon structures
[15]. The Nanotubes consisted of up to several tens of
graphitic shells (so called multi-walled carbon
nanotubes (MWNT)) with adjacent separation of 0.34
nm, diameters of 1 nm and high length/diameter ratio
[16]. As a group, Carbon nanotubes typically have
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diameter ranging from <1 nm up to 50 nm. Their
lengths are typically several microns, but recent
advancements have made the nanotubes much longer,
and measured in centimeters. A grapheme sheet can
be rolled more than one way, producing different types
of carbon nanotubes [17] and thus carbon nanotubes
can be categorized by their structures:

Single-Wall Nanotubes (SWNT)

Most single-walled nanotubes (SWNT) have a
diameter of close to 1 nanometer, with a tube length
that van be many millions of times longer. The structure
of a SWNT can be conceptualized by wrapping a one-
atom-thick layer of graphite called grapheme into a
seamless cylinder. The way the grapheme sheet is
wrapped is represented by a pair of indices (n,m) called
the chiral vector. The integer's n and m denote the
number of unit vectors along two directions in the
honeycomb crystal lattice of graphene.

Figure 2: Single walled Nanotubes.

Multiple Walled Carbon Nanotubes

There are two models which can be used to
describe the structures of multi-walled nanotubes. In

(a)
Figure 3: (a) Double-wall Nanotubes (DWNT), (b) Multi-walled Nanotubes.

the Russian Doll model, sheets of graphite are
arranged in concentric cylinders, e.g. a single-walled
nanotube (SWNT) within a larger single-walled
nanotube. In the Parchment model, a single sheet of
grapheme is rolled in around itself, resembling a scroll
of parchment or rolled newspaper. The interlayer
distance in luti-walled nanotubes is close to the
distance between grapheme layers in grapheme,
approximately 3.3 A (330 pm). The special place of
double-walled carbon nanotubes (DWNT) must be
emphasized here because their morphology and
properties are similar to SWNT but their resistance to
chemicals is significantly improved [18].

Nanororus

A nanotorus is theoretically described as carbon
nano tube bent into a torus (doughnut shape). Nanotori
are predicted to have many unique properties, such as
magnetic moments 1000 times larger than previously
expected for certain specific radii. Properties such as
magnetic moment, thermal stability etc. varies widely
depending on radius of the torus and radius of the tube.
Nano-torus particles are promising in nano-photonics
applications [19].

Nanobuds

Carbon Nanobuds are a newly created material
combining two previously discovered allotropes of
carbon; carbon nanotubes and fullerenes. In this new
material fullerene-like "buds" are covalently bonded to
the outer sidewalls of the underlying carbon nanotube.
This hybrid material has useful properties of both
fullerenes and carbon nanotubes. In particular, they
have been found to be exceptionally good field
emitters. In composite materials, the attached fullerene
molecules may function as molecular anchors
preventing slipping of the nanotubes, thus improving
the composite‘s mechanical properties [20].
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Figure 4: Nano Torus.
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Figure 5: Nano Buds.

Nanohorns

They were first reported by Harris ef al. and lijima et
al. [1]. Single-walled carbon nanohorns (SWCNHSs) are
horn-shaped single-walled tubules with a conical tip.

b
o di i

Figure 6: Nano Horns.

The primary advantage of SWNHs is that no catalyst is
required for synthesis so high purity materials can be
produced. Their high surface area and excellent
electronic properties have led to promising results for
their use as electrode material for energy storage [21].
Currently, SWCNHs have been widely studied for
various applications, such as gas storage, adsorption,
catalyst support, drug delivery system, magnetic
resonance analysis, electrochemistry, biosensing
application, photovoltaics and photoelectrochemical
cells, photodynamic therapy, fuel cells, and so on [22].

Micro and Nano Sensors in Biomedical

Measurement

Measurement science and technology continue to
play vital roles in biomedical research and in routine
healthcare. Over recent decades there has been a
steady evolution of sensors for biomedical
measurement aimed at clinical care in hospitals,
fundamental biomedical research in the laboratory, or
even self-care in the home [23]. The measurements of
interest are diverse, ranging from pressure, force, flow
and displacement to electrical field/charge, magnetic
flux, and molecular species, such as gases, ions,
proteins, bacteria, viruses, and DNA. The basic study
of biological systems has included the detailed
investigation of biological sensory mechanisms
responsible for the senses of sight, hearing, taste,
smell and touch [24]. There have been significant
benefits to research in sensor science and technology
from the inspiration that derives from these natural
sensory systems [25], leading to a variety of activites in
so-called biomimicry and biomimetics [26]. Sensor
configurations must vary widely to meet the
requirements of the measurement site, be it in a blood
or tissue sample, or within living cells, tissues or
organs. Thus the physical size of the sensor is
important in all cases, either in order to reduce the
sample volume needed or to minimize the influence
that the mere presence of the sensor has on the
biological environment in which it is situated. This is
where advances in fabrication methods and
technologies, such as MEMS and NEMS, play crucial
roles and where recent developments have moved the
state-of the art in terms of sensing phenomena firmly
from the micro domain into the nano world.
Conventional biological sensing generally relies on
optical [27,28], electrochemical [29], and piezoelectric
[30] technologies, some of which can achieve detection
limits from nanomolar to femtomolar levels [31,32].
Although these methods are sensitive and reliable for
molecular detection in vitro diagnostics, they suffer
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from disadvantages such as inherent complexity and
requirement for multiple reagents and steps, signal
amplification, relatively large sample size, and high
cost. Nanomaterials possess unique properties that are
amenable to biosensor applications because they are
extremely sensitive to electronic perturbations [33,34].
One-dimesional nanowires, especially silicon
nanowires, have shown promising biosensing
performance [35-37] based on their electrical sensitivity
to the analyte-induced surface charges. By using
smaller nanotubes with all atoms on the surface,
biosensors based on carbon nanotubes (CNTs) have
been demonstrated for biomolecular sensing [38-40],
and in particular, field effect transistors(FETs) based on
semiconducting CNTs have been used as biosensors
[41-45]. These CNT-based FET devices are extremely
sensitive to variations in the surrounding environment
because all the electrical current flows through the
outermost layer of the CNT which is in direct contact
with the analyte. Several groups have reported on the
electrochemical detection of protein binding [46,47] and
DNA hybridization [48-51] using carbon nanotube field
effect  transistors(CNTFETs).  The mechanism
responsible for changing device characteristics is
believed to be a charge - transfer reaction between
analytes and CNTs, however, these approaches
require complex multi-step and  multi-reagent
procedures to label CNTs with probe proteins or DNAs.
In addition, treating the CNT surface, especially the
area around the CNT-metal contact, could modify
device characteristics [52], which may confound the
sensing results. Recently, the enhancement of the DNA
detection by incorporating Au nanoparticles into
CNTFETSs has been reported [53].

Single-Walled Nanotubes (SWNT) Preparation and
Characterization

SWNTs prepared from laser ablation [54], HiPco
[55] or related gas phase growth methods are typically
contaminated with amorphous carbon and metal
particles. The as-prepared material, in general, is
purified by an oxidative ftreatment to remove
amorphous carbon and an acid treatment to remove
metal particles. Functionalization can be performed on
the raw purified material as well as material
individualized in aqueous surfactants (vide unfra).
Covalently functionalized SWNTs are characterized by
several analytical techniques. Absorption and
resonance Raman spectroscopy are employed to
ensure that the functionalization is covalent and occurs
at the sidewalls, not at merely defect sites or at the
ends of the SWNTs. Once covalent sidewall

functionalization is  confirmed, themogravimetric
analysis (TGA) and x-ray photoelectron spectroscopy
(XPS) are used to determine the degree of
functionalization. Use of these techniques is difficult
unless the modified carbon nanotubes are purified.
Imaging techniques such as atomic force microscopy
(AFM), scanning electron microscopy(SEM), and
transmission electron microscopy (TEM) are used to
analyze the diameter of the bundles or individuals, and
AFM gives a good indication of average lengths of the
nanotubes.

Carbon Nanotube-Modified Composites

Polymer-based composites and blends, where
polymers serve as the matrices for inorganic, organic,
or carbon fillers, have had enormous impact as
engineering materials, and they are widely used in
commercial products. Often carbon black, glass fibers,
and phenolic resins are incorporated into the polymer
hosts, resulting in significant improvements in
mechanical properties, including impact strength and
tensile and compressive moduli (stiffness) over that of
the non-filled polymer. As stated previously, SWNTs
exhibit extraordinary mechanical properties [56,57]
such as tensile strengths of 50 to 200 GPa, estimated
Young’s moduli of 1 to 5 TPa, and high strains (ca. 5 to
6%) at break [58]. Further, when released from strain,
bent SWNTs recover their original form without direct
fracture [59]. On the basis of these extraordinary
mechanical properties and the large aspect ratio
(typically = 500 to 1000) associated with individual
tubes, SWNTs are excellent candidates of nano-
reinfforced polymer composite materials  [60],
complementing or substituting the traditional carbon
black and glass fiber fillers. Morever, the functionalized
SWNTs show further promise because their miscibility
at >1 wt% levels in the polymer host is often enhanced
relative to the unfunctionalized SWNTs. Research on
nanotube composites has concentrated, for the most
part, on polymer-MWNT-based materials [61-64]
wherein they exhibit mechanical properties that are
superior to conventional polymer-based composites
due to their considerably higher intrinsic strengths and
moduli, and the fact that the stress transfer efficiency
can be 10 times higher than that of traditional additives
[55]. However, polymer-SWNT composites show even
promise that the MWNT-based nanocomposites as
potential high-performance engineering materials
[56,57]. For instance, dynamic mechanical analysis
(DMA) studies of in situ polymerized poly(methyl
methacrylate)(PMMA)-SWNTs demonstrated that the
tensile modulus increased by more than a factor of 2
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with only 0.1 wt% SWNTs added [58]. These
improvements are far in excess of that observed in the
PMMA-MWNT nanocomposites. Indepentdent
experiments on PMMA-SWNTs at low nanotube
concentration (<1 wt%) indicate that the polymer is
intimately mixed with the nanotubes. Furthermore
measurements of the melt rheology of polystyrene-
SWNT nanocomposites indicate a substantial increase
in the viscosity and elasticity of the system at low shear
rates, even at 1 wt% SWNT loadings. The low-
frequency linear oscillatory shear moduli for
polystyrene  functionalized-SWNT  nanocomposites
demonstrate a transition from liquid - like to solid — like
behavior associated with the formation of a percolated
network structure, while that for the unfunctionalized
SWNT and polystyrene remains liquid - like for
nanocomposites with 3 wt% SWNT. The formation of
such a percolated nanoparticle network structure is a
consequence of the dispersion of the functionalized
SWNTs, the effective aspect ratio of the SWNTs, and,
perhaps most importantly, the strength of polymer-
functionalized SWNT interaction. Thus,
functionalization greatly increases the dispersion of
SWNTs in polymer matrices, and the functional moiety
increases the interfacial bonding or entanglement. This
is in sharp contrast to unfunctionalized SWNTs, where
dispersion and interfacial bonding or entanglement are
minimal.

Proteomic Analysis of Cellular Response Induced
by Multi-Walled Carbon Nanotubes Exposure in
A549 Cells

Li Ju et al. have been examined the wide
application of multi-walled carbon nanotubes (MWCNT)
on the serious concerns about their safety on human
health and environment. However, the potential harmful
effects of MWCNT remain unclear and contradictory.
To clarify the potentially toxic effects of MWCNT and to
elucidate the associated underlying mechanisms, the
effects of MWCNT on human lung adenocarcinoma
A549 cells were examined at both the cellular and the
protein level. Cytotoxicity and genotoxicity were
examined, followed by a proteomic analysis (2-DE
coupled with LC-MS/MS) of the cellular response to
MWCNT. The results of these research group
demonstrate that MWCNT indicates cytotoxicity in
A549 cells only at relatively high concentrations and
longer exposure time. Within a relatively low dosage
range (30 mg/ml) and short time period (24h), MWCNT
treatment does not induce significant cytotoxicity, cell
cycle changes, apoptosis, or DNA damage. However,
at these low doses and times, MWCNT treatment

causes significant changes in protein expression. A
total of 106 proteins show altered expression at various
time points and dosages, and of these, 52 protein were
further identified by MS. Identified proteins are involved
in several cellular processes including proliferation,
stress, and cellular skeleton organization. In particular,
MWCNT treatment causes increase in actin
expression. This increase has the potential to
contribute to increased migration capacity and may be
mediated by reactive oxygen species(ROS) [65].

Carbon Nanotubes as Protein Carriers

Sabrina F. Oliveira et al. have been reviewed
Protein functionalized carbon nanomaterials for
biomedical applications [66]. Several long-standing
challenges in the delivery of biological materials such
as proteins have been addressed via the scaffolding of
these biomaterials to nanomaterials. Nanomaterials are
of a similar size-scale as many biologicals, and are
thereforewell-suited to their assisted delivery into
organelles, cells, and tissues. Nanomaterials such as
graphene, MWCNTs, and SWCNTs have a high
surface area-to-mass ratio, which maximizes the
scaffolding potential for biological cargoes. Significant
progress has been made in the use of graphene,
MWCNT, and SWCNT in cell studies. However, the
majority of cases using CNP-protein conjugates for
delivery have hinged on the use of SWCNT, which will
be the focus of this section. As such, carbon
nanomaterials such as SWCNTs have played a central
role in developing delivery scaffolds for proteins, and
could represent a promising platform for the
development of molecular transporters.

CNTs as Protein Transporters

CNTs, in particular, have shown a largely ubiquitous
ability to transport into a variety of organelles [67], cells
[68], and tissues [69], likely due to their large aspect
ratio and the ease with which they can be
functionalized. A leading effort in the field has been put
forth by the Dai group, who has developed multiple
CNT-based protein delivery platforms. Using
chemically oxidized SWCNT, the group has shown
electrostatic scaffolding of proteins to SWCNT which
are then internalized into cells via endocytosis [70].
These results show endosomal release of the SWCNT-
protein conjugate into the cytoplasm, where a variety of
protein-directed functions are observed. Subsequent
work from the same group has explored the interaction
of proteins using SWCNT as a scaffold with human
cancer cells CHO and 3T3 [71]. Encouragingly,
fluorescently labeled streptavidin alone does not enter
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cells, SWCNT-scaffolded streptavidin does via
adsorption-mediated endocytosis. This study further
revealed controlled apoptosis of mammalian cells via
SWCNT mediated delivery of cytochrome c. These
results are encouraging for SWCNT usage as a generic
protein scaffolding and transportation tool for
intracellular delivery.

Uptake Mechanism of SWCNT-Protein Conjugates

There exist several opinions on the mechanism by
which  SWCNT-protein conjugates are uptaken into
cells. The two primary contending mechanisms are an
energy-dependent  endocytotic  SWCNT-conjugate
internalization mechanism, and an energy independent
passive internalization mechanism. The vast amount of
literature supporting either mechanism suggests that
both are likely contributors to cellular SWCNT
internalization [72]. A single mechanistic pathway
applicable to all nanoparticle variants, cell lines and
culture conditions is extremely unlikely. Rather, the
diversity of methods used to functionalize SWCNT, and
attach cargoes to SWCNT, determine the
internalization mechanism in a manner that remains to
be mapped in detail. Previous studies have shown that
the functionalized SWCNT conjugate can either fully
enable passive and irreversible internalization of
nanoparticles into cellular organelles, or have no
quantifiable permeability into cellular organelles, simply
by tuning the functionalized SWCNT conjugate's zeta
potential. Similar studies looking into SWCNT cellular
internalization have observed “needle-like” penetration
of the nanoparticle into cells [73]. Conversely, clathrin-
mediated endocytosis has been observed for protein-
SWCNT conjugates [74]. While many of the studies
showing energy-independent SWCNT internalization
were performed with DNA- or polymercoated SWCNT,
it is likely that the much larger size and complexity of
protein-SWCNT conjugates necessitates an alternate
and energy-dependent cellular internalization pathway.
Kinetic studies of such pathways have been
undertaken, sometimes suggesting an exocytosis
contribution to the kinetics of protein-SWCNT
conjugate intracellular transport [75]. Several groups
have also undertaken detailed studies of how carbon
nanotube size and surface modification can greatly
affect the adsorption of proteins. For instance,
Marchetti and co-workers found that human surfactant
protein D, found in human respiratory secretions,
adheres to varying extents on carbon nanotubes
depending primarily on the nanotube functionalization
with charged groups [76]. Because surfactant protein D
is central to the lung's inflammatory response, these

findings are suggestive that nanotube functionalization
can affect not only the delivery fate of protein-
nanotube, but also the toxicity of the conjugate. Groups
have also modeled the binding of proteins and peptides
on SWCNT, based on the protein's hydrophilic:
hydrophobic side chain ratio. For such modeling
studies, endocytosis was also a preferred pathway for
the update of protein- SWCNT conjugates. These
studies investigated the molecular-scale details of how
protein-SWCNT interactions modulate SWCNT protein-
carrying capacity, and also toxicity [77].

Toxicity of Delivered SWCNT-Protein Conjugates

The use of SWCNT-protein conjugates for the
delivery of biological cargoes relies on a thorough
understanding of their toxicity. The increased use of
SWCNT in therapeutic and biosensing applications has
also spawned an interest in understanding the toxicity
of these conjugates. Much like the internalization
pathway of SWCNT conjugates was found to vary
greatly depending on the conjugate's functionalization,
the toxicity of said conjugates also varies depending on
their functionalization [78]. Studies have shown through
extensive analytical characterization, that SWCNT
toxicity can be mediated by binding of blood serum
proteins to the otherwise hydrophobic surface of
SWCNT. Work by Ge and co-workers showed that the
different binding capacities of blood proteins to SWCNT
led to a competitive protein binding process mediated
by each protein's adsorption capacity [79]. Proteins
such as bovine fibrinogen, gamma globulin, transferrin,
and bovine serum albumin were found to bind to
SWCNT with adsorption rates that increase with the
order in which these proteins are listed. Further
analysis into the structure of these proteins showed
that proteins with higher SWCNT adsorption rates also
had more hydrophobic surface residues, suggesting
that those proteins with more hydrophobic surface
residues (Trp, Phe, Tyr) are likelier to bind to SWCNT
[80]. In turn, SWCNT functionalized with different
surface coverage of each blood protein mediated the
cellular translocation pathways and cellular toxicity in
human acute monocytic leukemia cells, and human
umbilical vein endothelial cells [81]. Another study by
Sacchetti and co-workers studied the adsorption of
various blood plasma proteins onto SWCNT that had
been pre-functionalized with varying quantities of PEG
[82], along with Liu and coworkers [83]. Highly and
sparsely PEGylated SWCNT were injected into mice,
and proteomics analysis were then performed to
determine the composition of the protein corona that
had formed on the SWCNT surface. The study
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concluded that the pharmacokinetic profile of
PEGylated SWCNT affected the competitive adsorption
of blood proteins to the PEGylated SWCNT, which in
turn shifted the fate of these complexes in living mice.
Significant progress has been made in the elucidation
of protein-SWCNT internalization mechanisms, from
cells to model organisms. However, there is lack of,
and need for, a systematic and predictable
understanding of the parameters that determine
protein-SWCNT fates in their interactions with
biological systems. Advances in experimental and
theoretical tools to study SWOCNT biomolecule
conjugate systems at the molecular scale [84] have
emerged, but many remain to be extended for
molecular scale SWCNT-protein studies. The risk of
CNPs ftriggering an immune response should be also
considered, since the protein components of the
complement system can bind to carbon nanotubes.
Certain studies have focused on how the
functionalization of carbon nanoparticles, often with
protein coronas, can attenuate or abate the immune
response of nanoparticles in biological applications
[85]. Such studies are particularly promising in
suggesting that the fate, toxicity, lifetime, and therefore
the utility of CNPs is highly tunable and can be
engineered by the user via the nanoparticle corona. In
the case of CNTs, the poly dispersity in CNT length has
given rise to questions of how CNT length can affect
CNT fate and toxicity in vivo. Asbestos-like
pathogenicity has been observed for MWCNTSs in the
mesothelial lining of mouse body cavities, particularly
for longer CNTs. This length-dependent toxicity has
spurred further research into how to circumvent these
length-dependent toxic effects. Studies show that
proper functionalization of long CNTs can be used to
alleviate the asbestos-like effects of long carbon
nanotube species, which is again promising for a range
of applications wishing to utilize the remarkable
properties of carbon nanomaterials. Future studies to
broaden our understanding of how to rationally design
and predict protein coronas for SWCNT conjugates are
needed to further the field of protein-SWCNT
conjugates for sensing, bioengineering, and therapeutic
applications.

DNA Detection by Nanotubes

Sebastian Kruss et al. have been reported the
application of nanotubes for detecting of DNA [86]. The
ability to detect changes in DNA sequence and
structure may prove wuseful for applications in
personalized medicine [87]. For example, single
nucleotide polymorphisms (SNPs) are one of the most

common types of genetic mutation, and can lead to a
variety of autoimmune diseases [88], or the
development of cancer [89,90], among others. It has
been demonstrated that DNA-wrapped SWCNTs can
directly detect SNPs by examining hybridization
kinetics between the SWCNT-bound sequence, and a
complementary sequence in solution. Because of the
nanoscale dimensions of the SWCNT sensors, this
could enable the screening of high frequency single-

nucleotide polymorphisms in a high throughput
manner.
DNA Hybridization

Some early SWCNT-based optical sensors

demonstrated the ability to detect DNA hybridization
[91,92]. In this study, the exposure of single-stranded
DNA-wrapped SWCNTs to a complementary 24-mer
oligonucleotide resulted in a hypsochromic shift of 2
meV, allowing the detection of a complementary DNA
strand down to concentrations of 6 nM. A model, based
on the local dielectric environment, demonstrated that
this shift could be attributed to an increased coverage
of DNA on the SWCNT surface. The attribution of this
shift to DNA hybridization was further validated by a
FRET assay, in which a SWCNT-bound DNA strand
and complement were conjugated with donor and
acceptor fluorophores, respectively; upon addition of
the complementary strand, a decrease in the donor
emission was observed in conjunction with an increase
in the acceptor emission. As may be expected, while
hybridization kinetics of the free (non-SWCNT bound)
DNA strands were very fast — occurring in less than 10
min — the kinetics of the SWCNT-bound DNA strand
were considerably slower, reaching completion only
after 13 h at 25 °C. A detection limit of 6 nM was
observed, which is comparable with electrical
microarray techniques [93], but higher than more
recently techniques that utilize surface initiated
enzymatic polymerization [94].

Single Nucleotide Polymorphism (SNPs)

Because the nanotube emission undergoes solvato
chromic shifts upon DNA hybridization, it has been
possible to utilize DNA-wrapped SWCNT as optical
sensors for detecting single nucleotide polymorphisms
[95]. In this study, SWCNT was suspended in a ssDNA
sequence, and exposed to either a complementary
DNA sequence, or a sequence containing a SNP.
Using this system, the authors demonstrated the ability
to detect a SNP in a complementary strand by
comparing the wavelength shift, upon hybridization, of
the SNP to that of the cDNA. Here, it was found that
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the final, equilibrium wavelength shifts were influenced
by the presence of a SNP. In addition, while the
equilibrium binding constants were the same for both
complementary and SNP strands, the hybridization
kinetics were faster for cDNA. As with previous
hybridization studies, the kinetics of hybridization for
SWCNT immobilized DNA were very slow, and in order
to detect SNPs in this study, it was necessary to allow
incubation times of up to 24 h. Therefore, current
SWCNT-based methods for the detection of SNPs are
much slower than molecular beacon based
approaches, in which incubation times of 30 min are
sufficient [96]. It may be possible to decrease the
incubation time required for SWCNT-based SNP
sensors through further design of the SWCNT-DNA
interface. Carbon nanotubes can quench organic
fluorophores in solution [97]. This mechanism is
distance dependent and can be used for biosensing
applications. This principle is heavily used for graphene
biosensors but there are several examples with carbon
nanotubes as well. Yang et al. used this approach to
detect complementary DNA sequences and proteins
from solution. They prepared dye-labeled
oligonucleotide sequences that could interact with
complementary sequences or as aptamers with the
protein thrombin. The dye-labeled DNA sequence was
adsorbed onto the SWCNT-surface. If a
complementary DNA-sequence was present in the
sample competitive binding took place. The
fluorescence of the dye was recovered because this
binding event released the primary DNA sequence or
at least changed its proximity to the quenching carbon
nanotube species. This approach was used to detect
oligonucleotide-sequences in solution with detection
limits in the nanomolar range.

Functionalization of Carbon Nanotubes for
Biocompatibility and Biomolecular Recognition

Recent years have witnessed a significant interest
in  biological applications of novel solid-state
nanomaterials [99-104]. The unique physical properties
of molecular- or nanoscale solids (dots or wires) when
utilized in conjunction with the remarkable biomolecular
recognition capabilities could lead to miniature
biological electronics and optical devices including
probes and sensors. Not only could these devices
exhibit advantages over existing technology in size but
also in performance. Several issues are important
regarding nanomaterial/biosystems. One of them is
biocompatibility, especially for in-vivo applications of
implantable bioelectronics devices. Another is
specificity that requires biofunctionalization  of

nanomaterials for recognition of only one type of target
biomolecule in solution and rejection of others. Central
to tackling these issues is surface functionalization of
nanomaterials and elucidating the interfaces and
interactions between nanomaterials and biosystems.
Moonsub Shim et al. [98] have been showed that (1)
nonspecific binding (NSB) of proteins to SWNTs, (2)
functionalization of nanotubes for resisting nonspecific
interactions, and (3) enabling specific binding of
proteins to functionalized nanotubes. They find that
streptavidin nonspecifically binds to as-grown SWNTs
and show that prevention of NSB of streptavidin on
SWNTs is achieved by coating nanotubes with a
surfactant and poly(ethylene glycol), PEG. Selective
binding of streptavidin is introduced by co-
functionalization of SWNTs with PEG and biotin. The
results have implications to the nanotube
biocompatibility issue and specificity of potential
bioelectronic devices based on nanotubes. In an earlier
communication, they have shown that protein binding
to SWNTs is reliably enabled via a noncovalent
sidewall functionalization scheme. In this manner, a
variety of proteins have been successfully immobilized
on SWNTs functionalized by 1-pyrenebutanoic acid
succinimidyl ester. The pyrene moiety adsorbs onto the
sidewalls of SWNTs viad -0 interaction, and the
succinimidyl ester group reacts with amine groups on
lysine residues of proteins to form covalent amide
linkages. Multiwalled carbon nanotubes have been
functionalized with 4-hydroxynonenal (4-HNE) to
induce adsorption of 4-HNE antibody. However, certain
proteins are found to bind to SWNTs even without
sidewall functionalization. A published example is the
binding of a fullerene-specific monoclonal antibody to
SWNTs. Such binding points to attractive interactions
between certain proteins and as-grown SWNTs. It is
interesting and important to address how to prevent
NSB of proteins on SWNTs and at the same time
introduce selective and specific binding.

Protein Biosensors Based on Polymer Nanowires,
Carbon Nanotubes

The development of biosensors using
electrochemical methods is a promising application in
the field of biotechnology. High sensitivity sensors for
the bio-detection of proteins have been developed
using several kinds of nanomaterials. The performance
of the sensors depends on the type of nanostructures
with which the biomaterials interact. One dimensional
(1-D) structures such as nanowires, nanotubes and
nanorods are proven to have high potential for bio-
applications. Anish Kumarthese et. el. have been
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reviewed three different kinds of nanostructures that
have attracted much attention at recent times with their
great performance as biosensors. Materials such as
polymers, carbon and zinc oxide have been widely
used for the fabrication of nanostructures because of
their enhanced performance in terms of sensitivity,
biocompatibility, and ease of preparation. Thus they
consider polymer nanowires, carbon nanotubes and
zinc oxide nanorods for discussion. They consider
three stages in the development of biosensors: (a)
fabrication of biomaterials into nanostructures, (b)
alignment of the nanostructures and (c) immobilization
of proteins. Two different methods by which the
biosensors can be developed at each stage for all the
three nanostructures are examined. Finally, they
conclude by mentioning some of the major challenges
faced by many researchers who seek to fabricate
biosensors for real time applications [105].

Clinical Applications of Biosensors Based on Field-
Effect Transistors with Carbon Nanotubes or
Nanowires

Bodilovska has been described recent advances in
the rapidly developing area of analyte detection using
field-effect transistors (FETs) based on carbon
nanotubes or nanowires. In this study behavior and
advantages of one dimensional nanomaterials for
biosensing application is depicted. Among one
dimensional nanometer-scale  materials, carbon
nanotubes and nanowires offer unique electronic and
mechanical properties that make them extremely
attractive for the task of biosensing. The structures and
work principles of FET biosensors based on carbon
nanotubes/nanowires is discussed. Carbon
nanotubes/silicon nanowire field-effect transistors have
recently attracted great attention as promising tools in
biosensor design because of their biocompatibility, size
compatibility, ultra sensitivity, selectivity and label-free
and real-time detection capabilities. In addition,
interaction mechanisms between transducer elements
of FET-biosensor (carbon nanotubes or nanowires) and
target entities is also reviewed. Finally, applications of
FET-type biosensors for measurement of different
analytes is highlighted in this review. Proteins
interaction, antibody—antigen reactions including
prostate-specific antigen detection, DNA hybridization
and enzymatic reactions involving glucose is shown
[1086].

Nanotubes and Cancer

Different kinds of carbon nanotubes (CNTs) have
different properties. Multi-walled carbon nanotubes

(MWNTs) can bind with proteins, as various
experimental techniques have revealed that covalent
bonds formed between polymer radicals and acid-
treated carbon nanotubes [107]. To achieve the
attachment of nanotubes to proteins, two issues must
be considered. The first is the state of dispersion of the
CNT in the solution and the second is the interfacial
adhesion between the CNT and the protein. Carbon
nanotubes [108,109] possess interesting property of
adsorbing materials on their surface and heating up
upon absorbing near-infrared light wave. In one study,
it is shown that cancer cells tend to be coated with
folate receptors, whereas normal cells are not. This is
how carbon nanotubes target to cancer cells. When
exposed to near-infrared light, carbon nanotubes
quickly release excess energy as heat (~70°C), which
can kill cancer cells. Kam et al. have shown that single-
walled carbon nanotubes are molecular transporters or
carriers with very high optical absorbance in the 700—
1100 nm near-infrared (NIR) light where biological
systems are transparent In this special spectral window
single-walled carbon nanotubes (SWNTs) have strong
optical absorbance which is used for optical stimulation
of nanotubes inside living cells. Continuous NIR
radiation can cause cell death because of excessive
local heating of SWNT in vitro. Selective cancer cell
destruction can be achieved by functionalisation of
SWNT with a folate moiety, selective internalisation of
SWNTs inside cells labelled with folate receptor tumor
markers, and NIR-triggered cell death, without harming
receptor-free normal cells. Thus, the transporting
capabilities of carbon nanotubes combined with
suitable functionalisation chemistry and their intrinsic
optical properties can lead to new classes of novel
nanomaterials for drug delivery and cancer therapy.

Carbon Nanotubes as Intracellular Protein

Transporters

Various proteins adsorb spontaneously on the
sidewalls of acid-oxidized single-walled carbon
nanotubes. This simple non-specific binding scheme
can be used to afford noncovalent protein-nanotube
conjugates. The proteins are found to be readily
transported inside various mammalian cells with
nanotubes acting as the transporter via the endocytosis
pathway. Once released from the endosomes, the
internalized protein nanotube conjugates can enter into
the cytoplasm of cells and perform biological functions,
evidenced by apoptosis induction by transported
cytochrome c. Carbon nanotubes represent a new
class of molecular transporters potentially useful for
future in vitro and in-vivo protein delivery applications.
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Nadine Wong Shi Kam and Hongjie Dai reported a
finding that SWNTs are generic intracellular
transporters for various types of proteins (< 80 kD) non-
covalently and non-specifically bound (NSB) to
nanotube sidewalls. The proteins investigated include
streptavidin  (SA), protein A (SpA), bovine serum
albumin (BSA) and cytochrome c¢ (cyt-c). The
intracellular protein transporting and uptake via
nanotube carriers are also generic for various adherent
and non-adherent mammalian cell lines including
HelLa, NIH-3T3 fibroblast, HL60 and Jurkats cells.
Energy dependent endocytosis is confirmed to be the
internalization mechanism. Further, with cytochrome c
as the cargo protein, they present an exploration of the
fate of internalized protein-SWNT-protein conjugates,
attempts of releasing the conjugates from the
endosome vesicles into the cell cytoplasm using
chloroquine, and investigation of the biological
functions of the released proteins. They observed
apoptosis or programmed cell death induced by cyt-c
transported inside cells by SWNTs after release from
the endosomes. The results provide the first proof of
concept of in vitro biological functionality and activity of
proteins delivered by SWNT molecular transporters.

Biological Imaging Using Carbon Nanotube Atomic
Force Microscopy

Aleksandr Noy et al. reported that carbon nanotube
AFM tips can provide an increase in imaging resolution
for several reasons. Obviously small end radii and high
aspect ratio geometry contributes to the resolution
improvement. Yet, the most important factor is that
carbon nanotube has very small adhesive interaction
with the sample. These small interactions forces
translate into gentler and cleaner imaging. In addition,
for a traditional geometry of the AFM tip the adhesion
force contribute to an increase in contact area, thus
degrading the resolution. Improvements that carbon
nanotube AFM offers over the traditional AFM are
obvious from a comparison of the test sample
(sputtered Nb film) images. These images also
demonstrate that CVD nanotube probes are superior to
the mounted ones. They have images a number of
non-pathogenic plant viruses using our technology. It is
clear that use of a carbon nanotube AFM tip allowed us
to observe virion substructure. Our observation agreed
well with the existing structural model of the outer
membrane of this virus showing pentameric and
hexameric capsid arrangement. Notably, neither
regular AFM probes nor mounted carbon nanotube
probes are able to image isolated viruses on the
surface with good resolution (mostly due to mechanical

properties of virions). However, they were able to
collect reasonable images of single isolated virions
using probes produced by CVD techniques. In
principle, this type of imaging may be useful for
identification of single virions using a database of the
virion surface structures [110].

Complementary Detection of Prostate-Specific
Antigen Using In,O; Nanowires and Carbon
Nanotubes

Nanostructured devices, fabricated using single-
walled carbon nanotubes [111] (SWNTs), silicon
nanowires [112] (Si NWs), or metal oxide nanowires
[114] (e.g., In;O; NWs), are good candidates to
manufacture future generations of biosensors.
Nanotubes and nanowires have very high surface-to-
volume ratios and, therefore, promise very high
sensitivities. Recent biosensing literature has reported
the use of either carbon nanotubes or nanowires as
successful sensors for a number of biological analytes;
however, combining these two nanomaterials may offer
an interesting comparison and also novel sensing
strategies. In addition, while several functionalization
techniques have been developed to attach antibodies
to SWNTs and Si NWs, little has been reported for
biofunctionalization of metal oxide NWs (e.g., In,O3 and
Sn0O,), which are traditionally the key materials for
sensing. Li et al. reported complementary detection of
prostate specific antigen (PSA) using n-type In,O3
nanowires and p-type carbon nanotubes. PSA is an
oncological marker for the presence of prostate cancer,
which is the most frequently diagnosed cancer among
men in the U.S. [115]. Despite its utmost importance,
detection of PSA using NWs/SWNTs has not been
reported. We have made two key innovations. First of
all, a novel approach has been developed to covalently
attach antibodies to In,O; NW surfaces via the onsite
surface synthesis of a succinimidyl linking molecule.
Second, they have combined In,O; NWs and SWNTs
for the detection of PSA, which revealed
complementary electrical response upon PSA binding.
Furthermore, detection of PSA in solution has been
demonstrated to be effective as low as 5 ng/mL, a level
useful for clinical diagnosis of prostate cancer.

Toxicity Evaluation of Carbon Nanotubes in J774
Mouse Macrophages Utilizing a Proteomic
Approach

Dharani Das et al. studied the protein profiles of
J774 cells after exposure to four well-characterized
CNTs: single-walled and multi-walled (pristine and
oxidized CNTs), at a dose range of 0-100 yg/cm2; and
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to examine the role of surface chemistry and metal
impurities in CNTs-induced cellular toxicity.Shot-gun
proteomic analyses were performed by MALDI-TOF-
TOF-MS. Data-mining using k-nearest neighbour
clustering algorithm revealed an elevation in cellular
endothelin-1, a pro-inflammatory and mitogenic
peptide, and a decrease in cytoplasmic LDH levels, an
indicator of cell membrane damage, notably in
response to the oxidized CNTs. Elevation of o-tyrosine
indicated formation of reactive oxygen species.
Analysis of changes in the proteomic profiles of J774
cells revealed that mechanistic pathways relevant to
key cellular functions were differentially impacted by
the physicochemical properties of the CNT variants
[116].

Nanotubes Applications in the Proteins Extraction
and Seperation

As a first step to validate the use of carbon
nanotubes as novel vaccine or drug delivery devices,
their interaction with a part of the human immune
system, complement, has been explored. Haemolytic
assays were conducted to investigate the activation of
the human serum complement system via the classical
and alternative pathways. Western blot and sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) techniques were used to elucidate the
mechanism of activation of complement via the
classical pathway, and to analyse the interaction of
complement and other plasma proteins with carbon
nanotubes. They report for the first time that carbon
nanotubes activate human complement via both
classical and alternative pathways. Carolina Salvador-
Morales et al. conclude that complement activation by
nanotubes is consistent with reported adjuvant effects,
and might also in various circumstances promote
damaging effects of excessive complement activation,
such as inflammation and granuloma formation. C1q
binds directly to carbon nanotubes. Protein binding to
carbon nanotubes is highly selective, since out of the
many different proteins in plasma, very few bind to the
carbon nanotubes. Fibrinogen and apolipoproteins (Al,
AlV and CIll) were the proteins that bound to carbon
nanotubes in greatest quantity [117]. Chensong Pan et
al. reported a method with carbon nanotubes
functioning both as the adsorbent of solid-phase
extraction (SPE) and the matrix for matrix assisted
laser desorption/ionization mass spectrometry (MALDI-
MS) to analyze small molecules in solution has been
developed. In this method, 10 pL suspensions of
carbon nanotubes in 50% (vol/vol) methanol were
added to the sample solution to extract analytes onto

surface of carbon nanotubes because of their dramatic
hydrophobicity. Carbon nanotubes in solution are
deposited onto the bottom of tube with centrifugation.
After removing the supernatant fluid, carbon nanotubes
are suspended again with dispersant and pipetted
directly onto the sample target of the MALDI-MS to
perform a mass spectrometric analysis. It was
demonstrated by analysis of a variety of small
molecules that the resolution of peaks and the
efficiency of desorption/ionization on the carbon
nanotubes are better than those on the activated
carbon. It is found that with the addition of glycerol and
sucrose to the dispersant, the intensity, the ratio of
signal to noise (S/N), and the resolution of peaks for
analytes by mass spectrometry increased greatly.
Compared with the previously reported method by
depositing sample solution onto thin layer of carbon
nanotubes, it is observed that the detection limit for
analytes can be enhanced about 10 to 100 times due
to solid-phase extraction of analytes in solution by
carbon nanotubes. An acceptable result of
simultaneously quantitative analysis of three analytes
in solution has been achieved. The application in
determining drugs spiked into urine has also been
realized [118]. Vanesa Sanz et al. reported the use of
carbon nanotubes as a gene delivery system has been
extensively studied in recent years owing to its
potential advantages over viral vectors. To achieve this
goal, carbon nanotubes have to be functionalized to
become compatible with aqueous media and to bind
the genetic material. To establish the best conditions
for plasmid DNA binding, they compare the dispersion
properties of single-, double- and multi-walled carbon
nanotubes (SWCNTs, DWCNTs and MWCNTs
respectively) functionalized with a variety of surfactants
by non-covalent attachment. The DNA binding
properties of the functionalized carbon nanotubes were
studied and compared by electrophoresis.
Furthermore, a bilayer functionalization method for
DNA binding on SWCNTs was developed that utilized
RNA wrapping to solubilise the nanotubes and cationic
polymers as a bridge between nanotubes and DNA
[119]. Agata Spietelun et al. reviewed that solid phase
microextraction find increasing applications in the
sample preparation step before chromatographic
determination of analytes in samples with a complex
composition. These techniques allow for integrating
several operations, such as sample collection,
extraction, analyte enrichment above the detection limit
of a given measuring instrument and the isolation of
analytes from sample matrix. In this work the
information  about novel methodological and
instrumental solutions in relation to different variants of
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solid phase extraction techniques, solid-phase
microextraction (SPME), stir bar sorptive extraction
(SBSE) and magnetic solid phase extraction (MSPE) is
presented, including practical applications of these
techniques and a critical discussion about their
advantages and disadvantages. The proposed
solutions fulfill the requirements resulting from the
concept of sustainable development, and specifically
from the implementation of green chemistry principles
in analytical laboratories. Therefore, particular attention
was paid to the description of possible uses of novel,
selective stationary phases in extraction techniques,
inter alia, polymeric ionic liquids, carbon nanotubes,
and silica- and carbon-based sorbents. The
methodological solutions, together with properly
matched sampling devices for collecting analytes from
samples with varying matrix composition, enable us to
reduce the number of errors during the sample
preparation prior to chromatographic analysis as well
as to limit the negative impact of this analytical step on
the natural environment and the health of laboratory
employees [120].
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