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Introduction

1. Introduction

The work presented in this dissertation has been carried out in the framework of the
research line of the group Carbon Nanostructures and Nanotechnology (G-CNN), which
belongs to the Instituto de Carboquimica (ICB) of the Spanish National Research
Council (CSIC).

Biological sensing techniques are usually based on optical detection. Despite being
very sensitive and specific, those techniques are quite complex, requiring multiple steps
(sample purification, signal amplification), are difficult to miniaturize and have
relatively high limits of detection.

Detection using nanoscale devices, mainly electronic devices, ideally allow detecting
much lower quantities of analyte with fewer sample preparation. Field effect transistors
(FETS) using a single-wall carbon nanotube (SWNT) as the conducting channel are well
known and studied. As SWNTs have a very high specific surface area, they are very
sensitive to environmental changes, and their electronic behavior can change with very

small amounts of substances being adsorbed on their surface.

However, before using SWNTSs in a FET sensor, specific and non specific adsorption
of different species present in the sample must be taken into account. Their high
sensitivity makes them also sensible to other substances present in the media, and false
positive can be obtained when not careful studies of specific adsorption have been

carried out.

The main goal of this work is to determine and control non-specific adsorption on the
surface of the carbon nanotubes in order to use them as part of biosensors. Specific

objectives of this work are the following:

- Production and functionalization of carbon nanotubes, and their characterization.
- Evaluation of biomolecule adsorption (streptavidin) on carbon nanotube surface.
- Linkage of DNA strand to the surface of the nanotubes to optically detect the

hybridization with the complementary strand.
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Revision of the state of the art

2. Revision of the state of the art
2.1. Carbon and its allotropic forms

The electronic configuration of carbon, 1s* 2s?2p?, allows different hybridization
possibilities. This leads to different coordination numbers, and thus to the existence
of different allotropic structures. Diamond and graphite are the two crystalline forms
of carbon that can be found in nature. Diamond present sp* hybridization and the
atoms of carbon are organized in a tridimensional network. All the electrons are
localized in the bonds. Diamond is really hard and rigid and behaves as an insulator.
On the other hand, graphite is characterized by a sp? hybridization, with the carbon
atoms forming a hexagonal planar network. Different sheets interact by n-

interactions. Graphite is a soft anisotropic material, and behaves like a metal.

The third allotropic form of carbon was discovered in 1985: the fullerenes®.
Fullerenes are closed carbon structures, showing spherical shape and a hollow
interior. The most abundant one, and the most stable and symmetric, is C60. Some
interesting properties, like superconductivity or ferromagnetism, have been found in

fullerenes.

Diamond

Fullerene C&0

Figure 1: Atomic structure of diamond, graphite and fullerene C60.

In 1991, Ijima® discovered the fourth allotropic structure of carbon, the carbon
nanotubes (CNTSs). They can be considered as a rolled-up graphene sheet forming a
tube. The end of the tube can be open, or closed by a semisphere with a structure

similar to that of a fullerene.

Two main types of CNTs can be found depending on the number of walls. Single

Walled Carbon Nanotubes (SWNTSs), can be defined as a single rolled-up graphene
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sheet (Figure 2A). They were first observed in 1993%*“ and have diameters between 1

and 3 nm. They self-organize forming bundles comprising even hundreds of tubes.

Multi Walled Carbon Nanotubes, MWNTS, can be defined as several concentric
rolled-up graphene sheets (Figure 2B), perfectly graphitized and closed at the ends
by carbon atom pentagons. The number of walls building de MWNTSs is variable.
The inner diameter varies from 1 to 3 nm, and the outer diameter is usually between
2 and 25 nm, depending on the number of walls. The space between layers is around
3.4 A slightly higher than the value of graphite (3.35 A). According to lijima?®, this
difference is due to a combination of the graphene sheet curvature and the weak Van

der Waals forces between concentric tubes.

The length of both types of nanotubes can vary from tens of nanometers to several

microns.

Figure 2: The two types of CNTs: A) SWCNT, B) MWNT.

2.2. Structure of carbon nanotubes

The carbon atoms forming the structure of CNTs have sp® hybridization. The
different possible ways to roll a sheet of graphene to form a tube give rise to the

different chiral or achiral dispositions.

Achiral configurations are known as armchair and zig-zag. In the armchair
configuration, the C-C bonds of two opposite sides of the hexagon are perpendicular
to the tube axis (Figure 3A). In the zig-zag configuration, those bonds are parallel to
the tube axis (Figure 3B). The rest of possible configurations, where the C-C bonds
form an angle © respective to the tube axis, are known as chiral or helicoidal

structures (Figure 3C).
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Figure 3: Molecular models showing different structures of SWNTSs: A) armchair configuration,
B) Zig-zag configuration, C) Chiral configuration.

Nanotubes chirality and electronic properties

The chirality of a tube can be defined in terms of the chiral vector, C, (C, = na; +
maz), which also defines the tube diameter®, d. This vector defines the rolling
direction of the graphene sheet, with a point (m,n) superimposed over a defined

origin (0,0) (Figure 4). The diameter of the tube can be expressed as:

_aVym? +mn+n’

T

d (1)

where a = 1.42x+/3 A corresponding to the constant distance in the graphene sheet. It
must be taken into account that this distance is 1.42 A for the sp® hybridization of
carbon.

The chiral angle 6, the angle between the quiral vector and the rolling direction of

the graphene sheet, is defined as

(2)

0 = arctan| —
2m+n

=

For the zig-zag structure, 6 = 0°, and the values (n,m) results in (n, 0) or (0, m).
For the armchair structure, 6 = £30°, and the values (n,m) results in (n, n).

The rest of values (n,m) stand for chiral structures.
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n0) zigzag
= =

(n,n) armchair

Figure 4: Chiral vector C, defining the chirality of a carbon nanotube.

The conductive properties of carbon nanotubes are defined by the diameter and
quiral angle. When the value of the term 2n+m is a multiple of 3, 2n+m=3q being g
an integer, the nanotube is metallic’. According to this expression, one third of the
SWNTs are metallic, and two thirds are semiconductive. This fact has been
confirmed by conductance measurements with Atomic Force Microscope (AFM)

over individual nanotubes®.

2.3. Properties and applications

Concerning the exceptional properties of CNTs, a large Young modulus, high
thermal conductivity, electronic transport and large length to diameter ratio can be
highlighted. Since the CNTs used in this work are SWNTSs, the following properties

and applications are focused on that of SWNTSs.

As their structure consists only of C atoms, SWNTs form a very light material,
with a density of about 1.3 g/lcm®. As the C-C bond is one of the strongest chemical
bonds, CNTs have high strength, although the defects present in their structure make
the observed values for mechanical resistance and Young modulus lower than those
expected from the calculated values. Values of Young modulus up to 1 TPa® have
been found, hundredfold higher than that of steel. It has been also proved that they
are a very flexible material, withstanding being bent big angles without breaking™.

However, the values obtained vary depending on the measuring technique.
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Isolated SWNTs show this property’, but when bundles of SWNTs are
considered, it has been proved that the mechanical resistance is not so high, due to

the tubes sliding over one another and/or to the presence of structural defects™.

Due to the high thermal conductivity SWNTs show along their axis, values up to
3500 W/m-K'2 are found. Thus, SWNTs are one of the best thermal conductors
known (copper has a conductivity of 385 W/m-K), making them suitable for
applications where heat dissipation is an important factor, including electronic,

computer and space applications.

The quasi-unidimensional structure of CNTs together with the periodicity of the
disposition of the carbon atoms along the axis provides them with unusual electronic
properties. These properties are related to their structure, and so depend both on the
diameter and on the chirality of the tube, as explained before. The electronic
transport along the nanotube is ballistic, giving rise to a high current density

conduction of electrons along the axis™.

As a consequence of their electronic and mechanical properties, the CNTs are
suitable for applications in nanoelectronics, aeronautics, automotive, and as

reinforcement materials for nanocomposites, among other applications.

In addition, if their high specific surface area is considered together with their
high electrical conductivity, and the capacity to behave both as electron donor or
acceptor, they are excellent candidates for electrochemical applications and chemical

SENSOrs.

A more general revision of the applications of carbon nanotubes can be found in

reference 14.
2.4. Carbon nanotubes and biosensors

The use of CNTs in biochemistry has been limited by their insolubility in aqueous
solvents. However, they are suitable for non invasive and high sensitive detection,
since they have near-infrared intrinsic fluorescence, Raman resonance and
photoacoustic signal related to the graphene structure in SWNTSs. This is the reason

why they are being studied for different biomedical applications™.
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Several ways of making them soluble have been tried, including covalent

16-20 21-23

functionalization™" and non-covalent interaction with polymers=°, surfactants and

other amphiphilic molecules?®*® , DNA? and amines?’.

Their unique properties and the fact that their functionalization and debundling

28,29

make them non-toxic , has stimulated increasing interest in the use of CNTs as

components in bioapplications, such as biosensors and intracellular transporters®*=:.

In order to use them in biosensors, biological species as enzymes® and proteins®>*
have been immobilized either in the hollow cavity®® or on the surface of the
nanotube. In that context, the control of non-specific protein adsorption is important
for the use of CNTs in specific protein-binding or bio recognition®. Several
examples have been proved to work properly with academic samples, when pure
components are used, but they have given false positives when using real samples. If
we consider only proteins, more than 250 different ones are present in human
plasma®® and more than 450 in human blood serum®, in a range of 10 orders of
magnitude in concentration. The non-specific adsorption of any of these proteins is
very difficult or even impossible to distinguish from the binding of the desired

target*.

There are several molecules reported in the literature that have been used to
prevent the protein adsorption. PEG forms highly inert coatings that can resist
adsorption of a variety of proteins®®. PEG is a water-soluble polymer capable of
extensive hydrogen bonding that swells in aqueous solutions and satisfies all the
properties for surface coatings that greatly resist non-specific protein adsorption, as
outlined by Ostuni et al.** PEG, bonded no covalently to CNTs has been used to

achieve the protein resistance, with different results®. Dai et al.*’

reported that the
coverage of SWNTs, grown on SiO, substrate, was not complete or uniform with
PEG, finding some streptavidin adsorption on them. Nevertheless, these authors have
reported that the co-adsorption of Triton and PEG on SWNTs was highly effective in
preventing nonspecific adsorption of streptavidin on nanotubes. Chen et al.*®
adsorbed Tween®20 and Pluronic® P103, both containing PEG units, on as-grown
SWNTs on quartz substrates. These authors found that the modified SWNTs were
resistant towards proteins such as streptavidin, avidin, bovine serum albumin, o-

glucosidase and staphylococcal protein A.
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The protein resistant coating usually requires amphiphilic molecules with a
hydrophobic backbone that interacts hydrophobically with the CNT and a
hydrophilic segment extended in the aqueous solution. Surfactants molecules, that
form non specific interactions with the nanotubes, have been also used to avoid non
specific adsorption of biomolecules on CNTs*. The length and shape of the alkyl
chain is very important for the efficiency of the interactions*’*®, Compared to
common surfactants, polymers usually have stronger surface adsorption due to the
presence of more interaction sites and they could provide a suitable wrapping of
CNTs.

The extremely high affinity of streptavidin and biotin, with a dissociation constant
on the order of 10™ mol/L, make it one of the strongest non covalent interaction
known in nature. Streptavidin is a 60 KDa tetrameric protein obtained from
Streptomyces avidinii. Biotin is a water soluble B-complex vitamin. This specific
interaction has been widely used in biochemistry, and has also been used to link
biomolecules to SWNTSs.

Erdem et al.* fabricated disposable graphite pencil electrodes modified with
MWNTs-streptavidin conjugates, and were used to electrochemically monitor label-
free DNA hybridization. The biosensor built was able to differentiate complementary
sequences from non complementary ones, and to select the target sequence DNA
from a mixture with high sensitivity.

Liu et al>®

prepared SWNT-streptavidin complexes via biotin-streptavidin
recognition. They were able to attach biotinylated DNA, fluorophores and Au
nanoparticles to the surface of SWNT-complexes. The complexes were stable for 18

days, showing high loading capacity.

Gao et al.>! have used another strategy to electrochemically detect DNA down to
the attomolar level. A molecular beacon (MB) is a single-strand hybridization probe,
with a stem-loop structure. The MB, functionalized with biotin and thiol at 5’ and 3’
respectively, was immobilized on the surface of a carbon electrode modified with
gold nanoparticles and 1-pyrenebutyrate functionalized graphene. In absence of the
target DNA strand, the MB was in the “closed” state, where the biotin end was not
accessible due to steric hindrance. After hybridization with target DNA, the loop was

opened, and the biotin end was “open”, and accessible to the detection probe.
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MWNTs covalently functionalized with streptavidin-HRP (horse radish peroxidase)
were used as detection probe, as the nanotubes accelerate the electron-transfer of the
enzymatic catalytic reaction of HRP. Differential pulse voltammetric (DPV)
measurement of the reaction was performed to detect the target DNA hybridization.

Carbon nanotubes and Field Effect Transistors

Field effect transistors have been used from 1960°. Field effect transistors
(FETs) are a family of transistors that uses an electric field to control the
conductivity of a channel in a semiconductor material. They can be considered as

resistances controlled by a potential difference.

FETs are composed by three terminals. Source terminal (S), through which the
majority charge carriers (electrons or holes) enter the channel. Drain terminal (D),
through which the majority of charge carriers leave the channel. These two terminal
conductors are connected to a semiconductor through ohmic contacts. The
conductivity of the channel is a function of the potential applied to the third terminal,
the gate terminal (G). It modulates the channel conductivity, allowing or blocking the
electrons flow through the channel created between source and drain. By applying
voltage to G, the current leaving the channel at D (Ip) can be controlled. Drain to
Source voltage is called Vps. The substrate or base can be considered as a fourth
terminal. It is a semiconductor material where the other three terminals are

comprised.

©1995 Encyclopasdia Britannica, Inc
Figure 5. (A) Perspective of a MOSFET with (B) symbols for n- and p-channel devices. (Reference 53)
The possibility of using SWNTSs as part of FETs was first stablished in 1998°*°°,

Both single carbon nanotube and carbon nanotubes networks have been used as

conducting channels. The electric conductance of a CNT is extremely sensitive to its

10
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environment and it can vary significantly with the surface interaction with chemical
or biological species. This behavior has promoted the development of miniaturized
sensors based on SWNTs as part of Field Effect Transistors (FETS) for the detection
on biological molecules®™®®’. Sensors based on FETSs are easier to miniaturize than
ELISA (enzyme-linked inmunosorbent assay) or PCR (polymerase chain reaction)
tests; require short measurement times and several samples can be measured at the

same time. Studies about the interaction of CNTs with proteins in solution®,

3234 or peptides®® have been developed. The nanotube density has also been

enzymes
studied, as a parameter influencing the performance of biosensors using CNT-

FETs™.

The successful use of SWNTs in FETs for electronic anabolic steroid
recognition®® and label-free DNA detection® has already been probed by our

research group.

11
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3. Experimental Section
3.1. Carbon nanotubes synthesis and functionalization
Single-walled nanotubes were produced by arc discharge method. A homemade

reactor was used (Figure 6).

Figure 6: Arc discharge reactor used for the synthesis of SWNTS.

A rod of graphite was used as cathode. The anode was a graphite rod in which a
hole had been drilled and filled with a mixture of graphite powder and metallic
catalysts. Ni and Y were used as catalysers, in a molar ratio of 2:0.5. The arc
discharge was created by applying a current of 100A, 20V, between the electrodes
under 660mb of helium®®®®. A constant distance (around 5 mm) was maintained
between the electrodes.

Most of the material was condensed on the refrigerated walls, and web-like
structures were deposited between the cathode and the reactor walls. The material
was recovered after several rods burning.

The as-produced SWNTs were a multicomponent material consisting of entangled
SWNT bundles associated with metal nanoparticles and carbon phases more or less

graphitized (Figure 7).

Figure 7: TEM image of as-produced SWNTSs.

13
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3.1.1. SWNTSs covalent functionalization®°®

Different groups were introduced on the surface of the SWNTs in order to
evaluate the influence of the different groups and charges on the streptavidin
absorbance.

As grown SWNTs have some functional groups, but in a small number. Their
surface can be considered as non charged. To obtain negative charge on the surface
of the SWNTs, carboxylic groups (COOH/COQ") were introduced. Amine groups
(NH,/NH;") were produced in order to have positive surface charges. SWNTSs were
functionalized with biotin groups to have the most favourable conditions for

streptavidin interaction.

The SWNTs have been intended to be blocked by covalently attaching
polyethylene glycol (PEG) to their surface. This way, the streptavidin interaction
with the SWNTSs surface intends to be prevented.

Primary functionalization of SWNTs was carried out by oxidation in acid
medium. 150 mg of as-grown SWNTs were added to 60 mL of an aqueous solution
of nitric acid 1.5M and refluxed for 2 hours. The resulting suspension was then
centrifuged during 4 hours at 10000 rpm, filtered through a 3 um pore size Isopore
filter, washed with milli-Q water until neutral pH was reached, and dried under
vacuum. Besides the introduction of oxygenated groups, a reduction of the metal

content was achieved.

To obtain aminated SWNTS, acid treated carbon nanotubes were first acylated. 40
mL of thionyl chloride and 2 mL of dimethylformamide were added to 200 mg of
acid treated SWNTSs, and stirred at 120°C during 24 hours. After filtration through a
200 nm pore size PTFE membrane and washing with tetrahydrofuran to remove the
SOCI; excess, the SWNT material was dried under vacuum. Afterwards, SWNTs
material was mixed with 15 mL of ethylenediamine and stirred at 60°C during 4
days. SWNTSs dispersion was then filtered through a 200 nm PTFE membrane filter,
washed repeatedly with ethanol and dried under vacuum to obtain the final aminated

nanotubes.

The aminated nanotubes (60 mg) were then dispersed in dimethylformamide, and

reacted overnight with N-hydroxysuccinimidyl biotin (120 mg) at room temperature

14
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to form biotinated SWNTSs. The dispersion was then filtered, rinsed and dried under

vacuum.

A scheme of the sequence of reactions is shown in Scheme 1.

#{§ -COOH £p3-C0C!
:r_ii SOCl, C,N,Hg &
l':: —_— —_— g.
58 DMF
o]
HNANH
e 9 H
)LN/\/N -
H S N-hydroxy succinimidyl biotin

Scheme 1: Scheme of biotin functionalization of SWNTSs.

To obtain SWNTSs covalently functionalized with polyethylene glycol (Scheme 2),
the acylated nanotubes were mixed with PEG and 2 mL of pyridine in 200 mL of
dimethylformamide, and stirred at 100°C during 5 days. After filtration, the product

was washed with water and dried under vacuum.

i i
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Scheme 2: Scheme of PEG covalent functionalization of SWNTSs.

3.1.2. SWNTs non-covalent functionalization

The non-covalent functionalization has been carried out with PEG (average
MW=10000), Tween 20® and Pluronic F-127® (all of them were purchased from
Sigma-Aldrich). PEG is a water soluble molecule that works as non ionic surfactant.
Tween 20® is a polyoxyethylene derivate of sorbitan monolaurate, acts as surfactant
and is widely used in biology to prevent non specific adsorption. Pluronic F-127® is
a block copolymer based on polypropylene oxide and polyethylene oxide that works
as non ionic surfactant. They three are biocompatible and are being used in

biochemical applications.

15
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The non-covalently functionalization of nanotubes was carried out by mixing the
as-grown SWNTs with the corresponding surfactant in a 10 fold excess in milliQ
water and stirred over 6 hours. Both stirring with a magnetic stirrer and in a
sonication bath were used. The product was then filtered through a 3 um pore size
Isopore membrane filter and washed repeatedly with MilliQ water. The solid was

then dried under vacuum.
3.2. Characterization
As-grown and functionalized SWNTSs were characterized by several methods.

- Elemental Analisis provided information about the composition of the
SWNTs. Carbon, hydrogen, nitrogen, sulphur and oxygen contents were
measured with a Carlo Erba 1108 Elemental Analyzer.

- Inductively Coupled Plasma (ICP) provided information about the metal
content. Nickel and Ytrium content was determined in a Jobin-Ybon 2000 ICP
instrument.

- Fourier Transform Infrared Spectroscopy (FTIR) provided information about
the functional groups present in the SWNTs, thus confirming the covalent
functionalization of the material. FTIR was performed on a Bruker Vertex 70
instrument. All samples were prepared as pellets using spectroscopic grade
KBr.

- Thermogravimetric Analysis (TGA) provided information about the
percentage of surfactant surrounding the SWNTs or covalently bonded
reagents, for both covalent and non covalent functionalization. TGA
experiments were carried out with a SETARAM Setsys Evolution 16/18
device, heating from 0° to 1300°C at 5°C/min under nitrogen atmosphere.

- Transmission Electron Microscopy (TEM) images of some samples were
taken. Micrographies were performed with a JEOL-2000 FXII electron
microscope, working at 2000kV and with 0.28nm point-to-point resolution.

- Kaiser Test®/688

was used to determine the number of free amine groups
present in aminated SWNTs. A protocol adapted to our SWNTs was

optimized.

16
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3.3. Streptavidin adsorption test

The colorimetric method used to determine the non-specific adsorption is based
on the horseradish peroxidase (HRP) catalyzed oxidation of 3,3°,5,5°-
tetramethylbenzidine (TMB)®. HRP is an enzyme specific for hydrogen acceptors.
Only the H,0O,, methyl- and ethyl- peroxides are actives. On the contrary, it is not
specific for hydrogen donors, and reacts with a wide number of phenols, amino
phenols, diamines, indophenols, leuko dyes, ascorbate and many amino acids. HRP
catalyses the H,O; oxidation of the TMB substrate by an electron transfer from the
TMB to the peroxide giving a coloured product (Scheme 3). TMB has an absorbance
maximum at 285 nm and the blue product obtained with one electron loss, gives
absorbance peaks at 370nm and 652nm. The reaction can be stopped by H,SO,
addition, giving a yellow product with an absorbance maximum at 450nm.

Preliminary studies were performed in 2 mL eppendorf tubes. UV-vis
measurements were carried out in a UV-vis Shimadzu UV-2401PC

Spectrophotometer.

Semiquantitative studies were performed in 96-well filtering plates. UV-VIS
measurements using the 96-well dishes were permorned in a SpectramaxPlus

(Molecular Devices, Sunnyvale, CA).

The different types of nanotubes were dispersed in phosphate buffer solution 1x
(PBS 1x). First, a study using different concentrations of SWNTs and streptavidin-
peroxidase solution was carried out to determine the optimum ones. 50 uL of 100
ng/mL nanotubes dispersion and 50 uL of streptavidin-peroxidase solution of
0.04pg/mL were added to 96-well Acrowell™ membrane-bottom plates with GHP
(hydrophilic polyropilene) Membrane. These were the concentrations working better,
and were the ones used in the experiments showed in this dissertation, were the final
concentrations were 50 pg/mL for the SWNTSs dispersions and 0.02 pg/mL for the
streptavidin-peroxidase solution. After 30 minutes (900 rpm), the solution was
filtered and washed four times with PBS buffer 1x to remove the streptavidin-
peroxidase not adsorbed on the SWNTs. HRP buffer was fresh prepared and added
over the SWNTSs.

17
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H3C CHj

HiC CHj

HaG CHg
N
H,C CH H,N NH,
HsC CHg

— BLUE
HzN \ / NH> 1/2 + HY
HaC CHj3

HaC CHa
HaC CHj
HaC CHs
HNNH +2H
HaC CH;

Scheme 3: TMB HRP catalyzed colorimetric test reaction.

HRP buffer consists on citrate buffer 1x, a 0.6% solution of TMB in
dimethylsulfoxide (DMSO) and a 1% H,0, solution. Blue colour was observed when
streptavidin-peroxidase was present on the SWNTs. After 30 minutes the reaction
was stopped by adding H,SO4 2M, and blue colour turned to yellow. After filtering,
the absorbance was measured at 450.

Control experiments were also carried out to set the colour in the absence of
nanotubes, due to the streptavidin-peroxidase adsorption on the filtering membrane
material. This value has been substracted from the shown absorbance values.

The streptavidin adsorption onto the surface of the nanotubes was confirmed by
addition of streptavidin doped with gold. As-grown SWNTs were mixed with
streptavidin-gold (8-12 nm, Sigma-Aldrich) in PBS buffer 1x during 1 hour. After
repeated centrifugation and redispersion to eliminate the excess of reactive, the
nanotubes obtained were observed by TEM.

PBS buffer 1x consists on 10 mM phosphate buffer, pH 7.5. It was prepared by
solving NaCl (8 g/L), KH,PO, (0.2 g/L), Na;HPO, (1.14 g/L) and KCI (0.2 g/L) in
Milli-Q water.

Citrate buffer 1x consists on 0.04 M solution of sodium citrate in Milli-Q water,
pH 5.5.

18
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3.4. DNA adsorption and hybridization

Although the first idea had been to use the highly specific interaction between
straptavidin and biotin to link biotin functionalized SWNTs to streptavidin of
molecules functionalized with streptavidin, the results obtained had shown that this
was not a good strategy. Streptavidin bonds non covalently SWNTSs surface, and this
interaction can’t be completely hindered using surfactans.

As streptavidin attach to the SWNTs surface, and can’t be removed by washing
with detergent, we will use that interaction to bind biomolecules through the opposite
strategy. SWNTSs surface will be covered with streptavidin, and then biomolecules
functionalized with biotin will be bound.

Using the highly specific interaction between streptavidin and biotin, streptavidin
has been used as interlinker between SWNTs and a single stranded DNA (ssDNA)
modified with biotin. The SWNTSs used for this purpose have been acid treated to
both oxidize and purify them. 1 mg of purified nanotubes were added to 1 mL of
PBS 1x and sonicated during 4 hours. 200 uL of 1mg/mL streptavidin solution in
PBS 1x was then added and let react during 1 hour under stirring in a sonication bath.
The mixture was then spin-dried during 10 minutes at 13000 rpm. The supernatant
was eliminated and the solid was washed twice with PBS 1x (sonication,
centrifugation, removal of the supernatant).

The nanotubes covered with streptavidin were dispersed in 800 uL of PBS 2x and
sonicated for 2 hours. Then 200 uL of a 75 uM solution of ssDNA-biotin solution in
PBS 2x was added. The ssDNA-biotin used is a 20 bases molecule with the
following sequence: CTC-GAT-GAC-TCA-ATG-ACT-CG with a biotin group in
the 5° terminus. The mixture was allowed to react during 1 hour at room temperature
under agitation. The mixture was then centrifuged for 10 minutes at 13000 rpm and
washed twice with PBS 2x. The supernatant was eliminated.

Hybridization with the complementary strand was then performed. The
complementary strand (CGA-GTC-ATT-GAG-TCA-TCG-AG) was functionalized
in the 5’ terminus with Alexa 555. This fluorescent dye has an absorption maximum
at 555 nm and an emission maximum at 565 nm. 500 uL of a 15 uM solution of ss-
DNA-Alexa 555 in SSC 2x was added. The mixture was agitated over night at 37°C
for DNA hybridization. The mixture was then centrifuged for 10 minutes at 13000

rpm and washed twice with SSC 0.1x to eliminate the non-hybridized strands.
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Alexa555
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Scheme 4. DNA functionalization and hybridization.

Control experiment

In order to discard non specific adsorption of the fluorescent marked DNA strand
on the surface of the nanotubes, a control experiment was carried out. The nanotubes
covered with streptavidin were dispersed in 400uL of PBS 2x. Then 250 uL of the
15 uM ss-DNA-Alexa 555 solution were added and allowed to react for 1 hour at
room temperature. The mixture was then centrifugated for 10 minutes at 13000 rpm
and washed twice with PBS 2x.

Alexa555

Alexa555

__ Streptavidin___

Scheme 5: Control experiment.

SSC buffer (saline-sodium citrate buffer) consists on NaCl and NazCgHs0;

(trisodium citrate) at pH 7.0.

3.4.1 Micro contact printing

The solids obtained were dispersed in Milli-Q water, sonicated and diluted.
Samples for observation at fluorescence microscope were prepared. Since SWNTs
are too small to be observed in an optical microscope, conventional observation of
the prepared solutions showed a uniform fluorescent/non fluorescent image not
conclusive at all.

Micro contact printing’® has been performed in order to completely discard that
the obtained signal was noise. A PDMS (polydimethylsiloxane) stamp (1cm?) with 5
um spots design was used. The stamp was clean with EtOH and dried under N». The
diluted solutions were then sonicated for 30 minutes and 100 uL were added over the

stamps. Since the PDMS surface is highly hydrophobic, a glass cover slip was
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carefully set on it to ensure complete contact of the solution with the stamp surface.
After 1 hour contact, the stamp was washed with water and dried with N». Imprinting
was then performed by putting the stamps upside down on a clean glass slide for 1
minute. (CORNING 2947-3x1. Micro Slides, Plain. Pre-Cleaned 3"x1".
Thickness:0.96 to 1.06 mm. 0215 Glass, Approx. 1/2 Gross).

Observation at the fluorescence microscope was then performed. MIH Nikon

Eclipse E1000 fluorescence microscope with MetaMorph software was used.

Oligonucleotide 3

1 solution
‘ Structured PDMS Glass
stamp slide

Patterned
+—lide

Figure 8: Micro contact printing of DNA molecules. 1) Inking of the stamp with the oligonucleotide
solution, 2) drying of the stamp, 3) manual contact printing between the inked PDMS stamp and
the glass slide, 4) DNA molecules are transferred on the slide along patterns that correspond to the
relief structures in the PDMS stamp. (Reference 70)

21



Experimental Section

22



Results and Discussion

4. Results and Discussion
4.1. Characterization of SWNTSs

Elemental analysis of pristine and functionalized SWNTs and metal content of
pristine and acid treated SWNTS is shown in Table 1.

C H N S ) Ni Y

As-produced SWNTSs 841102 | 02| 00| 15| 91| 36
Acid treated SWNTs 718 11| 07 | 01 |171| 40 | 1.0
Aminated SWNTSs 696 | 19 | 80 | 0.3 | 11.1| - -
Biotinated SWNTSs 69.5| 3.3 | 103 | 29 | 116 | - -

Covalently functionalized
PEG SWNTs

785| 23 | 34 | 0.0 | 10.7 - -

No covalently functionalized
PEG SWNTs

7841|112 | 03 | 0.0 - - -

No covalently functionalized
PLURONIC ®F-127 SWNTs

755| 26 | 02 | 0.0 - - -

No covalently functionalized
TWEEN®20 SWNTs

Table 1: Elemental analysis of the employed materials.

773 25| 03] 0.0 - - -

After SWNTSs oxidation with nitric acid, the oxygen content increases from 1.5
wt.% in pristine SWNTs to 17.1 wt.% in acid treated SWNTSs. An increase in the
nitrogen content is observed after reaction with ethylenediamine. After biotin
functionalization, both an increase in the N and S content is observed. The number of
free amine groups determined using the Kaiser test is 770 umoles per gram of
SWNTs. This value is an order of magnitude lower than the one calculated from
elemental analysis. This could be due to SWNTs linking during functionalization,
through diamine molecules bonding nanotubes at both ends.

The number of biotin groups calculated from the S content in the elemental
analysis is of 888 umoles of biotin groups per gram of SWNTs. This amount is
consistent with the number of free amine groups determined by the Kaiser test. The
SWNTs crosslinking during amine functionalization decreases the biotin SWNTSs

functionalization yield.
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Figure 9 shows the FTIR spectra of the as produced SWNTs and covalently
functionalized with oxygenated groups, amine groups, biotin groups and PEG. The
band at ca. 1559 cm™, assigned to nanotubes C=C phonon modes’*, is observed in the
as-produced SWNTSs spectrum (Fig.9a). The presence of bands at ca. 3437 cm™ and
1166 cm™, corresponding to O-H and C-O stretching modes, respectively, indicates
the presence of some functional groups in the pristine SWNTs material. The
appearance of bands ca. 3436 cm™, 1722 cm™ and 1225 cm™, corresponding to O-H,
C=0 and C-O respectively, demonstrates the carboxylation of the SWNTSs. (Fig.9b)
After acylation and reaction with ethylenediamine, with formation of amide bonds,
the band at ca. 1722 cm™ due to C=O bond disappears and a shoulder at lower
frequencies appears, ca. 1638 cm™, due to the amide carbonyl stretching mode.
(Fig.9c) After reaction of the acylated SWNTs with the N-hydroxysuccinimidyl
biotin, the two overlapped bands at ca. 1684 cm™ and 1653 cm™ are assigned to the
carbonyl groups in amides located at different positions of the attached organic
moieties (Fig.9d). The covalently PEG functionalized SWNTs shows the phonon
modes from the nanotubes at ca. 1584 cm™ and the bands due to C-O, C=0 and O-H
at ca. 1198 cm™, 1710 cm™ and 3428 cm™ respectively (Fig.9e).
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Figure 9: FTIR spectra of a) as-produced SWNTSs, b) carboxylated SWNTS, ¢) aminated SWNTS, d)
biotinated SWNTs and e) covalently functionalized SWNTSs.
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Figure 10: Nitrogen thermogravimetric analysis. TGA traces (solid line) and TGA derivates (doted
line) of a) non-covalently PEG functionalized SWNTs, b) non covalently PLURONIC®F-127
functionalized SWNTS, ¢) non-covalently TWEEN®?20 functionalized SWNTSs, d) SWNTSs as-grown,
e) PEG covalently functionalized SWNTSs, f) acid treated SWNTS, and g) aminated SWNTSs.
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The TGA analysis of the non-covalently functionalized nanotubes (Fig. 10a, b and
c) shows a unique weight loss, and covalently functionalized nanotubes (Fig. 10e, f

and g) show different behaviors.

TGA of pristine SWNTSs (Fig. 10d) show a 0.6 wt. % loss at low temperature due
to moisture loss, and a 5 wt. % loss at 341°C due to the loss of functional groups
existing in the as-grown material as indicated by the elemental analysis and FTIR.
Non-covalently functionalized SWNTs with PEG, Pluronic® F-127 and Tween®20
show peaks at 335°C, 314°C and 340°C respectively, and weight losses of 12%, 25%
and 12% respectively, corresponding to the loss of non covalently adsorbed
molecules on the CNTs as well as the functional groups existing in the as-grown
SWNTs material. TGA of covalently PEG functionalized SWNTSs (Fig. 10e) shows
an initial 4.5 wt. % loss at low temperature due to moisture, and a 10 wt. % loss at
387°C due to the PEG molecules covalently attached. The shoulder at ca. 250°C is
due to the loss of the remaining no functionalized carboxylic groups and oxydril
groups and also possibly due to no covalently adsorbed PEG molecules. The TGA of
acid treated SWNTs (Fig. 10f) shows a 13% weight loss at 226°C corresponding to
the removal of SWNTs oxygenated functional groups. The TGA of aminated
SWNTs (Fig. 10g) show a 22% weight loss with the maximum at 255°C

corresponding to the loss of amine groups and remaining oxygenated groups.

TEM images obtained from the SWNTSs treated with streptavidin-gold (Figure 11)
shows the gold nanoparticles all along the nanotubes surface and the streptavidin
wrapping the SWNTs bundles, thus confirming streptavidin adsorption on the carbon

nanotubes surface.

Figure 11: TEM image of streptavidin-gold coated SWNTSs.
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4.2. Streptavidin adsorption

The obtained results show that streptavidin adsorption took place in all the
SWNTs materials studied. Blue color was observed, with different intensities
depending on the functionalization of the SWNTSs indicating that SWNTSs surface
modification considerably determines the streptavidin adsorption. Initially,
qualitative studies were carried out, using 2 mL eppendorf tubes, in order to optimize

the test procedure.

Figure 12: Color test for detecting the presence of streptavidin. A)Before
and B) after adition of H,SO,.

Semiquantitative analyses were performed in 96-well filtering plates. The first

step was to optimize the SWNTs and streptavidin-HRP concentration for the volume

of the wells.

A first 2D (two dimensional, the influence of the concentration of both solutions
used in the reactions was studied) experiment was carried out using 100 ug/mL, 20
ug/mL and 4 pg/mL of SWNT-COOH and SWNT-biotin, and 10 ug/mL , 2 ug/mL
and 0.4 ug/mL of streptavidin-HRP. Distribution of wells is shown in Table 2.
Results are shown in Figure 13. No significant difference between the two types of
nanotubes was observed. Signal saturation was observed at low streptavidin-HRP

concentration. Dilution of this reactive in a factor of 10 was performed.

A second 2D experiment was carried out using 100 pg/mL, 20 ug/mL and 4
ug/mL of SWNT-COOH and SWNT-biotin, and 1 pg/mL, 0.2 pg/mL and 0.04
ug/mL of streptavidin-HRP. Distribution of wells is shown in Table 3. Results are
shown in Figure 14. Acceptable absorbance values and enough difference for the two
types of nanotubes is observed for 100 ug/mL of nanotubes and 0.04 ug/mL of
streptavidin-HRP.
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4 5 6 7
50 uL SWNT-biotina | 50 uL SWNT-biotina | 50 uL SWNT-biotina | 50 uL SWNT-biotina
A 100 pg/mL + 50 pL 100 pg/mL +50 uL | 100 pg/mL + 50 pL 100 pg/mL + 50 pL
strept-HRP 10 strept-HRP 2 pg/mL strept-HRP 0.4 PBS 1x
pg/mL pg/mL
50 uL SWNT-biotina | 50 uL SWNT-biotina | 50 uL SWNT-biotina | 50 uL SWNT-biotina
B 20 pg/mL + 50 pL 20 pg/mL + 50 pL 20 pg/mL + 50 pL 20 pg/mL + 50 pL
strept-HRP 10 strept-HRP 2 ug/mL strept-HRP 0.4 PBS 1x
pg/mL pg/mL
50 uL SWNT-biotina | 50 uL SWNT-biotina | 50 uL SWNT-biotina | 50 uL SWNT-biotina
c 4 pg/mL + 50 pl 4 pg/mL + 50 pL 4 pg/mL + 50 pL 4 pg/mL + 50 pL
strept-HRP 10 strept-HRP 2 ug/mL strept-HRP 0.4 PBS 1x
pg/mL pg/mL
D 50 uL PBS 1x + 50 50 uL PBS 1x + 50 50 uL PBS 1x + 50 50 pL PBS 1x + 50
pL strept-HRP 10 pL strept-HRP 2 pL strept-HRP 0.4 puL PBS 1x
pg/mL pg/mL pg/mL
50 uL SWNT-COOH 50 uL SWNT- 50 pL SWNT- 50 uL SWNT-
E 100 pg/mL +50 uL. | COOH 100 pg/mL + | COOH 100 pg/mL + | COOH 100 ug/mL +
strept-HRP 10 50 pL strept-HRP 2 | 50 pL strept-HRP 0.4 50 uL PBS 1x
pg/mL pg/mL pg/mL
50 uL SWNT- 50 uL SWNT- 50 uL SWNT- 50 uL SWNT-
= COOH 20 pg/mL + COOCH 20 pg/mL + COOH 20 pg/mL + COOH 20 pg/mL +
50 pL strept-HRP 10 | 50 pL strept-HRP 2 | 50 pL strept-HRP 0.4 50 uL PBS 1x
pg/mL pg/mL pg/mL
50 uL SWNT- 50 uL SWNT- 50 uL SWNT- 50 uL SWNT-
G COOH 4 ug/mL +50 | COOH 4 pg/mL +50 | COOH 4 pg/mL +50 | COOH 4 pg/mL + 50
pL strept-HRP 10 pL strept-HRP 2 pL strept-HRP 0.4 pL PBS 1x
pg/mL pg/mL pg/mL
50 uL PBS 1x + 50 50 uL PBS 1x + 50 50 uL PBS 1x + 50 50 uL PBS 1x + 50
H pL strept-HRP 10 pL strept-HRP 2 pL strept-HRP 0.4 pL PBS 1x
pg/mL pg/mL pg/mL
Table 2: First 2D experiment for adjusting the reactives concentration.
1,2

Absorbance

=——5 ug/mL strep-HRP(SWNT-biotin)

SWNT (ng/ml)

Figure 13: Results from the first 2D experiment.

—— 1 ug/mL strep-HRP(SWNT-biotin)

0.2 ug/mL strep-HRP(SWNT-bictin)

0 ug/mL strep-HRP(SWNT-biotin)

= =5 ug/mL strep-HRP(SWNT-COOH)

—® -1 ug/mL strep-HRP(SWNT-COOH)

==+ =0.2 ug/mL strep-HRP(SWNT-COOH)

= = ug/mL strep-HRP(SWNT-COOH)
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4

5

6

7

50 uL SWNT-biotina

50 uL SWNT-biotina

50 uL SWNT-biotina

50 uL SWNT-biotina

A 100 pg/mL + 50 pL 100 pg/mL + 50 pL 100 pg/mL + 50 pL 100 pg/mL + 50 pL
strept-HRP 1 ug/mL strept-HRP 0.2 strept-HRP 0.04 PBS 1x
pg/mL pg/mL
50 uL SWNT-biotina | 50 uL SWNT-biotina | 50 uL SWNT-biotina | 50 uL SWNT-biotina
B 20 pg/mL + 50 pL 20 pg/mL + 50 pL 20 pg/mL + 50 pL 20 pg/mL + 50 pL
strept-HRP 1 ug/mL strept-HRP 0.2 strept-HRP 0.04 PBS 1x
pg/mL pg/mL
50 uL SWNT-biotina | 50 uL SWNT-biotina | 50 uL SWNT-biotina | 50 uL SWNT-biotina
c 4 pg/mL + 50 pl 4 pg/mL + 50 pL 4 pg/mL + 50 pL 4 pg/mL + 50 pL
strept-HRP 1 ug/mL strept-HRP 0.2 strept-HRP 0.04 PBS 1x
pg/mL pg/mL
D 50 uL PBS 1x + 50 50 uL PBS 1x + 50 50 uL PBS 1x + 50 50 uL PBS 1x + 50
pL strept-HRP 1 pL strept-HRP 0.2 pL strept-HRP 0.04 puL PBS 1x
pg/mL pg/mL pg/mL
50 uL SWNT-COOH 50 uL SWNT- 50 pL SWNT- 50 uL SWNT-
E 100 ug/mL +50 uL. | COOH 100 pug/mL + | COOH 100 pg/mL + | COOH 100 pg/mL +
strept-HRP 1 ug/mL | 50 uL strept-HRP 0.2 50 pL strept-HRP 50 uL PBS 1x
ug/mL 0.04 pg/mL
50 uL SWNT- 50 uL SWNT- 50 uL SWNT- 50 uL SWNT-
= COOH 20 pg/mL + COOCH 20 pg/mL + COOH 20 pg/mL + COOH 20 pg/mL +
50 pL strept-HRP 1 | 50 pL strept-HRP 0.2 50 pL strept-HRP 50 uL PBS 1x
pg/mL pg/mL 0.04 pg/mL
50 uL SWNT- 50 uL SWNT- 50 uL SWNT- 50 uL SWNT-
G COOH 4 ug/mL +50 | COOH 4 pg/mL +50 | COOH 4 pg/mL +50 | COOH 4 pg/mL + 50
pL strept-HRP 1 pL strept-HRP 0.2 pL strept-HRP 0.04 pL PBS 1x
pg/mL pg/mL pg/mL
50 puL PBS 1x + 50 50 puL PBS 1x + 50 50 uL PBS 1x + 50 50 uL PBS 1x + 50
H pL strept-HRP 1 pL strept-HRP 0.2 pL strept-HRP 0.04 pL PBS 1x
pg/mL pg/mL pg/mL
Table 3: Second 2D experiment for adjusting the reactives concentracion.
1
- —H ——0.5 ug/mL strep-HRP(SWNT-biotin)
0,9 - -
0,8 ‘\ - - e —— —§ —8— 0.1 ug/mL strep-HRP(SWNT-biotin)
0,7 1 > - /"'/'-” = 0.02 ug/mL strep-HRP(SWNT-biotin)
g 06 / BT
g " P - 0 ug/mL strep-HRP(SWNT-biotin)
2 05 - -
g - - — =0.5 ug/mL strep-HRP(SWNT-COOH)
2 04 =
0,3 P -2 - —® = 0.1 ug/mL strep-HRP(SWNT-COQH)
7
0.2 / « —+ =0.02 ug/mL strep-HRP(SWNT-COOH)
0,1
e e e ————————— ] = =0 ug/mL strep-HRP(SWNT-COOH)
0
0 10 20 30 40 50

SWNT (ug/ml)

Figure 14: Results from the second 2D experiment.
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Final experiments were performed by triplicate in order to ensure the
reproducibility of the results. 100 ug/mL of carbon nanotubes and 0.04 ug/mL of
streptavidin-HRP. This means final concentrations of 50 pug/mL of nanotubes and

0.02 ug/mL of streptavidin-HRP.

Figure 15 shows the adsorption of streptavidin-peroxidase on the different
SWNTs used.
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Figure 15: Streptavidin-peroxidase adsorption on different SWNTSs samples.

A small adsorption was observed in the control experiments when only PBS 1x
was added to the well due to filter membrane material adsorption. This adsorption is
substracted from the values showed in Figure 15. As expected, adsorption was most
effectively prevented by non-covalent functionalization, even though it was not
completely hindered. The different groups present on the surface in the covalently
functionalized SWNTs showed differences in adsorption. These differences can be
attributed to different hydrophobic character, resulting in higher adsorption on as
grown SWNTs surface due to their high hydrophobicity. Unexpectedly, adsorption
on biotinated SWNTs was not significantly higher confirming the important non-

specific absorption of the streptavidin on SWNTs walls.

Streptavidin is a 60 KDa tetrameric protein obtained from Streptomyces avidinii.
Streptavidin is 5 nm diameter and many amino and carboxylic groups, which are able
to bind SWNTs surface. The type of interaction may vary depending on the surface

functionalization. For the as-produced SWNTSs, hydrophobic interactions are
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probably responsible for non-specific adsorption, whereas for carboxylic and amino
functionalized SWNTSs, acid-base interactions may also participate in the adsorption.
Azamian et al.”? have reported that the adsorption of proteins on SWNTs happens
with both positively and negatively charged proteins with such strong adsorption
being consistent with an electrostatic adsorption mechanism. The observed proteins
adsorption seems to be at least in part associated with the amino affinity of carbon

nanotube.

A comprehensive understanding of the non-specific protein-carbon nanotube
interactions requires more investigations at the molecular level. For example,
different amino acid residue compositions and sequences may vary the adsorption on
surfaces. In addition, the secondary (and maybe tertiary and quaternary) structures of
the proteins may affect the non-specific interactions and related properties. The same
molecular level investigation is also required for an improved understanding of the

role of the nanotube electronic structures in the interactions.

4.3. DNA hybridization

DNA adsorption and hybridization processes were carried out. Micro contact
printing was performed with the solutions obtained from hybridization and control

experiments.

For the control experiment no fluorescence was observed, thus discarding direct
adsorption of de labeled single DNA strand on the surface of the streptavidin covered
SWNTSs. As ssDNA adsorbs on the surface of bare SWNTSs, thus mean effective

covering of the surface by the streptavidin.

Fluorescence was observed for the hybridization experiment (Figure 16), thus
confirming hybridization of the DNA linked to the SWNTSs by the biotin-streptavidin

system.
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Figure 16: Fluorescent image of the imprinted hybridized DNA SWNTSs.
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5. Conclusions

SWNTs have been covalently functionalized with carboxylic groups, amine
groups and PEG, and no covalently functionalized with PEG, Pluronic® F-127 and
Tween®20. FTIR spectra have confirmed the SWNTSs covalent functionalization and
TGA have confirmed the non covalent functionalization. Elemental analysis together
with the Kaiser test indicated that some crosslinking between SWNTSs occurs during
the amination step, leading to a lower number of free amine groups available for
binding the biotin. The blockage of amine groups would lead to higher biotin
SWNTs functionalization yields.

Streptavidin adsorbs non specifically on the surface of the as-grown SWNTSs as
well as on the acid treated, aminated, and PEG covalently functionalized SWNTSs.
Adsorption is higher on as grown SWNTSs due to their higher hydrophobicity. PEG,
Pluronic® F-127 and Tween®20 non covalently functionalized SWNT shows low
adsorption of streptavidin, nevertheless no complete blockage of this adsorption has
been achieved. The streptavidin adsorption on biotinated SWNTSs is of the same
order than on raw SWNTSs indicating the strong non-specific adsorption of

streptavidin on SWNTs walls.

The highly specific biotin-streptavidin interaction, led us to the utilization of
streptavidin as interlinker between SWNTSs and bioreceptor molecules. This has been
used to link a single strand of DNA to the SWNT.

Hybridization of the DNA has been performed and non specific adsorption of
DNA has been ruled out.

This strategy has been also used to anchor DNA strand to SWNTSs in FETs for

building DNA electronic biosensors”®.
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