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Background: Single-walled carbon nanotubes (SWCNTs) have novel properties including
their nanoscale size and ease of cellular uptake. This makes them useful for drug delivery, and
their photo-thermal effects make them potentially useful in a wide range of applications, par-
ticularly the treatment of solid tumors. The poor solubility of SWCNTs has, however, been an
issue that may potentially limit the utility of SWCNTs for cancer treatment. Functionalization
of the surface of the tubes may be an approach to overcome this problem.

Methods: SWCNTSs were refluxed in HNO,/H,SO, (1:3) at 120°C for 120 minutes. Transmission
electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), contact angle
measurements, and near infrared (NIR) light exposure were used to assess the functionalization
process. The attachment of a carbohydrate-binding protein (lectin) labeled with fluorescein
isothiocyanate to the functionalized SWCNTSs enabled evaluation of the functionalization step via
confocal microscopy. The lectin from Helix pomatia, (Helix pomatia agglutinin [HPA]), can detect
changes in protein glycosylation associated with aggressive metastatic cancer. The interaction
between the lectin HPA alone and HPA conjugated to the functionalized SWCNTSs with human
breast cancer cells (MCF-7) was measured using a quartz crystal microbalance biosensor.
Results: Following the functionalization process, TEM images showed a layer had formed
on the surface of the SWCNTs. In the FTIR experiment, results illustrated the presence of the
—COOH group on the functionalized SWCNTs. Contact angle measurements showed that upon
functionalization the hydrophilicity of the SWCNTs increased. The temperature increase in
the liquid (supernatant) surrounding the functionalized SWCNTs following exposure to light
in the NIR (808 nm) was greater than for non-functionalized SWCNTs. The biosensor work
showed that HPA binds with high affinity (nanomolar range) to human breast cancer cells;
HPA-binding properties to MCF-7 cells were retained following conjugation to the functional-
ized SWCNTs.

Conclusion: Treating pure SWCNTs with HNO,/H,SO, (1:3) at 120°C for 120 minutes is
an effective method for functionalization of SWCNTSs. HPA linked to SWCNTs is a suitable
candidate for the delivery of the functionalized SWCNTs to cancer cells.

Keywords: SWCNT, HPA lectin, human breast cancer cells

Introduction

Carbon nanotubes (CNTs)' were discovered more than 50 years ago. Since that time,
researchers have unraveled many of the properties of these fascinating materials, and
applications now range from the development of nanocomposites, electrochemical
devices, electronic devices and sensors, and recently to medicine.? The exceptional
tensile strength (in the gigapascal range) and high Young’s modulus (in the terapascal
range) of CNTs attest to the robust mechanical properties of CNTs.?
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CNTs are mainly cylindrical fullerenes, with dimensions
in the nanoscale.* They comprise carbon atoms arranged in
a hexagonal lattice. CNTs are found in two forms: as single-
walled (SWCNTSs) and as multi-walled carbon nanotubes
(MWCNTs).> SWCNTSs comprise a single sheet of sp? hybrid-
ized carbon atoms, rolled into a cylindrical format, with a
diameter of 0.4-2.0 nm; whilst MWCNTs are made up of
concentric layers of SWCNTs, with inner diameters in the
range of 1-3 nm and 2—-100 nm for the outer diameter.°

The length of MWCNTs varies greatly depending on their
application. The concentric nanotube layers are held together
by secondary Van der Waals forces. The walls of each layer
of MWCNTs lie parallel to their central axis.” CNTs are
available in diverse structural designs and various electron
arrangements; due to these structural differences, SWCNT
and MWCNT tend to exhibit different physical properties.
For example, in terms of their electrical conductivity,
SWCNTs may be either semiconductors or conductors, but
MWCNTs are only semiconductors.® Furthermore, CNTs
have a high optical absorbance in the near infrared (NIR)
region’® and can readily penetrate cell membranes,!® making
them ideal as nanoscale “delivery platforms” with unique
photothermal properties. Due to these properties, CNTs can
be used to both thermally ablate and deliver chemotherapeutic
drugs directly into cancer cells.'!

Following their exposure to NIR light, MWCNTs are less
combustible than SWCNTSs.!2!* The range of properties of
CNTs, including their size, high aspect ratio, high surface area,
ultra-light weight, and high stability, have meant that these
materials have been used in diverse programs of research.*!
CNTs have been exploited in several biomedical applica-
tions; for example, for the regeneration of nerve conduits, as
scaffolds for the regeneration bone, for the thermal treatment
of cancer, and for drug delivery." It has been shown that by
adjusting the size of the CNTs, this will direct them into differ-
ent cellular pathways,'® and also alter their affinity to various
ligands, control their uptake by malignant cells,'” and poten-
tially minimize adverse effects on normal healthy cells.!®

Consistent with these observations, renal filtration and
nonspecific uptake by the reticuloendothelial system has been
shown to be dependent on particle size. Therefore, despite
the above advantages of CNTs, their lack of biocompatibility
has remained an issue, and this has been recognized as an
area where more research is needed."”

Pristine CNTs are usually severely contaminated with
metal catalysts and amorphous carbons, are generally insol-
uble, and have adverse effects on the environment of the cell.
It has been proposed that the surface functionalization of

CNTs may assist in overcoming these issues. Generally,
the functionalization process involves the attachment of
materials to the sides or end of the CNTs, hence improving
their biocompatibility.”® The attachment may be achieved
via covalent or noncovalent bonding,?' and both systems
have their own advantages and disadvantages. For example,
covalent bonding of a functional group to the CNTs will
produce stable functionalized CNTs,?? which would make
these materials suitable candidates for different applications
such as drug delivery.?

However, a problem that may occur with this technique is
that the side wall of the CNT may become damaged, result-
ing in a reduction in some of the other uses of the CNT with
respect to Raman scattering and NIR fluorescence signaling.
For this reason, it has been suggested that the CNTs function-
alized by covalent bonding should not be used in some of the
carbon nanotube applications such as imaging.>*

Noncovalent functionalization has the advantage that
it results in the preservation of the electronic structure of
the nanotube atomic surface.>?” Attachment of polyethyl-
ene glycol (PEG) to the surface of CNTs is a method that
improves the solubility® of CNTs. Adding PEG also allows
for modification of the CNT with different functional groups
such as terminal amine (PEG-NH,) and carboxyl (PEG-
COOH) groups that offer further new functionalization sites
for biomolecules.? PEGylated CNTs demonstrate superior
biocompatibility and are currently being assessed for use in
medical implants.* Treating CNTs with strong acid is also
another common technique used for improving the solubil-
ity of these materials. This method leads to the removal of
metallic impurities from the CNTs and causes the formation
of —(COOH groups on their surfaces.* This would be expected
to improve the solubility of these materials and to provide a
platform for the attachment of other compounds.*

The aim of this study was first to investigate the function-
alization process of SWCNTs, and secondly, to investigate
the attachment of the lectin Helix pomatia agglutinin (HPA)
to SWCNTs and to investigate the delivery of SWCNTSs to
breast cancer cells.

Materials and methods

Experimental agents

SWCNTSs were purchased from Nanothinx (Rio-Patras, Greece),
HPA lectin-fluorescein isothiocyanate (FITC) (20 pug/mL),
3-dimethylaminopropyl-N-ethylcarbodiimide hydrochloride
(EDC) (99%), H,S0O, (95%), HNO, (70%), 4% paraformal-
dihyde, and N-hydroxysuccinimide (NHS) were purchased
from Sigma-Aldrich (Dorset, UK). Dulbecco’s modified Eagle’s
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medium (DMEM), fetal calf serum (FCS), phosphate buffered
saline (PBS), bovine serum albumin (BSA), To-Pro®-3, and
trypsin (0.5 g/L) were purchased from Invitrogen (Paisley, UK).
Human breast cancer cell (MCF-7) and human colon adeno-
carcinoma cell line (SW480) were purchased from ATCC via
LGC (Middlesex, UK). Laser diodes of wavelengths 808 nm
were purchased from Thorlabs Ltd (Cambridge, UK) alongside
other necessary equipment such as thermoelectric cooler ele-
ments and laser diode controller.

Functionalized SWCNTs

Solid SWCNTs in powder form were purchased from
Nanothinx. The purity of SWCNTs used was 97%. 10 mg
of SWCNTSs was dispersed in 30 mL of 1:3 HNO,:H,SO,
[HNO, (70%)/H,SO, (95%-98%)] solution and refluxed
for 120 minutes at 120°C with stirring at a rate of 500 rpm.
The acid-treated SWCNTSs were centrifuged for 30 minutes
at 2400 x g and sonicated for 1 hour. The SWCNTSs were
washed extensively in deionized water until a constant
pH value in the range of 5—6 was attained.

To investigate the relationship between the exposures
to the acid solution of the SWCNTs on the functionaliza-
tion process, an experiment was set up where the reflux
step was repeated for 0.5, 1, 2, 3, 4, and 5 hours. Each
sample was subsequently conjugated with HPA-FITC
(lectin-FITC). The confocal microscope was utilized to
compare the percentage of fluorescently labeled function-
alized SWCNTs.

Synthesis of SWCNT-lectin-FITC
conjugates

The functionalized SWCNTs were filtered and washed sev-
eral times with deionized water, as before, until the pH of the
solution was 6—7. The neutralized functionalized SWCNTSs
were dried. A volume of 1 mL of PBS was added to 1.2 mg
of functionalized SWCNTSs; the solution was mixed with
6 mg of EDC and 6 mg NHS and placed on a rocker at room
temperature for 30 minutes. A volume of 50 UL of lectin-FITC
(20 ng/mL) was added to the mixture and agitated for 2 hours
onice. A centrifugal column with a cutoff of 10 kDa was used
to remove the unbound material (Centricon, Millipore, UK).

Cell culture

Human breast cancer cell line MCF-7 (derived from a
pleural effusion of a breast cancer patient) and human
colon adenocarcinoma cell line (SW480) were grown
in DMEM supplemented with 10% (v/v) FCS (Biosera,
East Sussex, UK). MCF-7 cells have been shown to exhibit

a metastatic phenotype when implanted subcutaneously into
SCID (severe combined immunodeficiency) mice.

Each cell type was grown to 80% confluence at 37°C
under 5% (v/v) CO,; for routine passage, the cells were
washed three times with 10 mM sodium phosphate buffer, pH
7.2, containing 137 mM NaCl (PBS), incubated at 37°C with
0.5 g/L trypsin and 0.2 g/l EDTA (ethylenediaminetetra-
acetic acid) in PBS until they lifted from the flask, centrifuged
at 400 x g for 5 minutes and resuspended in fresh media.
The resuspended pellet was passaged at a ratio of 1:6 into
new flasks. Cells were also seeded on 12-well plates, with
approximately 150,000 cells seeded into each well. To each
well, 1 mL of treatment reagent was added.

Cellular staining
Lectin staining was performed as follows: 12-well plates
containing MCF-7 and SW480 cells were washed three times
with PBS and fixed for 30 minutes in 3.7% (v/v) formalde-
hyde, blocked for 30 minutes with 5% (w/v) BSA, trypsinized
for 20 minutes at 37°C, and incubated in the dark with 1 mL
HPA-FITC at 20 pug/mL for 60 minutes in PBS. The cells
were treated with 100 ug/mL DNase-free ribonuclease A for
20 minutes at 37°C, and the nuclei counterstained using 1 uM
To-Pro-3 in PBS for 20 minutes. Cells were also incubated with
SWCNTs conjugated to HPA-FITC (lectin-SWCNTSs) using
the same methodology and 20 pg/mL lectin-SWCNT.
Images were acquired by sequential scanning using
a Leica TCS SP2 confocal system (Leica Microsystems,
Milton Keynes, UK) with a 63X ceramic dipping objective at
1024 x 1024 format and a scanning speed of 400 Hz, with a
line average of 2. A 488 nm laser, intensity 25%, was used for
excitation of the lectin-FITC; the emitted light was recorded
over a bandwidth of 500-550 nm. A 633 nm laser, intensity
35%, was used for To-Pro-3 excitation, with the emitted light
recorded over a bandwidth of 650-720 nm.

Assessment of the functionalization
of SWCNT

Transmission electron microscopy (TEM)
Functionalized SWCNTs and control material was deposited
on a copper grid coated with Piloform (TAAB, Aldermaston,
UK), and then TEM images (Phillips CM 120, Amsterdam,
The Netherlands) were obtained and evaluated to investigate
the efficiency of the functionalization process.

Fourier transform infrared spectroscopy (FTIR)
FTIR spectroscopy analysis was used to detect carboxylic
acid groups (—COOH) on SWCNTs using the PerkinElmer
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1750 FTIR (Beaconsfield, UK). The absorbance spectrum was
obtained via a second derivative and a 13-point reading. The
system utilizes a beam of light with many frequencies and
measures the absorption spectrum of the sample. The group
frequency wave numbers correspond to the functional groups
that are present in the sample. This is, therefore, a useful
technique for detecting the presence of chemical groups on a
given sample. The FTIR was performed using two samples:
non-functionalized SWCNTs and functionalized SWCNTs.

A 10 uL volume of each of these samples, each 1 mg/mL,
was loaded onto the mounting crystal of the FTIR machine.
The samples were prepared in D,O (heavy water) as the group
frequency wave number/absorption peak of water would inter-
fere with the absorption peak of =COOH groups (3400 cm™),
which the authors were trying to detect on the functional-
ized SWCNTSs. The scan parameters were as follows: start
(4000 cm™), number of scans (100), resolution (4), units (%T),
end (400 cm™), interval (2), shuttle (interleaved).

Analysis of functionalized CNTs using

confocal microscopy

The SWCNTs were treated with the acid solution for 0.5,
1, 2, 3, 4, and 5 hours and subsequently attached to the
HPA lectin-FITC as described above. The SWCNTSs were
viewed under a Leica scanning confocal microscope (Leica
Microsystems). A 488 nm laser, intensity 25%, was used for
excitation, and the emitted light was recorded over a band-
width of 500-550 nm. The material was also viewed using
white light and this allowed the total number of SWCNTSs to
be determined, the percentage of SWCNTSs that had been suc-
cessfully conjugated with lectin-FITC was then calculated.

Contact angle measurements

to investigate surface hydrophobicity

To evaluate the effect of the functionalization on the hydro-
phobicity of the SWCNTSs, surface properties were studied
pre- and post-functionalization using a drop-shape analysis
system (DSA100, Hamburg, Germany). This enabled the
steric contact angle measurement, which is referred to as 6,
to be determined using the sessile drop method. In this
experiment the same quantity of functionalized and non-
functionalized SWCNT powder was placed on the surface of
solid graphite, which has the same chemical component as
SWCNT. A sessile drop of water (10 uL) was deposited on
the surface of graphite functionalized and non-functionalized
surfaces and the angle of water droplets on the surface of all
materials was measured. The measurements were repeated
at three different areas on each of the surfaces.

Use of NIR light to radiate
the SWCNTs

Laser diodes of wavelengths 808 nm with maximum operat-
ing power of 1 W were purchased from Thorlabs Ltd along
with other necessary equipment to operate the laser diode.
Functionalized and non-functionalized SWCNTs were dis-
persed in PBS and heated until the dry powder (SWCNTs)
remained. The samples were resuspended such that the
concentration was 1 mg/mL, centrifuged for 5 minutes at
3000 x g, and the supernatant retained; this was subjected
to NIR irradiation. The temperature increase with respect to
time of exposure was measured.

Study of HPA lectin and HPA lectin-
SWCNT interaction with human

breast cancer cells (MCF-7)
The Attana-200® Biosensor (Attana AB, Stockholm, Sweden)
is one of the most sophisticated machines in the area of
molecular interaction analysis enabling studies of binding
properties of bioconjugates at cell surface. This apparatus
was used to investigate the association rate constant (rate of
attachment) and dissociation of HPA-lectin and HPA-lectin
conjugated to SWCNTs to human MCF-7 cells grown on
the biosensor surface. The biosensor utilizes a quartz crystal
microbalance (QCM) technique, enabling real-time, label-
free measurements of molecular interactions. When mole-
cules are added to or removed from the surface, a change in
the resonance frequency corresponds to the change in mass on
the sensor surface. By immobilizing a target molecule to the
sensor surface, and introducing an interacting molecule over
the surface, the interaction can be studied in real-time. The
real-time data can provide information on kinetics, affinity,
active concentration, and specificity for the interaction.
Cell culture-compatible polystyrene-coated QCM sensor
chips were obtained from Attana AB. The sensor chip was
placed face-up in a well of a 24-well plate. An appropriate
dilution of MCF-7 cells (to obtain 40,000 cells on the sen-
sor surface) was added in 2 mL of media to the well, and
the plate was placed in an incubator at 37°C (5% (v/v) CO,
and 95% humidity) for 20 hours. Following incubation,
the cells were washed three times with PBS and fixed for
30 minutes in fresh 3.7% (v/v) formaldehyde in PBS. All
experiments were performed using an Attana Cell 100 or
Attana Cell 200 biosensor (Attana AB). The running buffer
was PBS with 0.025% (v/v) Tween-20. The cell chip was
fitted to the machine and allowed to stabilize overnight at
20°C at a flow rate of 25 uL/min. HPA lectin (12.5 pug/mL,
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25 ug/mL) or HPA lectin-SWCNTs (12.5 pug/mL, 25 pg/mL
HPA conjugated to SWCNT at 100 pg/mL) was injected
over the surface of the chip at a range of concentrations
and allowed to bind for 85 seconds. The injection was then
stopped, and the dissociation of the lectin was followed
for 165 seconds. Following each sample injection cycle
(association and dissociation), the cell chip was regener-
ated using two 30-second pulses of 10 mM glycine, pH 1.0,
0.5 M NaCl, followed by immediate re-equilibration with
appropriate running buffer.

Statistical analysis

Statistical significance testing was undertaken using the
Student’s #-test (paired). P-values of <0.05 were considered
statistically significant.

Results

Preparation of functionalized SWCNT
Treatment of SWCNT with a combination of HNO, and
H,SO, resulted in successful attachment of -COOH over
the surface of the material. Different methods, such as TEM,
FTIR, confocal microscopy, contact angle measurements and
NIR wavelength were used to establish successful function-
alization of the SWCNTS, as described below.

The functionalization led to an increase in the amount of
dispersion of the SWCNTs, and 2 weeks post-functionaliza-
tion, the SWCNTs remained dispersed in solution (Figure 1).
Following functionalization, both the internal and external
diameter of the nanotubes increased, whilst the length of the
SWCNTs decreased (Table 1).

TEM as a tool for investigating
the surface topography of SWCNT

TEM was used to investigate the pristine SWCNTs and the
SWCNTs treated with HNO,:H,SO,. In this analysis, the

functionalized SWCNTSs were observed to have acquired a
thick black layer covering their surfaces (Figure 1).

Synthesis of SWCNT-lectin-FITC
conjugates

Lectins are carbohydrate-binding proteins that show speci-
ficity for particular glycan moieties. They are known to be
of utility in the recognition of cancer cells, as changes in
glycosylation are a feature of tumorigenesis and relate to the
metastatic behavior of cancer cells.’’ EDC and NHS were
used as coupling agents to attach FITC-labeled HPA lectin
to the SWCNTs. Following the addition of the lectin-FITC,
the SWCNTs were viewed using the confocal microscope.
The SWCNTs emitted light in the green spectra consistent
with attachment of FITC-labeled material (Figure 2). When
the SWCNT were exposed to acid for >2 hours a statistically
significant increase in attachment of lectin-FITC was observed
compared with only 0.5 hours exposure (Figure 3).

FTIR spectroscopy

FTIR analysis was performed in order to verify thata —COOH
group had been attached to the SWCNTs during the functional-
ization process. The FTIR spectra obtained for the functional-
ized SWCNTSs clearly revealed peaks at 1580 cm™, 1750 cm™,
and 3450 cm™ (Figure 4A), but for the pristine SWCNTSs, only
a peak at 1580 cm™' was recorded (Figure 4B).

Lectin-SWCNTs binding to MCF-7

breast cancer cells

MCEF-7 cells were incubated with the HPA-FITC alone and
with lectin-SWCNTs and viewed using confocal microscopy
(Figure 5). Cell surface localization of HPA was observed; this
is consistent with the recognition of N-acetylgalactosamine
containing glycoproteins as reported in previous work from

100 nm

100 nm

Figure | Transmission electron microscopy of SWCNTs pre- and post-functionalization. SWCNTs before (A) and after (B) oxidization using HNO,:H,SO,. Treatment with
acid resulted in chemical modifications of the SWCNTSs and the formation of carboxyl groups on the surface. Inset: tube containing SWCNTs, showing the enhancement of

dispersibility of SWCNTs 2 weeks post-functionalization.
Abbreviation: SWCNT, single-walled carbon nanotube.
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Table | Physical properties of pre- and post-functionalized
SWCNTs

Physical properties Functionalization P-value
of SWCNTs

Pre Post

(meanSD) (mean £ SD)
Internal diameter (nm) 9.6t 1.14 11.60 £ 1.14 <0.05
External diameter (hm)  13.20 + 1.90 46 £ 3.50 <0.01
Length (nm) 350 +79.05 250 £ 61.07 0.07
Contact angle () 86.1 £ 0.60 18.5+£0.63 <0.05

Notes: Both the internal and external diameters of SWCNTs increase after
functionalization due to the attachment of —COOH groups. However, the covalent
functionalization shortens the length of SWCNTs.

Abbreviations: SD, standard deviation; SWCNT, single-walled carbon nanotube.

the authors of this present paper and others.!' The cells incu-
bated with lectin-SWCNTs showed a more intense staining
pattern than those incubated with HPA alone; it is presumed
that this is due to attachment of a multitude of FITC-labeled
lectin molecules to each SWCNT structure.

Contact angle analysis

Pre-functionalization, the contact angle was 86.1° = 0.60°.
The contact angle on the surface of graphite was determined
as 89.5° + 1.5°, thereby indicating the hydrophobic nature
of the material pre-functionalization. Post-functionalization,
the contact angle measurements dramatically reduced to
18.5° £ 0.63° (Table 1).

NIR wavelength analysis

NIR irradiation of a solution containing dispersed functionalized
SWCNTs using laser light (A 808 nm) for 10 minutes resulted
in an increase in temperature of 24.5°C, equivalent to a 2.4°C

rise per minute exposure at 808 nm. In contrast, NIR irradia-
tion of a solution containing dispersed but non-functionalized
SWCNTs at the same wavelength of light and over the same
period produced a rise in temperature of only 4.4°C, equivalent
to a 0.4°C rise in temperature per minute (Figure 6).

The affinity of lectin-SWCNTs to human

breast cancer cells

The binding properties of HPA lectin conjugated to SWCNTs
to glycan epitopes on the surface of the metastatic breast
cancer cell line, MCF-7, was assessed using a novel cell
biosensor. In this system, the on-rate and off-rate of biomole-
cules are assessed at the cell surface. The interaction between
the HPA-lectin as well as the lectin-SWCNT conjugate at
the cancer cell surface was measured and was observed to
increase in a dose-dependent manner, as measured by the
change in the resonance frequency (AF). The affinity of the
lectin HPA to the MCF-7 cells, the dissociation rate (K),
was in the nanomolar range. The sensorgrams indicated that
the lectin interaction at the cell surface of MCF-7 cells is not
affected by attachment of HPA to the SWCNTs (Figure 7).

Discussion

Pristine SWCNTSs are severely contaminated with metal
catalysts and amorphous carbons. They are also insoluble
and as such this poses problems for their use in a cellular
environment.’>* Functionalization is a technique used to
overcome this issue. The functionalization process involves
the attachment of other materials to the sides or ends of the
SWCNTs in order to enhance their biocompatibility; this may

100 ym

—
100 uym

Figure 2 HPA-lectin-FITC-SWCNTs. A sample of functionalized SWCNTs conjugated to HPA-FITC was viewed under the confocal microscope, in transmission mode (A) and
in fluorescence mode, following excitation at 488 nm (B). The results show that a proportion of the SWCNTs had been successfully conjugated to the FITC-labeled lectin.
Abbreviations: FITC, fluorescein isothiocyanate; HPA, Helix pomatia agglutinin; SWCNT, single-walled carbon nanotube.
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Duration of treating the SWCNT with the HNO,/H,SO,
Figure 3 The effect of different acid exposure times on attachment of lectin to
SWCNTs. The SWCNTs were treated with acid for 0.5, |, 2, 3, 4, and 5 hours,
followed by HPA-lectin-FITC conjugation. Confocal microscopy was used to
determine the relative fluorescence for the SWCNTSs prepared. An increase in the
fluorescence was observed as the exposure time of SWCNTSs to HNO, and H, SO,
increased. The relative fluorescence following 0.5 hours treatment with HNO, and
H,SO, was compared with longer incubation periods.
Notes: Statistical analysis was performed using the Student’s t-test, and the P-values
are indicated. Values are mean * standard deviation. *P < 0.05 (2 hrs); **P < 0.0
(3 hrs,4 hrs and 5 hrs).
Abbreviations: FITC, fluorescein isothiocyanate; HPA, Helix pomatia agglutinin;
SWCNT, single-walled carbon nanotube.

be achieved via covalent or noncovalent bonding.>* Each type
of bonding has unique advantages and disadvantages. For
example, the covalent bonding of a functional group to the
SWCNTs will produce stable functionalized SWCNTs mak-
ing the material suitable for a multitude of applications such
as drug delivery.** One of the major problems, however, with
the SWCNTSs is their lack of solubility and an insufficient
number of functional groups for binding to other biomol-
ecules; consequently problems may arise if these materials
were to be used for diagnosis and treatment of cancer. Coating
a SWCNT with different biocompatible materials would

75

Transmittance (%)
(9} [2] (2] ~
(4] o (4} o

50 T

1000 1500 2000

=== SWCNT-COOH

alleviate this problem; one way of coating the SWCNTs
would be by treating the SWCNTSs with acid.?

In this manuscript, the treatment of SWCNTs with a
combination of acids was investigated. The system was used
to coat the surface of the SWCNT resulting in the attachment
of a carboxylic acid group (—COOH), thereby producing a
dispersable, hydrophilic SWCNT. Carboxylation of SWCNTs
is a common method for the covalent functionalization of
SWCNTs, as the preparation method is relatively simple
and quick. The oxidation process does not require complex
apparatus and can be undertaken in a short period of time.
Another benefit of carboxylation is that the carboxylic group
can target other functional groups such as amines or thiols.
It is important to emphasize that whilst carboxylation has
many benefits, the physical properties of the SWCNTs are
altered during the functionalization process; therefore, it is
recommended that in-vitro experiments are undertaken prior
to assessment of the suitability of the material using an in-
vivo approach.

In this study it was observed that after the SWCNTSs had
been treated with acid, the particles remained dispersed in PBS
after 2 weeks; in contrast, the pristine SWCNTSs were found as
a precipitate and no longer dispersed in the PBS. This suggests
that treating SWCNTSs with HNO,:H,SO, increases the hydro-
philic nature of the SWCNTs and potential biocompatibility.

TEM analysis showed that a thick black layer had formed
on the surface of the SWCNTSs following treatment with acid.
A significant increase in the external and internal diameter
was also detected. The difference of increased external diam-
eter, in comparison to internal diameter, indicating successful
attachment of the functional groups to the outer surface of the

=== Pristine-SWCNT

2500 3000 3500 4000

Wavenumbers (cm™)

Figure 4 Fourier transform infrared spectroscopy analysis of SWCNTs. Before (red) and after (blue) functionalization. Following functionalization, peaks observed at
1750 cm™' and 3450 cm™' indicate that —-COOH groups had been successfully grafted onto the surface of the SWCNTs.

Abbreviation: SWCNT, single-walled carbon nanotube.

International Journal of Nanomedicine 2012:7

submit your manuscript

911

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Madani et al

Dove
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HPA-FITC
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HPA-FITC To-Pro-3

HPA-FITC-SWCNT

Figure 5 Confocal microscopy of MCF-7 breast cancer cells incubated with HPA-FITC and HPA-lectin-FITC linked to SWCNTs. Lectin binding to MCF-7 and SW480 cells
as viewed using a Leica TCS SP2 confocal microscope. Cells were incubated with FITC-labeled HPA (green) and lectin-SWCNTs (green), and the nuclei were counterstained
with To-Pro®3 (blue). MCF-7 were observed to interact with the HPA lectin either linked to FITC or to SWCNT; in contrast, the SW480 cells did not bind the lectin.
Abbreviations: FITC, fluorescein isothiocyanate; HPA, Helix pomatia agglutinin; SWCNT, single-walled carbon nanotube.

SWCNTs. The results also showed that treatment with acid
decreased the overall size of the SWCNTSs. This will enhance
the reaction sites of the SWCNTSs with other reagents such
as antibodies and drugs.

FITR was also undertaken. The spectra showed a
peak at the 1580 cm™' region for both the functionalized

501
- Non-F-SWCNT, 808 nm

-~ F-SWCNT, 808 nm

IS
T

N
<

Temperature (°C)

Time (min)

Figure 6 Temperature profile of SWCNTs, pre- and post-functionalization.
Following exposure to light at A 808 nm, functionalized SWCNTs achieved a higher
temperature profile compared with non-functionalized CNTs.

Note: Mean values * standard deviation are shown.

Abbreviations: CNT, carbon nanotube; SWCNT, single-walled CNT; F-SWCNT,
functionalized SWCNT.

and non-functionalized SWCNTs; this is attributed to the
C=C stretching vibration. However, additional peaks were
observed at 1750 cm™ and 3450 cm™ for functionalized
SWCNT spectra. The band at 1750 cm™ is due to carboxyl
(C=0) stretching vibration, and the band at 3450 cm™ is
assigned to the (—OH) stretching vibration of the carboxylic
acid group. These values clearly illustrate that the —-COOH
groups were successfully grafted onto the surface of the
functionalized SWCNTs.

Contact angle measurements showed that after treating the
SWCNTs with acid, the 6 values decreased dramatically; this
was indicative of the chemical and structural changes that
occurred at the surface of the SWCNTSs, hence the hydro-
philicity of the SWCNTs increased.

One of the main properties of SWCNTs is their ability
to absorb NIR wavelength light and generate heat. This
property of the SWCNTSs was used to establish whether the
functionalization process had been successful. According
to the authors’ hypothesis, the SWCNT particles that were
processed with acid would remain dispersed in water (in
the supernatant) following centrifugation. Based on this
hypothesis, and that a key property of SWCNTs is their abil-
ity to absorb light in the NIR spectra and generate heat, the
supernatant of both functionalized and non-functionalized
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Figure 7 Sensorgrams illustrating the binding profile of HPA-FITC and HPA-lectin-
SWCNTs to MCF-7 cells grown on a biosensor chip surface. The association
(85 second) and dissociation (165 second) phases were monitored giving a change
in the resonance frequency (AF) as the lectin interacted with the surface of the
MCF-7 cells on the chip surface. The lectin interaction with MCF-7 cells was
investigated at 12.5 pg/mL and 25 ng/mL as shown, using HPA alone and HPA-lectin-
SWCNTSs. The flow rate was maintained at 25 plL/min, and the temperature was
22°C. The binding profile for native HPA was comparable to the profile obtained
for HPA-lectin-SWCNTs, indicating that the conjugation process did not affect the
rate of epitope binding by the lectin.

Abbreviations: FITC, fluorescein isothiocyanate; HPA, Helix pomatia agglutinin;
SWCNT, single-walled carbon nanotube.

samples was treated using 808 nm wavelength light. As
expected, the supernatant from functionalized SWCNTs
showed a greater temperature increase as compared with
pristine SWCNTs.

Finally, confocal microscopy was used to establish suc-
cessful functionalization of the SWCNTs. Following treatment
of pristine SWCNTSs with acid, the material was reacted with
HPA lectin-FITC and viewed under the confocal microscope.
It was predicted that as the exposure time of SWCNTSs to acid
increased, more —COOH groups should be present on the surface
of the SWCNTs and that this would in turn result in an increase
in the amount of HPA lectin-FITC attached. The observed
increase in the lectin-FITC signal, as exposure of the SWCNTs
to acid increased, was consistent with this hypothesis.

To check that the attachment of HPA to the SWCNTSs did
not adversely affect the protein structure and function, the
interaction between HPA lectin-FITC conjugated to SWCNTs
(and HPA lectin-FITC alone) was assessed using the human
breast cancer cell line MCF-7. The analysis showed that HPA-
FITC as well as HPA lectin-FITC-SWCNTs both bind to the
cell membrane of MCF-7, indicating that the attachment
process to SWCNTs did not adversely affect glycan—lectin
interactions. To explore this further and to evaluate the poten-
tial for delivering SWCNTs to human breast cancer cells,
the binding of the lectin to the cell surface of MCF-7 cells
was explored using a cell biosensor system. Here, the lectin
is flowed over the cell surface, and the attachment (on-rate)
and detachment (off-rate) is monitored using a quartz crystal
microbalance and this allows the affinity (K ,) of the molecule
to the cell surface to be determined. The results showed that
when HPA was attached to the SWCNTs, the conjugate bound
to the surface of MCF-7 cells in a manner comparable to the
nonconjugated lectin. On the basis of these results, it can be
concluded that HPA lectin is a promising candidate for the
in-vitro delivery of SWCNTSs to human breast cancer cells.

Conclusion

SWCNTs have potential application in new cancer thera-
pies, particularly when the drug delivery capacity and their
ability to absorb NIR radiation are considered. Efficient
functionalization of the SWCNTs is, however, a crucial
step prior to using these materials for drug loading/delivery
to cancer cells. One way to achieve viable functionalization
of SWCNT is to treat the materials with HNO,:H,SO, (1:3)
[HNO, (70%)/H,S0, (95%-98%)] and reflux for 120 minutes
at 120°C. Treating the SWCNT resulted in the formation of
a carboxylic acid group on the surface giving a hydrophilic
structure. The presence of the carboxylic groups enables the
attachment of molecules such as antibodies, glycoproteins,
lectins, and carbohydrates, allowing the SWCNTs to be used
to specifically target cancer cells. As changes in glycosylation
are a feature of cancer development and progression, this
allows the selection of an appropriate biomolecule such as
HPA lectin for conjugation to SWCNTs in order to specifi-
cally target cancer cells.
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