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A non-covalent approach to debundle single wall carbon nanotubes using a biocompatible

chitosan-derivative, namely N-octyl-O-sulfate chitosan (NOSC), was investigated. The resulting stable

dispersions were characterised by Raman spectroscopy, UV-Vis spectroscopy, atomic force microscopy

(AFM), transmission electron microscopy (TEM) and z-potential measurements. Both AFM and

TEM studies revealed the presence of individual carbon nanotubes wrapped with the polymer (diameters

up to 7 nm). Raman spectra showed radial breathing mode frequency shifts, after the addition of NOSC,

due to the wrapping of the biomolecules onto the graphitic sidewalls. Molecular modelling studies

were employed to investigate the mode of binding of the NOSC chains to the surface of the nanotubes.

In agreement with the experiments, modelling studies predicted that the wrapped tube has a maximum

thickness of approximately 7 nm. Studies on the anticoagulant properties of these complexes

revealed that NOSC coated SWCNTs exhibit similar activity to the polymer alone, this property would

eliminate the risk for SWCNTs to induce coagulation as a host reaction process when used in vivo.
I Introduction

Carbon nanotubes are of significant interest due to their unique

properties and applications.1 However, bundling and aggrega-

tion of individual nanotubes combined with poor solubility in

aqueous media are the main obstacles to overcome before they

can be further used for biomedical applications.2 Two general

chemical approaches are widely employed for modification of the

graphitic cylinders. The sidewalls or the defect sites can be

covalently modified by various grafting reactions which give rise

to more soluble nanotubes. Alternatively, the non-covalent

adsorption or wrapping of various functional molecules results in

the formation of supramolecular complexes and the fabrication

of innovative systems.3 For non-covalent adsorption/wrapping,

a variety of molecules including surfactants,4,5 polymers,6

biomolecules,7 or phospholipids8 have so far been used.

Recently, the biocompatible polymer, chitosan ((1 / 4)-2-

amino-2-deoxy-b-D-glucan) and its derivatives were used to

increase the dispersability of multi-wall carbon nanotubes9–11 and

single wall carbon nanotubes12,13 respectively. Chitosan is

a natural polysaccharide derived by N-deacetylation of chitin; it

is considered as a biocompatible, biodegradable polymer and is

widely used in the food industry14 and as a novel drug delivery

platform for many routes of administration.15 Herein, we report

the stabilisation of single wall carbon nanotubes (SWCNTs) with
aSchool of Pharmacy and Biomedical Sciences, University of Portsmouth,
St. Michael’s Building, White Swan Road, Portsmouth, PO1 2DT, UK;
Fax: +44 (0) 23 9284 3565; Tel: +44 (0) 23 9284 3929
bDepartment of Materials Science, University of Patras, 26504 Rio,
Patras, GREECE
cFoundation for Research and Technology, Hellas-Institute of Chemical
Engineering and High Temperature Chemical Processes - FORTH/ICE-
HT, P.O. Box 1414, GR 26504 Patras, GREECE

† Electronic supplementary information (ESI) available: AFM and TEM
images. See DOI: 10.1039/b9nr00151d

366 | Nanoscale, 2009, 1, 366–373
a chitosan derivative, namely, N-octyl-O-sulfate chitosan

(NOSC). NOSC is a self-assembling, amphiphilic polymer,

soluble over a wide range of pH; its safety evaluation in rodents

has shown no acute toxicity; the LD50 values after i.v. and i.p.

injections were found to be 102.59 and 130.53 mg/kg respectively,

and no haemolysis was observed in vitro.16 These data suggest

that NOSC is a potentially safe polymer to use for biomedical

applications. Furthermore, because of its structural similarity to

heparin, NOSC, as well as other sulfated polysaccharides, is

expected to present anticoagulant activity (here tested for the first

time), a property that could increase the blood compatibility of

the wrapped SWCNTs17 and allow their use as biocompatible

building blocks for nanodevices,18,19 including biosensors20 and

biomaterials.21 The activation of the coagulation cascade is one

of the most common host-reactions observed in response to the

introduction of a foreign body either in the blood circulation or

in a tissue.22,23 By coating the SWCNTs with a polymer pre-

senting anticoagulant activity, we aim at improving the blood

compatibility of this nanomaterial, without inducing systemic

anticoagulant activity. SWCNT stabilisation in water with

NOSC is a simple and straightforward approach for the non-

covalent functionalisation of nanotubes. The dispersions

obtained were characterised by means of experimental and

theoretical methods employing spectroscopy (UV-Vis

and Raman), microscopy (atomic force microscopy, AFM and

transmission electron microscopy, TEM), z-potential measure-

ments and molecular modelling studies.
II Experimental methods

A. Materials

Low-viscosity chitosan (degree of deacetylation 80.1%),

chlorosulfonic acid (HSO3Cl, >98%) and sodium hydroxide
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(NaOH, A.R.) were purchased from Fluka Biochemika (Poole,

UK). Methanol (MeOH, HPLC) and dimethylformamide

(DMF, L.R.) were provided by Fisher Scientific (Loughborough,

UK). Octaldehyde (99% G.C.) was from Sigma-Aldrich (Pool,

UK), whilst sodium borohydride (NaBH4, 98+%) was purchased

from Acros Organics (Geel, Belgium). HipCO SWCNTs were

obtained from Carbon Nanotechnology Inc. (CNI Grade/

Lot#:P0332; Houston, TX USA). All solutions were prepared

with Millipore water (conductivity < 0.5 mS cm�1).
B. Synthesis and characterisation of N-octyl-O-sulfate

chitosan (NOSC)

N-Octyl-O-sulfate chitosan was synthesised as previously

described24,25 (Fig. 1).

Briefly, low-viscosity chitosan (1.00 g) was suspended in meth-

anol (50 mL), and octaldehyde (1.02 g) was added to the suspension

while stirring; the suspension obtained was stirred at room

temperature for 24 h. An aqueous solution of NaBH4 (0.5 g in 5 mL)

was slowly added to the reaction mixture and the resulting mixture

was stirred at room temperature for further 24 h. The reaction was

stopped by neutralisation with 2 M HCl. The product was filtered

and repeatedly washed with methanol and water and finally dried

under vacuum at 60 �C to constant weight (1.32 � 0.02 g, n ¼ 4).

N-Octyl chitosan (1 g) was suspended in DMF (40 mL). Chlor-

osulfonic acid (20 mL) was added dropwise to 40 mL of DMF and

the mixture stirred for 1 h at 0 �C. The N-octyl chitosan suspension

was then added. The mixture was reacted at room temperature for

24 h. The reaction was stopped by neutralisation with 20% w/v

NaOH, the obtained precipitate was filtered off and the filtrate was

dialysed against distilled water for 3 days and then freeze dried

(598.0� 16.1 mg, n¼ 3). NOSC was characterised by the following

methods. 1H NMR spectra were obtained on a JEOL 400 MHz

spectrometer operating at 400 MHz. The samples were dissolved in

D2O and TMS was used as a standard. ATR spectra were recorded

on a Tensor 27 FTIR spectrophotometer (Varian 640-IR, FT-IR;

Palo Alto, CA, USA). Elemental analysis was carried out with

a Carlo-Erba CHNS Elemental Analyzer (EA1108; Milan, Italy).
C. Critical micelle concentration (CMC) determination

The critical micelle concentration (CMC) of N-octyl-O-sulfate

chitosan was determined using pyrene as a hydrophobic
Fig. 1 Synthesis of N-octyl-O-sulfate chitosan.
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probe.24,25 A known volume of pyrene in acetone (6 � 10�7 M)

was placed in a series of test tubes; thereafter the solvent was

evaporated under vacuum at 60 �C. Aqueous polymer solutions

(3 mL) at different concentrations (10�6 to 2 mg/mL) were added

into the pyrene-containing test tubes. The resulting suspension

was sonicated for 1 h and kept at room temperature for 30 min to

equilibrate. The solutions were filtered through polycarbonate

filters (0.45 mm) and their fluorescence emission (350–450 nm)

was measured after excitation at 339 nm.

D. Preparation of NOSC–SWCNTs aqueous dispersions

Stable dispersions of SWCNTs were obtained by mixing pristine

material (0.1 mg/mL) and NOSC (10 mL, 0.5 mg/mL) and sub-

jecting the mixture to sonication in an ultrasonic bath for 2 h. As

a control, SWCNTs were dispersed in distilled water (0.1 mg/mL)

and subjected to sonication under identical conditions to the

sample. The dispersions were then centrifuged at 6000 rpm for

3 min to eliminate any unstable bundles still present in suspen-

sion. In an attempt to isolate only the SWCNTs wrapped with

the polymer and eliminate the free polymer left in solution, the

suspensions were further centrifuged for 30 min at 10 000 rpm,

the supernatant removed and the nanotubes washed (�3) with

deionised water and finally re-suspended in water.

E. Dynamic light scattering (DLS) and z-potential studies

The size distribution of the micelles was measured by dynamic

light scattering (DLS), on a Nano-ZS (Nanoseries; Malvern

Instruments, Malvern, UK), and measurements were made at

25 �C with a fixed angle of 173�. The electrophoretic mobility of

the NOSC micelles, the pristine nanotubes and the NOSC–

SWCNT hybrids (centrifuged at 6000 rpm for 3 min) were

measured at 25 �C using a Zetasizer (Malvern Nanosizer ZS;

Malvern Instruments, UK). The z-potential (mV) of the disper-

sions was calculated by the instrument according to the Helm-

holtz–Smoluchowski equation:

z ¼ 4 pmh/D (1)

where m is the electrophoretic mobility, h is the viscosity and

D is the dielectric constant of the medium in the boundary layer.

F. UV-Vis spectroscopy studies

The dispersions of SWCNTs in distilled water and in N-octyl-O-

sulfate chitosan were placed in 1 cm QS cells and characterised at

room temperature using a UV-Vis spectrophotometer (Perkin

Elmer Lambda 35, Waltham, MA, USA) operating in the

400–1100 nm range. The scan speed was 480 nm/min and the slit

width was 1 nm. Absorption spectra were recorded for the

following preparations: (a) SWCNTs (0.1 mg/mL) in distilled

water, (b) NOSC–SWCNT centrifuged at 6000 rpm for 3 min,

(c) NOSC–SWCNT dispersion (before centrifugation). The

apparent absorption coefficient of SWCNTs dispersed in NOSC

solutions was determined as described by Li and coworkers26

Briefly, SWCNTs suspensions were diluted by different factors to

obtain a series of suspensions of known SWCNTs content. The

absorbance of these solutions at 500 nm was measured and

plotted against the concentration of SWCNTs (mg/mL).
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The data was fitted to pass through the origin by the linear least-

squares method. According to Beer’s law,

A ¼ 3Lc (2)

where A is the absorbance, 3 is the apparent absorption coeffi-

cient, L is the path length (1 cm), and c is the SWCNT concen-

tration, the apparent absorption coefficient corresponds to the

slope of the line plotted.
G. Atomic force microscopy (AFM) studies

NOSC–SWCNTs, centrifuged at 6000 rpm for 3 min, and a drop

(10 mL) of the suspension was placed on freshly cleaved musco-

vite mica (Agar Scientific, Stansted, Essex, UK), mounted on

a nickel disc (dia. 1 cm2) with double-sided adhesive tape left for

2 min and excess liquid removed with a gentle stream of N2.

AFM studies were carried out using a MultiMode/NanoScope

IV scanning probe microscope (Digital Instruments, Santa Bar-

bara, CA, USA) in air under ambient conditions (T ¼ 23 �C,

RH ¼ 21%) using the J-scanner (max. xy ¼ 200 mm). Scanning

was performed in tapping mode using Si cantilevers with inte-

grated tips (t ¼ 3.5–4.5 mm, l ¼ 115–135 mm, w ¼ 30–40 mm,

n0¼ 200–400 kHz, k¼ 20–80 N m�1, R < 10 nm; Model: RTESP,

Veeco Instruments, France) and an RMS amplitude of 0.8 V was

used. Images were subsequently processed using NanoScope

software (V 7.10; Digital Instruments, Santa Barbara, CA, USA).
H. Raman spectroscopy studies

Raman spectra were recorded using a microscope equipped triple

monochromator combined with a Peltier cooled charge-coupled

device detector. The 632.8 nm and 514.5 nm excitation lines were

used, while the laser power was�1 mW, measured directly before

the sample. Raman spectra were obtained for the following

preparations: (a) SWCNTs (0.1 mg/mL) in distilled water,

(b) NOSC–SWCNTs centrifuged at 6000 rpm for 3 min,

(c) NOSC–SWCNTs dispersion.
I. Transmission electron microscopy studies

TEM was performed on a TECNAI G20 S-TWIN microscope

(LaB6 filament, 200 kV, Eindhoven, the Netherlands) equipped

with an energy dispersive X-ray spectrometer. For the TEM

analyses, a drop of a NOSC–SWCNT aqueous suspension was

placed on 300 mesh copper grip, which was coated with holey

carbon film. The sample was then dehydrated at 40 �C.
Fig. 2 Determination of CMC for NOSC polymer in distilled water (pH

5.3).
J. Molecular modelling

Energy minimisation calculations were used to investigate the

mode of binding of the NOSC polymer chains to the surface of

the nanotubes. Simulations were carried out using the CVFF

forcefield27 as implemented in the program Materials Studio 4.1

(Accelrys Software Inc, San Diego, CA, USA).28 Water mole-

cules were not explicitly included in the calculations but the

dielectric constant, 3, was set to a value of 78.5 in order to

simulate an aqueous environment at room temperature.
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K. Anticoagulant activity

The potential anticoagulant activity of NOSC in solution and

wrapped onto SWCNTs was determined using the Amax heparin

accucolor kit (Trinity Biologicals, Ireland). This kit contains

coagulation factor Xa and its inhibitor antithrombin III which in

normal conditions would slowly react with each other and reduce

the efficiency of the process of coagulation. The presence of

heparin or other factor Xa specific inhibitors would catalyse the

reaction between the two molecules and increase their reaction

rate, this effect being dependent on concentration. Solutions of

the polymer in the concentration range 0.001 to 5 mg/mL were

tested to obtain a dose response curve for NOSC. Samples of

NOSC–SWCNTs, prepared as described above, were also tested.

Antithrombin III (75 mL) was added to the test sample (25 mL) in

a 96-well plate and the mixture was incubated for 2 min at 37 �C.

Factor Xa (75 mL) was added and the mixture incubated for 1

min at 37 �C. To obtain a colour change due to reaction between

factor Xa and antithrombin III, factor Xa substrate (75 mL) was

added and the mixture incubated for 10 min at 37 �C. The

reaction was then stopped by the addition of glacial acetic acid

(50 mL) and the optical density was measured at 405 nm. Blanks

were prepared by adding glacial acetic acid to the samples from

the beginning of the experiment.
III Results and discussion

A. Polymer synthesis and CMC determination

NOSC was successfully obtained in the form of a water soluble

off-white material. The polymer was characterised as described

previously.25 In summary, the attachment of the octyl chains to

the primary amino group of chitosan was confirmed by FTIR

analysis. The characteristic peak attributed to the bending

vibration of –NH2 (1587 cm�1) disappeared from the FTIR

spectra of the octyl derivative, whilst new peaks attributed to the

octyl chain were evident (1649, 1537, 1465, 1373 cm�1); further-

more FTIR analysis revealed that O-sulfation occurred mainly at

the hydroxylic group in position C6 as the peak attributed to the

combination of O–H bending and C–O stretching of the primary
This journal is ª The Royal Society of Chemistry 2009



alcohol (1166 cm�1) disappeared and new peaks assigned to

O]S]O appeared at 1268, 1200, 1095 and 779 cm�1.

Alkylation was also visible on the 1H NMR spectrum with the

appearance of new peaks at 0.8–1.0 ppm (–NH–CH2–(CH2)6–

CH3), 1.2–2.0 ppm (–NH–CH2–(CH2)6–CH3) and 3.4–3.5 ppm

(–NH–CH2–(CH2)6–CH3). According to elemental analysis data,

the polymer underwent successful alkylation of 80.3% of the free

amino groups, and sulfation afforded an average of 0.78 sulfate

groups per monomer. The CMC of NOSC was determined using

pyrene as a hydrophobic probe. The calculated value for the

CMC was 95.4 � 8.2 mg/mL, indicating the stability of the

polymeric micelles (Fig. 2).
Fig. 5 Absorption spectra of NOSC–SWCNT dispersions: (a) SWCNTs

(0.1 mg/mL) in distilled water, (b) NOSC–SWCNT centrifuged at

6000 rpm for 3 min, (c) NOSC–SWCNT dispersion before centrifugation.
B. Dynamic light scattering and z-potential measurements

Dynamic light scattering and z-potential studies confirmed the

formation of negatively charged micelles with a mean diameter of

6.5 � 2.2 nm (Fig. 3) and a z-potential of �32.4 � 2.4 mV upon

polymer dispersion in distilled water. The negative charge of the

micelles can be attributed to the sulfate groups of the polymer.
Fig. 3 Dynamic light scattering distribution of NOSC micelles in

distilled water (pH 5.3) expressed as volume particle size distribution

versus particle size diameter (nm).

Fig. 4 Photographs of the SWCNTs dispersions: (a) Pristine SWCNTs

in distilled water after 2 h of sonication, (b) NOSC–SWCNTs

(0.5 mg/mL) after 2 h of sonication and centrifugation at 6000 rpm for

3 min.
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C. UV-spectroscopy results of NOSC–SWCNTs hybrids

Stable and homogeneous suspensions of SWCNTs were obtained

after sonication of NOSC solutions containing the pristine

material and centrifugation, as shown in Fig. 4. The UV-Vis

absorption spectra of SWCNTs (0.1 mg/mL) suspended in

a NOSC solution and in distilled water are shown in Fig. 5.

Generally, narrow and well-resolved peaks, indicating individual

nanotubes and/or thin bundles, are attributed to interband

transitions between the van Hove singularities in the SWCNT 1D

electronic density of states.5 The absorption spectra of the

material before and after centrifugation exhibited sharper peaks

compared to the pristine one. This indicates that the tubes are

present as individuals and/or are partially debundled due to the

binding of NOSC molecules onto the SWCNT graphitic

sidewalls.

D. Apparent absorption coefficient studies

The apparent absorption coefficient for SWCNTs suspended in

a solution of NOSC (5 mg/mL) was determined by plotting the

absorption values measured at 500 nm for a series of SWCNT

suspensions of known concentrations (0.001–0.2 mg/mL), as

reported previously.26 The apparent absorption coefficient

obtained was 5.16 mL/mg/cm (R2¼ 0.994), see Fig. 6A. Once the

apparent absorption coefficient was determined this value was

used to calculate the loading capacity of NOSC solutions. After

sonication of the SWCNT–NOSC mixture in water, the

suspension was centrifuged at 6000 rpm to eliminate SWCNTs

still present in the form of bundles. After centrifugation it was

found that 43.7 � 6.4% of the SWCNTs were still present in the

suspension. To isolate the NOSC–SWCNT hybrids from any

free polymer, the suspensions were centrifuged at 10 000 rpm for

30 min. After such treatment, 15.6 � 3.6% of the NOSC–

SWCNTs were still present in suspension, while 9.8� 2.8% of the

initial SWCNTs were found in suspension after 3 washings and

resuspension in water (Fig. 6B). This corresponds to 0.010 mg/

mL SWCNTs in 0.5 mg/mL NOSC solution, a loading capacity

that is comparable to that of other chitosan derivatives, both

N- and O- substituted, that were found to suspend SWCNTs

achieving concentrations of up to 0.038 mg/mL, however this
Nanoscale, 2009, 1, 366–373 | 369



Fig. 7 AFM image of SWCNT treated with NOSC (0.5 mg/mL) after

centrifugation. A ¼ coated region (height ¼ 6.5 � 1.7 nm, n ¼ 24) and

B ¼ uncoated region (height ¼ 2.4 � 0.8 nm, n ¼ 16).

Fig. 6 (A) SWCNTs calibration curve for the determination of the

apparent absorption coefficient. E ¼ 5.16 mL/mg/cm, R2 ¼ 0.994.

(B) Loading capacity of NOSC (5 mg/mL). UV absorbance was measured

after 3 min centrifugation at 6000 rpm (1), after 30 min centrifugation at

10 0000 rpm (2) and after washing and resuspending the SWCNTs in

water (3). Results are given as mean � SD (n ¼ 3). One-way Anova

analysis of variance, p < 0.001; Tukey–Kramer multicomparison test,

***p < 0.001 compared to (1).
was achieved using the polymers at concentrations of 10 mg/mL,

20 times higher than that used in the present work.29 We can

therefore suggest that the presence of the hydrophobic chains

grafted to the polysaccharidic backbone and forming hydro-

phobic interactions with the nanotubes’ sidewalls can afford

a more efficient suspension even at low polymeric concentrations

as opposed to polymers, such as chitosan or pegylated O-car-

boxymethyl chitosan, that interact by the formation of hydrogen

bonding.30

The electrical properties of plain and NOSC coated SWCNTs

were investigated by means of z-potential measurements. Pristine

nanotubes exhibited a negative charge �16.35 � 1.32 mV, as has

been previously reported.29 The z-potential values of NOSC–

SWCNTs dispersions shifted to �39.60 � 2.55 mV giving

evidence of the presence of NOSC onto the surface of the

nanotubes.
Fig. 8 Raman spectra for (a) pristine, (b) NOSC–SWCNT suspension

(before centrifugation) and (c) NOSC–SWCNT supernatant (after

centrifugation), excited with the 632.8 nm (left panel) and 514.5 nm (right

panel). The vertical solid lines indicate the observed phonon peaks.
E. Atomic force microscopy (AFM) results

AFM imaging was used to assess the stacking motif of the NOSC

polymer onto the SWCNT’s sidewalls. Diameter measurements

were obtained in multiple points in coated and uncoated areas.

The calculated height values (less susceptible to tip–sample
370 | Nanoscale, 2009, 1, 366–373
artefact errors than lateral diameter values) of the tubes in the

coated region (Fig. 7) were 6.5 � 1.7 nm (n ¼ 24) and 2.4 �
0.8 nm (n ¼ 16) for the uncoated region (Fig. 7B) (two-tailed

student t-test, p < 0.0001). The shift to higher diameters could be

attributed to domains of immobilised NOSC creating a surface

layer.
F. Raman spectroscopy results

Raman spectroscopy is one of the most powerful techniques to

investigate non-covalent sidewall functionalisation.31

Especially, the low frequency radial breathing mode (RBM)

region, where all the tube atoms vibrate radially in phase, gives

valuable information concerning the binding of addends onto

SWCNT. Fig. 8 (left panel) shows the RBMs of the pristine

material in aqueous solution and of the NOSC–SWCNT

aqueous suspension before and after centrifugation using the

632.8 nm (1.96 eV) excitation wavelength.

The phonon frequencies were obtained by fitting Lorentzian

functions to the experimental peaks, whereas the laser plasma

lines were used as an internal calibration of the Raman

frequencies. For the pristine uncoated sample, two peaks can be

seen at 253 and 260 cm�1 assigned to semi-conducting tubes

(resonance with the S22 transition) with chiral indexes (10,3),
This journal is ª The Royal Society of Chemistry 2009



(9,4), respectively.32 In the case of the modified material obtained

before and after centrifugation these bands shift to higher

frequencies (256 and 261 cm�1, respectively). Also, a peak at

269 cm�1 assigned to (7,6) can be clearly observed. This peak was

poorly resolved for the pristine material. Similar behaviour is

observed for the 514.5 nm (2.41 eV) excitation wavelength, Fig. 8

(right panel). More specifically, for the pristine sample three

distinct RBM peaks are found at 248, 264 and 272 cm�1 assigned

to metallic tubes (resonance with the M11 transition) having

chiral indexes (7,7), (8,5) and (9,3), respectively.32 For the

NOSC–SWCNT before and after centrifugation the RBM

frequencies exhibit a blue shift at 250, 265 and 274 cm�1,

respectively. As shown in Fig. 8, the NOSC–SWCNT hybrid

material before and after centrifugation exhibits quite similar

Raman excitation profiles for both of the wavelengths studied,

indicating similar nanotube aggregation states, in agreement

with the UV-Vis measurements. The observed RBM frequency

shifts, after the addition of NOSC, can be explained by consid-

ering the wrapping of the biomolecules onto the graphitic side-

walls. Analogous changes have been reported for the coating of

nanotubes with polymers and peptides.30 This mode hardening

effect can be rationalised in terms of the increase of the RBM

force constants as a result of the stress experienced by NOSC–

SWCNTs.33
Fig. 10 (A) Two views of an energy minimised NOSC chain, (B) Five

polymer molecules optimised around a nanotube.
G. Transmission electron microscopy (TEM) results

The CNT materials were further examined using TEM; a typical

image of NOSC coated SWCNT is shown in Fig. 9. It can be

observed that the NOSC–SWCNT has an average outer diameter

of approximately 7 nm. This is in good agreement with the

nanotubes diameters obtained from the AFM studies, where

an average diameter of 6.5 nm was estimated for the same

preparation.
H. Molecular modelling studies

A (8,8) single walled nanotube was constructed with an overall

length of 150.0 Å and terminated with hydrogen atoms. A single
Fig. 9 TEM image of SWCNTs after coating with NOSC polymer. Bar

represents 20 nm.
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chain of the chitosan polymer consisting of 30 monomer units

was initially optimised on its own. The polymer was found to

adopt a helical backbone configuration with the octyl chains

radiating outwards being in broad agreement with a previous

study,34 giving the polymer a width perpendicular to the back-

bone of 3 nm (Fig. 10A). Polymer molecules were then docked

near to the surface of the nanotube and energy minimisation was

performed using a conjugate gradient algorithm until a conver-

gence force of 0.001 kcal mol�1 Å was obtained. The results

showed that favourable interaction is obtained between the

polymer and the nanotube. The optimum binding energy was

obtained when the chains lie along the nanotube. Up to five

polymer chains can be accommodated around the nanotube

(Fig. 10B), where an average binding energy of �150.3 kcal

mol�1 per chain was obtained. This model gives the tube an

overall thickness of up to ca. 7 nm, a value consistent with the

results obtained from AFM and TEM studies.
I. Anticoagulant activity results

Because of their structural similarity to heparin, sulfated poly-

saccharides have been reported to present anticoagulant activity

by several authors.14,35,36 This study looked in particular at the

capacity of NOSC to catalyse the reaction between coagulation

factor Xa and antithrombin III as this was previously reported to

be the mechanism of action of sulfated chitosan, together with

the direct inhibition of thrombin activity.35 Concentrations of

polymeric solution between 0.001 and 5 mg/mL were tested to

identify at which concentration the polymer presented significant

inhibitory activity (Fig. 11).

This showed that the polymer can hinder the coagulation

process when present in concentrations of at least 0.05 mg/mL
Nanoscale, 2009, 1, 366–373 | 371



Fig. 11 Factor Xa inhibition dose response curve for NOSC. Results are

given as mean � SD (n ¼ 3). One-way Anova analysis of variance,

p < 0.0001; Tukey–Kramer multicomparison test, *p < 0.05, ***p < 0.001

when compared to PBS pH 7.4.

Table 1 Anticoagulant activity of NOSC solutions and NOSC–SWCNT
hybrids. Two-tailed student t-test, p < 0.05

Sample Factor Xa activity (%)

NOSC (0.5 mg/mL) 9.4 � 2.6
NOSC–SWCNTs after

centrifugation (6000 rpm)
8.4 � 4.9
(74.9� 4.4% of factor Xa residual activity, p < 0.05 compared to

PBS pH 7.4); maximum inhibitory effect (4.3 � 1.9%, p < 0.001)

was reached at 3 mg/mL. Recent research suggests that, in order

for chitosan heparinoids to present anticoagulant activity,

a minimum of 36 consecutive sulfate groups must be present

along the polymeric backbone. Since NOSC presents a degree of

sulfation of 0.78, it is highly probable that such sequences are

often present on the polymer and are responsible for its activity.37

When the NOSC–SWCNT suspension (after centrifugation at

6000 rpm) was tested it gave results similar to those obtained for

the polymer on its own (Table 1).

These results showed that NOSC possesses anticoagulant

activity at the concentrations used for the preparation of a stable

SWCNTs suspension, furthermore its activity is not affected by

the presence of the nanotubes. This fact could be of paramount

importance in the preparation of biocompatible systems.

IV Conclusions

This paper demonstrates the formation of NOSC-coated

SWCNTs, showing that this polymer can suspend the carbon

nanotubes up to 20 times more effectively than other chitosan

derivatives so far tested. Both experimental and theoretical

approaches have been employed to characterise these disper-

sions. The wrapping of SWCNTs with NOSC resulted in stable

dispersions characterised by means of microscopy (AFM and

TEM), spectroscopy (UV-Vis, Raman) and surface charge

(z-potential) measurements. The results demonstrate the pres-

ence of individual carbon nanotubes with a diameter of ca. 7 nm.

Moreover, molecular modelling studies have been employed to

compare the experimental results with those obtained from
372 | Nanoscale, 2009, 1, 366–373
a theoretical investigation and showed that both experimental

and theoretical studies were in good agreement. Finally, studies

on the anti-coagulant activity of NOSC demonstrated that at the

concentrations used for SWCNT coating, the polymer presents

a good anti-coagulant activity. Furthermore, it has been shown

that the activity is not affected by the wrapping of the polymer

around the SWCNTs. The potential advantages of the current

approach are: (i) a simple and straightforward method to sta-

bilise SWCNT and (ii) preparation of polymer coated SWCNTs

with anticoagulant properties. Such systems could be further

considered to be used to prepare biocompatible nanodevices or

biosensors.
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