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Noncovalent surface modification of multiwall carbon nanotubes (MWCNTS) using chitosan
coating as a monolayer is presented. The different degree of deacetylation (%DD) (61%, 71%, 78%, 84%,
90% and 93%) of chitosan and chitosan concentration affected to carbon nanotubes’s dispersion efficiency
and their stability. Results showed that the dispersion of MWCNTSs could be improved when using
chitosan with the lowest degree of deacetylation (61%DD). Zeta potential measurements confirmed that
the chitosan surface coverage onthe MWCNTs was twice as high when modifying the nanotubes surface
with the 61%DD than when using the 93%DD chilkosan To study how a chitosan-polysaccharide increases
the dispersion efficiency and stabﬂity of CNTs; molocular dynamics simulation done on the three models:
i) two pristine CNTs (pCNT-, pCNT), ii) a/pristine CNT-a chitosan wrapped CNT (pCNT-cwCNT) and iii)
two chitosan wrapped CNTs (cwCNT-cwCNT). A§ a result, the CNT aggregation was found in pCNT-
PCNT and pCNT-cwCNT du€ to van der Waals m:tglraaqtlon between the tube-tube aromatic rings, and
intertube bridging by chitosan, frespectlvelya In cas? of cwCNT-cwCNT, charge-charge repulsion was
found to separate the two tubes and well dlsperse in aquous solution. Although the monolayer coating
MWCNTs with low %DD chitosan was mprovetthe dispersion of MWCNTs, their stability was
insufficient to be used as drug carrier: Therefore, the layériby-hyer deposmon technique was selected as a
potential method for . prbpanng mulltilayers between poly(dnllyldlmethylammomum chloride)
(PDADMAC) and poly(sd’d_lum 4-styrenesulfonate) (PSS) coating~'on treated MWCNTs surface.
Interestingly, we found the §j;nple method to prepare primary, secondary and tertiary layers on treated

MWCNT with “just enough polyelectrolyte” without centrifugation process. Multilayer coating on
MWCNT was proyided high' stabilityin aquecus solution! Gentian violet-and diclofenac were used as
hydrophilic model’ drugs*for-loading on'modified MWCNTs. Gentian ‘violet selectively loaded on
negatively charged surface of MWCNT while diclofenac ecannot be achieved to load in any kind of
MWCNTSs,, The cytotoxicity, ‘of modified MWCNTSs, with different functional groups was evaluated by
MTT assay. . Treated MWCNTSs were toxic‘to L929 cells when the concentration reached 25ug/ml while
primary coating MWCNTSs with PDADMAC was toxic at concentration 12.5ug/ml.
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CHAPTER
INTRODUCTION

Problems associated with the administration of free drugs such as limited
solubility, poor biodistribution, lack of selectivity between drug and targeted cells,
unfavourable pharmacokinetics and healthy tissue damage can be overcome and
improved by the use of a targeted drug delivery system. Nanocarriers such as
nanoparticles, nanotubes and nanowires,  nanespheres, nanocapsules, dendrimers,
polymeric micelles, etc. arewidely promising vehiele'which used in drug delivery system
because they present targeted delivery to targeted cells while provide the drug efficiency.
Nanocarriers can deliver drugs 0 specific area within the body. Furthermore, they can
overcome resistance from thé physicochemical barriers in'the body. Therefore, efficient
delivery of drugs to vatious part of the bo&y 18 successful because it is directly affected
by nanoparticles. Drug deliyvery system j"cfaJr'-1 be improved by nanocarriers such as
increasing solubility of poorly soluble drugsr in order to enhance bioavailability for timed
release of drug molecules and precise d—fug targeting. The surface properties of
nanocarriers can be modified in ofder to redul;;xi- arug toxicity and provide more efficient
drug distribution. =5 -

Among attractive nanomaterials, carbon nanotubes {ENTs), have been studied in
a wide variety of scicatific research and applications. Because CNTs possess unique
properties, CNTs exhibit excellent thermal and chemical stabilities. In addition, they also
possess semi- and metallic-=conductive properties. For these reasons, CNTs have been
widely used in' many: applications and impadcted ‘to.the scientific breakthroughs in the
present. Integrating CNTs in biomedical applications as a drug casrier is one of major
challenge of ' CNTs/research to date for therapeutic molecules in/drug delivery system.
Due to unique physicochemical properties of CNTs which maintain their structure in any
conditions, CNTs are suitable materials to be used as drug carrier. Moreover, CNTs offer
some interesting advantages over the spherical nanoparticles for biomedical applications.
The large inner volume of CNTs allows the loading of small biomolecules while their
outer surface can be modified by covalent and noncovalent surface modification. Since

CNTs can hardly be dispersed in any kind of solvent and tend to aggregate due to



van der Waals interaction of intertube, the development of efficient methodologies for
surface modification of CNTs is needed to overcome this obstacle. Two main approaches
of surface modification of CNTs have been proposed including covalent and non-
covalent surface modification to overcome this barrier. Surface modification of CNTs,
especially, using modified CNTs as a drug carrier in drug delivery application, dispersion
and stability efficiency of CNTs are necessary improved. In term of dispersion, the
modified CNTs provide high specific surface area for high adsorption with other
molecules while in term of stability, individual CNT after dispersing should be stable in
the solution without any precipitation. 4 To apply CNTs in biomedical applications,
cytotoxicity of CNT is anether concern which was stillargued in scientific research until
now. However, many.diffcrent foxicity results of CNTs have been published and
proposed where there aré five S factors {concerned with CNT toxicity including size,
source, shape, surface chemisiry and surface 'élrea.

In this work, CNTswere modified bpth’ by noncovalent and covalent modification
to improve CNTs dispersion and stability Wthh are having hydrophilic species either
positive or negative charge at their surface. i‘;M_()'lecular dynamics simulation was carried
out for the pristine CNT and nen-covalent 'rflddiﬁed CNT, with 60%DD chitosan, in
aqueous solution. This aims to understand an,d?_.g%phin their solubility at molecular level
and to confirm the result of noncovalent surface modification of CNT with various
degree of deacetylatien of chitosan in experimental method.For drug loading, modified
CNT with multilayers_thin film between PDADMAC and PSS were used as a drug
reservoir. The coating multilayers on CNT were loaded with model hydrophilic drugs;
gentian violet and diclofenac _sodiun salt. Furthermore, drug loading were quantified by
releasing in ethanol. Cytotoxicity of modified CNT and pristine CNT was evaluated with
L929 mouse' fibrobldst, cell usingMTT assay: In addition)'the intCrfetence of formazan
adsorption on CNT surface was investigated in order to confirm the potential of this assay.
The characterization techniques used in this work are UV-Vis spectroscopy, zeta
potential measurement, transmission electron microscopy, gel permeation
chromatography, fourier transform infrared spectroscopy and raman spectroscopy.

UV-Vis spectroscopy was used to investigate the dispersion efficiency and

stability of modified CNTs. In addition, the drug loading and drug release from modified



CNTs in individual tubes and film were detected using UV-Vis spectroscopy. Modified
CNTs with polyelectrolyte via layer-by-layer technique was monitored using
transmission electron microscopy. To confirm the surface charge of modified CNTs,
electrical charge in term zeta potential was investigated using zeta sizer instrument.

The results obtained from this study can be used as a guidance for preparing

CNTs by modifying their surface properly to apply as drug carriers in drug delivery

application in future.
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CHAPTER 11
THEORY AND LITERATURE REVIEW

‘There’s plenty of room at the bottom’, was the title of Richard Feynman’s talk,
when he gave a lecture at American Physical Society Meeting at Caltech in 1959 [1].
This valuable phrase has been the mainspring of scientific inspiration for scientists
around the world to initiate the scientific mevement of tiny level which is nowadays
called “Nanoscience and Nanetechnology™. Nanoseience is the study of phenomena and
manipulation of materialswat-atomic, molecular~and macromolecular scales, where
properties differ significantly.ffom those at larger scale while nanotechnology is the
design, characterization, production and application of structures, devices and systems by
controlling shape and sizc atfanometer scale [2].

Nanotechnology.sdeals with materj_ials and systems having the following key
properties [3]; .

- They have at least one'dimension smaﬂér than 100 nm.

- They are designed through precesses tﬁétthibit fundamental control over
the physical and chemical characteristicégo-f‘-‘vmolecular scale structure.

- They can be combined into-farger structures: -

A wide group ef nanomaterials enables access to the new ranges of electronic,
magnetic, mechanical and optical properties. One of intcresting nanomaterials which has
attracted the attention of many researchers since the last'decade is “Carbon Nanotubes”
(CNTs) [4]. There are, many.allotropes of.carbon structures which have been well known
in nowadays such as“diamond, graphite, fullérene(Cs¢) and carbon nanotube. The major
allotropes of carbon; diamond and graphite, should be considered; and compared with
carbon fanotube in /ferm of their structure as/shown in Figure 2.1. The chemical bonding
of carbon nanotubes is composed entirely of sp> bonds, similar to graphite. This bonding
structure, which is stronger than the sp’ bonds found in diamonds, provides the molecules
with their unique strength. Nanotubes naturally align themselves into "ropes" held
together by van der Waals forces [5]. In diamond, each carbon atom is bonded to four
others in a three dimensional lattice while in graphite, each carbon atoms is attached to

three others in a same plane and form a hexagonal lattice. The remaining bond in graphite



structure is used to hold the other planes above and below. However, the bonds in the
plane of graphite are stronger than in diamond but the interplanar bonds are relatively

weak and enable the planes to slide [6].

e .1;5..

0

Figure 2.1 Carbon Allotropes; (a) Diamond, (b) Graphite, (c) Fullerene (Cq),
(d) Single Walled Carbon Nanotube and (e) Amorphous Carbon.



2.1 Introduction to Carbon Nanotubes

Since the discovery of multiwalled carbon nanotubes in 1991 by lijima [7] and
singlewalled carbon nanotubes in 1993 by lijima’s team from NEC, Japan [8] and
Bethune’s team from IBM, California, U.S.A. [9], the breakthrough of carbon nanotubes
in last decade has been illustrated by a great number of scientific publications in
multidisciplinary field. Among their remarkable properties; high tensile strength, high
stability in thermal and chemical, high electrical eonductivity and biocompatibility, all of
these properties become important reasonythat earbon nanotubes to be integrated in wide
variety of applications. Carbon nanotubes are nanoscale graphene cylinder covered their
edge by a half of fullesenc. Fhere are two main types of carbon nanotubes which are
singlewall carbon nanetubes and multiiwall carbon mnanotubes. Singlewall carbon
nanotubes (SWCNTs) arga roll of rﬁonolai_};éred graphene sheet while multiwall carbon
nanotubes (MWCNTs) aresseveral graphiti"g; concentric layers. The diameter varies from
0.4 to 2 nm for SWCNT and from 1.4 to 100 nm for MWCNT, while their length can be
reached in several micrometers [10]. Ja b -‘

Three crystallographic configurations of é@rbon nanotubes; zigzag, armchair, and
chiral of CNTs (Figure 2.2(a)) depend on howat_hg graphene sheet is rolled up. These

groups are determined by the chiral vector which received by.the equation (1)
UCh =na; Tma; 7000 (D)

Where a7 and d;-are unit vectors in the two dimensional hexagonal lattice, and n
and m are integers. Another important factor is the chiral angle (Figure 2.2(b)), which is
the anglebetween Cand @, Wheén 7 = m and the/chital afigle'is 30\degtees, it is known
as an armchair type. When n or m is zero and the chiral angle is equal to zero, the
nanotube is known as zigzag. Chiral nanotubes are formed when the chiral angles are

ranged between 0° and 30°.
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Figure 2.2 (a) Crystallographic configurations of CNTs [11], (b) Direction of
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R = radius of carbon nanotube, C/h = Chiral vector

Diameter of carbon nanotube can be calculated follow equation (3)



D = diameter of carbon nanotube, ¢ = circumference

Length of chiral vector can be calculated follow equation (4)

C = Length of r, a= le

Length ofuniwo/ 216d followsequation (5)

it vector, n, m = integer

...(5)
ac.e =0.1421 n
. .

Chiral angle which is the angle betwee vest zigzag C-C bond can be

calculated follow eq “,5_:.;_5:

Il
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carbon nanotubes was provided metallic carbon nanotube and semiconductor carbon

nanotube. It’s depend on the difference of integer of unit vector as follow,
| n-ml =3q metallic - armchair
| n-m | =3g+1 semiconductor — zigzag

q = integer 0,1,2,3...



Intershell spacing of multiwall carbon nanotubes can be calculated (7).

D=0344+ O.lexp[_—cj ............... (7)
4

D = intershell spacing of MWCNTs, ¢ = circumference

2.2 Carbon nanotubes synthesis
2

2.2.1 Electric AreDischarge technique

The most widelyuised technique tol“produce nanotubes is the electric arc discharge
(Figure 2.3). The synthesis Jis perfbrmetl '.'Iin a water-cooled reaction chamber first
evacuated and then filled with an inert gas étm'osphere (helium or argon, 660 mbar). Two
graphite rods are used aS elgctrodes: one is'i:ﬁlie_d while another one can be moved by a
translation mechanism. The mobile _éﬂlectrod’é»ﬂ(ﬂtile anode) is moved towards the cathode
until the distance between them.is less than 1 mm that a current (100 A) passes through
the electrodes and plasma is created between?hé;_'p. The average temperature in the inter-
electrode plasma region is extremely high (bf the order of 4000 K) and therefore the
carbon is sublimated aha the positive electrode is consumécL— In order to maintain the arc
between the electrodes, the anode has to be continuously translated to keep a constant
distance between the rods:

The deposit consists of a 'hard grey outer shell and a soft fibrous black core. The
outer hard shell“is formed of nanoparticles and MWCNTs fused together whereas the
core contains ‘abolt ,éne-thitrds< polyhedial ‘graphitic’ nanoparticles land two-thirds
MWCNTs. To synthesize SWCNTs, the electrodes are doped with a small amount of
metallic catalyst particles. Among the two methods, the arc discharge has the advantage

of being much cheaper than the laser ablation method [13, 14].
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Anode doped
with Ni, Co, ...

Pure graphite
electrode

e ﬁr%arbon nanotubes[15,16]
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N . € = .
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dischargeq oth methods "use ndensation of car atoms generated from the

vaporization of graphite targets. Also, SWCNTs are formed when graphite targets

Figure 2.3 Arc digaarge apparatu

containing catalyst. Such as Ni, Co, Pt, are vaporized by a laser. The graphite target is
placed in a quartz tube surrounded by a furnace (at 1,200 °C).
A constant gas flow (Ar or He) is passed through the tube in order to transfer the

soot generated to a water-cooled Cu collector. The SWCNTs usually condense as ropes
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or bundles consisting of several individual SWCNTs. By products such as amorphous
carbon or encapsulated metal catalyst particles are also present. When just a pure graphite
target is used, MWCNTs are found only. These nanotubes are formed with 4 to 24
graphitic layers and their length can reach 300 nm. The laser ablation technique favors

the growth of SWCNTs, while MWCNTs are usually not generated with this method. A

disadvantage of this method is that it requires expensive lasers [13, 14].
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Most of chemical vapor deposition (CVD) method uses methane, carbon

monoxide, ethylene, or acetylene as the carbon feedstock, and the growth temperature is
typically in the range©f.823-1023 K...Iron, Nickel; or.Cobalt narioparticles are often used
as the catalysts. In the CVD processigrowth as shewn in Figure 2¢5sinvolves heating a
catalystématerial to high temperature in a tube furnace using a hydrocarbon gas pass
through the tube reactor over a period of time. The basic mechanism in this process is the
dissociation of hydrocarbon molecules catalyzed by the transition metal and saturation of
carbon atoms in the metal nanoparticle. Precipitation of carbon from the metal particle

leads to the formation of tubular carbon solid.
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This process has two main advantages: the nanotubes are obtained at much lower
temperature, although this is at the cost of lower quality, and the catalyst can be deposited

on a substrate, which allows for the formation of novel structures [12-14].
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Figure 2.5 Carbon nanetubges synthesis using chemical vapor deposition technique[16].

2.3 Surface modification of carbon nanofilbés

According to the  vam der Waals force between nanotubes surface, carbon
nanotubes tend to aggregate to each other as @ﬁﬁdle. Therefore, this major problem lead
carbon nanotubes hardly dispersed-iti any kin’&_- of'solvent and induced the next problem
which was how to disperse carbon nanotubes before applying in any application. The
necessary properties Of carbon nanotubes and even the otherfianomaterials were provided
the high specific surface area and their individual unique property. The surface
modification of carbon nanetubes were the ifaportant solution to overcome this problem
by reducing the van.der Waals forcCe of intertubes for improving their dispersion and
provide the ionic functional groups on nanotube surface for improying their stability in
aqueous, sofution: Fromr the relevant literatures; ‘there’ have ‘been, proposed two main
approachés for modifying carbon nanotubes surface; i) noncovalent and ii) covalent
surface modification. To provide a wide variety of functional groups on carbon nanotubes
surface, covalent surface modification were the impact method for dispersion and
stability improvement. However, the disadvantages of this technique are that the
abundant of conjugated bond which were the important for the electronic property of

carbon nanotubes, were loose during the favor chemical reaction on nanotubes surface.
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While the noncovalent surface modification still provided the carbon nanotubes integrity
using polymer, surfactant, biomolecules base on the interaction as electrostatic, hydrogen
bonding, hydrophobic, and even van der Waals. However, the noncovalent surface
modification still provide the weak interaction between the dispersing species and carbon
nanotubes surface when compare with covalent surface modification, it’s possible to

loose their stability when the condition were not suitable.
2.3.1 Noncovalent surface modification

Several ways of dispersion have been explored and can be basically devided in
two main approaches. Oné procedure consists on the noncovalent modification of CNTs
with surfactant, nucleic acid peptides, ar;d polymers. The noncovalent interactions are
based on van der Waals, liydrophobic and n_—n stacking interactions. The advantage of this
method is the preservation of the electronic?tructure of CNTs surface.

Chengguo Hu et als |18} demonstigftegl a new noncovalent approach for the
dissolution and exfoliation of SWNTS: in w‘a_;t_e_r'by a rigid, planar and conjugated diazo
dye, Congo red (CR). The mixture of  SWNTS épd CR can be dissolved in water with a
solubility as high as 3.5 mg/ml for SWNES _High-resolution transmission electron
microscope images showed that the SWNTs bundles were, efficiently exfoliated into
individual SWNTs orsmall ropes. The pi-stacking interaction between adsorbed CR and
SWNTs was considered tesponsible for the high solubility.

Individual single-walled carbon nanetubes (SWNTs) have been suspended in
aqueous media using various anionie, cationic, nonionic surfactants and polymers were
reported by Valerie C. Moore et al. [19]. The surfactants are compared with respect to
their ability “to” suspend dndividual |SWNTS and the "quality’ of jthe |absorption and
fluorescence spectra. For the ionic surfactants, sodium dodecylbenzene sulfonate (SDBS)
gives the most well resolved spectral features. For the nonionic systems, surfactants with
higher molecular weight suspend more SWNT material and have more pronounced
spectral features.

Junping Zhang et al. presented their work that focuses on manipulating the

dispersion of pristine CNTs with a series of versatile derivatives of chitosan (CTS) by
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using pH as a stimulus [20]. Derivatives of CTS could be used to disperse CNTs
homogeneously while endowing them with biocompatibility and maintaining their intact
electronic structure. The substitution degree of CTS derivatives could also be used to
manipulate the dispersion of CNTs more specifically. pH sensitivity of the CTS/CNTs,
CMCTS/CNTs and NSC/CNTs systems as well as completely homogeneous dispersion
of CNTs by using HACC may open new possibilities for using CNTs for various
biomedical applications.

Moreover, polyelectrolyte multilayets eansbe immobilized onto carbon nanotubes
via electrostatic interaction by Layer-by-Layer-technique to disperse carbon nanotubes.
Decher et al. have developed a_new technique for the preparation of polymer thin film
from polyelectrolyte solution by Layer-by-Layer technique or electrostatic self-assembly
technique (ESA) [21]. The pringiple of tﬂis technique can be summarized as follow. A
substrate is successively dipped in dilutes ;sJ('I);lution of oppositely charged polyelectrolyte
leading to a Layer-by-Layer deposition mode.‘»Each adsorption step leads to a reversal of
the charges allowing the deposition of the:'-_,r_lleg;_t layer until it becomes polyelectrolyte
multilayer thin films (PEMS) [22]. PEMs ha\j@_ﬁeen fabricated using mainly electrostatic
attraction as the driving force for multilayers. T he_fre are many other interactions that have
been used successfully for multilayers depo,-fé_i_t_ip_n such as donor-accepter interaction,
hydrogen bonding, covalent bond, etc. Agata Zykwinska et al. demonstrated that a new
general procedure for.€arbon nanotube modification based on polyelectrolyte layer-by-
layer assembly [23]. They demonstrated noncovalently modified surface of carbon
nanotubes by layer-by-layer.deposition with gynthetic polyelectrolytes. The thickness of
the adsorbed polyelectrolyte layers increases linearly with the!bilayers number up to
reach 6 nm. The adsorbed polyelectrolyte layers were used as anchoring ones to
subsequently graft 4 natural) biopolymer. | This ‘Opens the promising way to design new
biodevices based on carbon nanotubes. Alvaro Carrillo et al. described a strategy for
functionalizing graphite and carbon nanotube surfaces with multilayered polymeric films
[24]. Poly(amphiphiles) adsorb noncovalently onto these surfaces from aqueous
solutions, due to hydrophobic interactions. The covalent attachment of a second polymer
layer to this initial adsorbed layer results in the formation of a cross-linked polymer

bilayer; additional layers can be deposited by the covalent or electrostatic attachment of



15

polyelectrolytes. They used these multilayered polymer films to mediate the attachment
of gold nanoparticles to graphite, single-walled nanotube (SWNT), and multiwalled
nanotube (MWNT) surfaces. This approach provides a convenient method for attaching

other nanostructures, biological molecules, or ligands to carbon nanotubes.

2.3.2 Covalent surface modification

Another approach is _based on CNTs eovalent functionalization. First, CNTs are
cut and oxidized to generatc_a certain number of carboxylic groups subsequently
dramatized with different _types<of molecules. Alternatively, CNT side walls can be
directly functionalized by additionreactions.

Maxim N. Tchoul et al. demonstrated that oxidation of single-walled carbon
nanotubes (SWNTs) with nitric acid increas?esa_their dispersability in water, methanol, and
N,N-dimethylformamide /25]. The disperégbﬂity of all types of nanotubes increased
substantially after 1 hr of sgnication and afté;f"254 hr of reflux. Longer treatments resulted
in little further improvement in dispersaﬁﬁify ‘,Jand at reflux degraded the SWNTs.
Concurrent with improved dispersability, ogid;f‘ion resulted in smaller diameters and
shorter lengths show-mostly bundles rather"éﬁéiﬂ_ihdividual tubes. Functionalization of
carbon nanotubes via I;3=dipolar cycloadditions was demonstrated by Nikos
Tagmatarchis and Mailrizio Prato [26]. The organi¢ functionalization of carbon
nanotubes has opened new avenues with opportunities to fabricate novel nanostructures
by improving bothithein solubility andiprocessibility! Thecl,3=dipolar cycloaddition of
azomethine ylides onto~carbon nanotube (CNT) networks may play a relevant role
towards this direction. CNT-based materials have béeén synthesized pessessing differently
functionalized solubilizing chains'and hold strong promise as useful building blocks for

the construction of novel hybrids for nano- and bio-technological applications.
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2.4 Theory of Layer-by-Layer self assembly

2.4.1 Definition and general description of polyelectrolyte [27]

The term “polyelectrolyte” (PEL) is employed for polymer systems consisting of
a macroion i.e., a macromolecule carrying covalently bound anionic or cationic groups,
and low molecular “counterions” securing for electroneutrality. Example of an anionic

and a cationic polyelectrolyte (PEL) are presentedsdn Figure 2.6.
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Figure 2.6 Chemical strueture of (a) sti_g-m poly(styrene sulfonate) and
(b) poly(diallyldimethylamﬁ_enium chloride).

Both Na—polystYrene sulfonate and po1y(diallyldimethylammonium chloride) are
dissociated into macroion and counterion in aqucous solution in the total pH range
between 0 and 14. Alsd polymers like poly(acrylic acid)r and poly(ethylene imine) are
usually classified as pelyelectrolytes, ‘in| spite of ‘the’ fact that they form a polyion-
counterion system only in a limited pH range, and remain as an undissociated polyacid in
the acid-range.or-undissociated-polybase,in the alkalinerange, respectively (Figure 2.7 (a),
(b)), a behavior typical for weak polyelectrolytes (Figure 2:7/(c), (d))and quite analogous

to weak low molecular electrolytes.
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Figure 2.7 Chemical strueture of il
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(aplﬁ)ly(acrylic acid) and ] ine) and weak natural

A special case of,p%zelectrolytes, tl&“polyampholytes,” carrying both anionic

and cationic grﬁs%nfg %&W ﬁjawn&*ﬂeﬂe‘ﬁresemed in nature by an

abundant numbet of proteins but can also be obtained by various synthetic routes.

¢
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polyelectrolyte st re no 1 ing asonable n r'of ionic groups to

the polymer backbone, with linear or branched macromolecules at a compound soluble in
an aqueous medium of appropriate pH after introducing a sufficient number of ionic
groups.

Today’s commercial polyelectrolytes are predominantly obtained by a

polymerization, polycondensation, or polyaddition process. Also numerous important
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PEL also originate from nature, such as gelatin, as a representative of the widespread
class of proteins or pectins belonging to the group of anionic polysaccharides.
Furthermore, some PEL of practical importance result from a chemical modification of
nonionic natural polymers such as cellulose or starch.

In contrast to the huge variability of the polymer backbone structure, the number
of different chemical structures of anionic or cationic sites responsible for the preculiar

behavior of PEL in solution is rather small (Table 2.1)

Table 2.1 Structures of ionic sites-of polyelectrolyte.

Cationic groups [ Anionic groups
609 — -NH3*
T3S =NH,"
-0S0;, =NH"
-SO;3° b4 SNRs
_OPOY ~

= __J.ﬂ

These ionic groups are -usually clas'siﬁéd- as anionic and cationic; a further
subdivision into weakly and strongly acid and basic groups-is reasonable in analogy to
“strong” and “weak” acids and bases of low molecular chemistry with the sulfonate, the
sulfonate-half ester, and the tetraalkylammonium group being representative for the so-
called “strong PEL.”

Besides the acid or base stréength of the ionic.site, the average distance between
the adjacent anionic or cationic charges along the polymer chain isza,decisive parameter
determining PEL behavior, especially in the dissolved state. “This charge-carrier density or
charge density is defined as the average distance between ionic sites, taking into account
chain bond geometry, or as the average number of ionic sites per monomer unit in the
case of copolymers, with the latter definition yielding comparable data only within the
same class of copolymer with an ionic component. Besides this average charge density,
the regularity of distribution of ionic sites along the chain can also influence PEL

properties significantly, for example, with regard to solubility. As a rule, typical PEL
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behavior can be expected if more than 1 ionic site per 10 monomeric units is present in a

copolymer.
2.4.2 Formation of polyelectrolyte multilayer thin films

Polyelectrolyte multilayer films created via Layer-by-Layer (LbL) deposition are
currently used to modify the surface properties of materials. These polyelectrolyte based
films are capable of self-organization. The self<0rganization process of polyelectrolyte
films, also referred to as electrostatic self-assembly (ESA), has been well documented
over the past ten years.

Starting in the early 19905, Decher’s group began work on the realistic method for
the ESA of nanolayers over charged sulatstrate. The process developed by Decher has
increased in popularity since its intrdducti(:)};. This is a result of the method’s simplicity
and the fact that polyelectiolytes as well a? charged nano objects can be deposited in a
controlled manner. Biological compounds, f_c}gn}ducting and light emitting polymers, and
dyes have also been deposited onto s_i}itable 'S;ﬁtls%rates via ESA.

The LbL process is based on the altei’-hétling adsorption of charged cationic and
anionic species. The process begins by pp:}qégly charging a substrate. The charged
substrate is then primed by adsorbing a layer 6f a polyelectrolyte with an opposite charge
sign to that imparted to ihe substrate. Once the substrate is -pri‘med, it is then dipped into a
solution of a counterion polyelectrolyte.” A tinse step is included between the two
adsorption processes to remeve excess as well as to prevent cross-contamination of the
polyelectrolyte 'solutions. These 'simple 'steps complete (the LbL deposition of the
nanolayers. Multiple layers can be created by simply dipping the substrate in alternating

anionic’and cationiebaths {281
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From Figure Z.Btop:- cular concﬁ}t of the first two adsorption

steps depicting film depositien starting with@ positively charged substrate. The polyion

conformation aﬂl%rﬁe%n?ﬂa&%% WI%‘[{:)} ﬁt@ surface charge reversal

with each adsoxﬂiion step which is Ehe basis of the electrostaticagz driven multilayer

build uﬂeﬁéﬂ]ﬁﬁ.ﬁoﬁ?fﬂ;ﬁmﬁdﬁﬁ:ﬂ. Ell;d?r | tom: Schematic

of the film deposition process using glass slides and beakers. Steps I and 3 represent the
adsorption of a polyanion and polycation respectively, and steps 2 and 4 are washing
steps. The four steps are the basic buildup sequence for the simplest film architecture
(A/B)n where n is the number of deposition cycles. The construction of more complex

film architectures requires additional beakers and an extended deposition sequence.
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Therefore, Layer-by-layer technique is the most versatile and facile approach
based on electrostatic self-assembly between oppositely charged polyelectrolytes [29].
This technique can produce the multilayers thin film on any shape, any size and any

substrate as shown in Figure 2.9.

Figure 2.9 Variety of s sl'ra‘tqs fgr ’11‘[1 polyelectrolyte multilayers via

layer—by—l

2.4.3 Parame}tﬁrs controﬂmg’ thJ gr _tﬂg]

The parametersr ntrolli WCE studied because there are

important for the multllayer formation.
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multllayer thickness increases in the order: poly (acrylamide sulfonate)/poly
(diallyldimethylammonium chloride) (PAMS/PDADMAC) < poly (styrene sulfonate)
/poly (allylamine hydrochloride) (PSS/PAH) < PSS/PDADMAC. All these
polyelectrolytes are flexible. The intrinsic persistence length for PSS, PAMS and PAH is
similar (approx. 1 nm) while the intrinsic persistence length of PDADMAC is slightly
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higher. Therefore the chain stiffness cannot be the only reason for the differences in
multilayer thickness. It is assumed that the balance between hydrophobicity and
hydrophilicity of the polyelectrolytes plays an important role for the thickness. While
PSS has a hydrophobic backbone and is not water soluble below a degree of charge of
0.33 even the neutral PAMS is water soluble.

The type of multilayer growth depends also on the type of polyelectrolytes.
The thickness of PSS/PAH multilayers increases linearly with the number of deposition
cycles, while the thickness of PSS/PDADMACmultilayers increases linearly or
exponentially depending on the charge density of PDADMAC. The exponential growth is
related to a higher surfaceroughness and internal roughmess than in the case of linear

growth [31].

2.4.3.2 Effect of polymer cl};;;rge density

A minimiim ¢harge density i's_.r@quired for the formation of multilayers.
Below this charge threshold the charge revﬁq@s_ﬁl 1s not sufficient. In the case of strong
polyelectrolytes the charge density is varied by changing the chemical structure. For
instance, a PSS/PDADMAC multilayer can ,E_.e_puilt up at polycation charges > 70%.
Above this threshold the charge density does not affect the polymer density (electron
density between 0.374.4and 0.393 A° -3) [32].

Not only the average charge density, but also the distribution of the charges
along the chains plays ansimportant role forgbuilding up multilayers. The adsorption of
block-copolymers showed that a short strongly’ charged block (10-20% of the total
number of monomer units per chain) is sufficient for the formation of multilayers, even if
the average ¢hatrgedensity-is below the ¢harge threshold that'is rCquited for multilayer

formationy[33].
2.4.3.3 Influence of ionic strength

The total multilayer thickness can be controlled with angstrum precision

by adding salt to the aqueous polyion solutions. Due to the screening of the charges along
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the polyelectrolyte chains the polymer molecules are more entangled with increasing salt
concentration. The results are in a larger thickness and a stronger internal and external
roughness of the adsorbed layers. The increase in thickness d is proportional to IB
(I: ionic strength). Most of the studies in the literature report an exponent B of the salt
dependence between 0.5 and 1 for different polyelectrolytes. Lo sche et al., showed by
neutron reflectivity that the thickness of a layer pair (PSS/PAH) varies linearly with the
ionic strength of the dipping solutions in the concentration range 0.5-3 mol/l NaCl
additive [34]. At low ionic strength, i.e.below 0.5mol/l NaCl, a deviation from this linear
behavior towards an 1 0.5 dependence isystated: The latter behavior is also reported by
other groups against air.erwatci.-Above a salt coneentration of 1 mol/l the thickness
increase is less pronounced, butnevertheless, d increases up to a concentration of 3 mol/l.

PSS/PDADMAC multilayersi‘. increases propottional to I or I 0.5 depending
on the PDADMAC charge density. ‘

Beside the segment—segmenf;, repulsion also the attraction between the
polyelectrolyte and the ©Oppgsitely charged_figtqrface is screened. Therefore, one would
expect a decrease of adsorbed amount- at higd*i@;i;)nic strength. For some systems, as, e.g.
PAMS/PDADMAC or PSS/PDADMAC, thi's:;l;zlecrease has been observed, but the
thickness of PSS/PAH multilayers increases?y_é‘:n_above an ionic strength of 1 mol/l.
There seems to be a-paradox: On one haﬁd a minimum. polymer charge density is
required to form multil'c;yers, on the other hand multilayers ean be built up at high ionic
strength where the electrostatic interactions are screened. These results indicate that
macroscopic mean field theeries like the Gowuy Chapman theory do not describe the
multilayer formation at high ionic strength. Two other explanations for the adsorption of
polyelectrolytes ‘are possible: Firstly, beside enthalpy contributions also the gain in
entropy_plays an, itipottant) roletdue fo| the release ‘of counterions (during multilayer
formation; Furthermore, charge (or ion) fluctuations near the surface should be taken into
account. They make the surface ‘visible’ for the oppositely charged polyelectrolyte

despite of (mean field) screening.
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2.5 Layer-by-layer surface modification of carbon nanotubes

An interesting issue for noncovalent surface modification of carbon nanotubes
was layer- by-layer deposition technique. The coating CNTs with polyelectrolyte from
this technique provided a wide variety of ionic functional groups on CNT surface lead to
obtain high dispersion efficiency and their stability in aqueous solution. In 2004, Bumsu
Kim et al. [35] were successfully functinalized carbon nanotubes with gold nanoparticle
composites. Treated carbon nanotubes wer‘é»’ﬁ’epfgsited with cationic polyelectrolyte;
poly(diallyldimethylammonium  ehloride) aliernate _with anionic polyelectrolyte;
polystyrene sulfonate forbilayers. Alexahder B. Artyukhin et al. [36] has been reported
noncovalent surface moj?jhﬁl of car§on nanotubes by deposit the primer layer as

MAC and PSS were used to alternately deposit on the

J

pyrene ionic derivative

modified carbon nanot : ‘0 Kongfor et al. [37] were proposed preparatlon

Figure 2.10 TEM image of coating multiwall carbon nanotubes with polyelectrolyte [37].
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To apply coating carbon nanotubes with polyelectrolyte multilayers on their
surface, there are many application. Lijun Liu et al. [38] found that water-soluble
multiwall carbon nanotubes coating poly(allylamine hydrochloride) were successfully
coated as bionanomultilayers with a model enzyme; horseradish peroxidase (HRP) by

layer-by-layer technique as shown in Figure 2.12 The bionanomultilayers were
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constructed as highly sensitive phenolic biosensor which having the detection limit of 0.6
uM. Therefore, the developed bionanomultilayer biosensor exhibited a fast, sensitive, and

stable detection.

Step 1 O o

s
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Figure 2.12 The.;l)rocess of solubilizing PAH-MWCNTs and assembly
bionanomultilayers on PAH-MWCNTs [38].

Sai Bi et al. [39] found that treated multiwall carbon nanotubes were coated with
many ingredients; ~poly(diallyldimethyl | ammonium" chloride) (2DDA), horseradish
peroxidase, alpha phetoprotein, and aﬂpha phetoprotéin primary and secondary antibody
via layer-by-layer technique as shown in Figure 2.13. The results showed the detection
limit which was two orders of magnitude lower than standard ELISA method. Therefore,
this hybrid material can be used as a biolabel for ultrasensitive chemiluminescence

immunoassay of cancer biomarker.
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successfu?ly controlled release anticancer drug; doxorubicin to cancer cells as shown

Figure 2.14.
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Figure 2.14 TEM 1 o VCNTs. (a) Cut SWCNTs,
(b) Alginate-SV hitosan-SWCNTs, (d)
hitosar it SWC Doxorubicin-SWCNTs,
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understan%l the dynamics and thermodynamics in many fields of science (e.g. biological
and material systems). They can afford molecular information that is complicated or
unfeasible to achieve from experimental techniques alone. The wrapping phenomenon of
modified CNTs with polymer has been proposed as a general phenomenon in both of

previous theoretical and experimental publications [41, 42]. Not only synthetic polymer
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but natural polymer has also been proposed wrapping phenomenon on CNT surface by
the molecular dynamics simulation study.

Molecular dynamics (MD) simulations are performed on the complex amylose-
nanotube system to study the mode of interaction between the initially separated amylose
and SWNT fragments, which can be either wrapping or encapsulation. Y.H. Xie et al. [43]
found that the van der Waals force is dominant and it always plays an important role in
promoting non-covalent association.  The' influence of the size of nanotube on MD
simulation is also studied. Our study illusfrates that amylose molecules can be used to
bind with nanotubes and, thus, faver non-govalent fiinctionalization of carbon nanotubes.

Recently, Yingzhediwet al- [44] have been reported that carbon nanotubes coated
with alginic acid through'noneovalent functionalization have been shown to be soluble
and dispersed in water. Algini¢ a¢id ¢an W;ap around SWCNT by virtue of van der Waals
attractions and organize into @ gompact hgiical structure, a process induced in the gas
phase by hydrogen-bonding interactions. In contrast, in an alginate aqueous solution, a
loose helical wrapping modeis found to be fé;yoy_ed by virtue of electrostatic repulsions in
conjunction with the weakening of hydro‘g?_n-bonding interactions. This work shed
meaningful light on the potential of noncovalent functionalization for solubilizing carbon
nanotubes, and open exciting perspeetives fo_r,-f‘i_h'c_aﬂ'j design of new wrapping agents that are
envisioned to form the basis of innovative nanomaterials  targeted at chemical and

biomedical applications.
2.7 Carbon nanotubes inidrug delivery appliecation

The one ‘of familiar application of modified carbon nanotubes which was put
attempt'to deep Studywas biomedical ‘applicationjespecially drug delivery application.

The application of modified CNTs as new nanocarriers for drug delivery was
apparent immediately after the first demonstration of the capacity of this material to
penetrate into the cell. An important characteristic of modified CNTs is their high
propensity to cross cell membranes. Two routes of internalization have been proposed. It
has been found that modified CNTs penetrate following a passive diffusion across lipid

bilayer similar to a “nanoneedle” able to perforate the cell membrane without causing cell
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death [45]. Alternatively, when CNTs were used to deliver proteins by adsorbing them
onto their external surface, they seem to be uptaken by endocytosis [46, 47].

Alberto Bianco et al. were successful in preparing CNTs containing both
fluorescein and amphotericin B (AmB) [48]. Their studies revealed that AmB covalently
linked to CNTs is taken up by mammalian cells without presenting any specific toxic
effect. Modified CNTs with AmB, one of the most effective antibiotic molecules for the
treatment of chronic fungal infection, are rapidly internalized by mammalian cells with a
reduced toxicity in comparison to the drug admimistered alone. In addition, Hongjie Dai
et al. [49] showed that the property of CNTs to-adsorb near infrared irradiation was used
to kill cancer cells. Pristime” SWNT were wrapped with poly(ethylene glycol)(PEG)
modified with a phosphelipid«(PL) moiety and folic acid (FA). Because tumor cell are
known to overexpress olate’ receptors, |f[he PL-PEG-FA/SWNTs construct was only
internalized inside cancer.€ells, which were;flfien destroyed by using a laser wavelength of
808 nm.

Recently, supramolegular chemistry on water-soluble carbon nanotubes for drug
loading and delivery was propesed by Hongj.i_é_ _Dai et al[50]. Water-soluble SWNTs with
poly(ethylene glycol) (PEG) functionalizatiori--Vi;a_f,-these routes allow for surprisingly high
degrees of m-stacking of aromatic molecule,si_*_iﬂhcluding a cancer drug (doxorubicin).
Binding of molecules t0 nanotubes and their release can becontrolled by varying the pH.
The strength of n -stagking of aromatic molecules is dependent on nanotube diameter,
leading to a method for controlling the release rate of molecules from SWNTs by using
nanotube materials with stiitable diameter. Seluble Single-Walled Carbon Nanotubes as
Longboat Delivery ' Systems for- Platinum(I'V) - Anticancer Drug Design were
demonstrated by Stephen J. Lippard et al. [51]. SWNTs tethered to substrates by
disulfide linkages uss the fedueing environinént of éndosotnés intd, which they are taken
to selectively release their cargo only following cellular internalization. By combining the
ability of platinum(IV) complexes that resist ligand substitution with the proven capacity
of SWNTs to act as a longboat, shuttling smaller molecules across cell membranes, they
have constructed a SWNT tethered platinum(IV) conjugate that effectively delivers a
lethal dose of cis-[Pt(NH3),Cly] upon reduction inside the cell. Balaji Panchapakesan et
al. [52] hypothesized that monoclonal antibodies that are specific to the IGF1 receptor
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and HER2 cell surface antigens could be bound to single wall carbon nanotubes
(SWCNT) in order to concentrate SWCNT on breast cancer cells for specific near-
infrared phototherapy. SWCNT modified with HER2 and IGFIR specific antibodies
showed selective attachment to breast cancer cells compared to SWCNT functionalized
with non-specific antibodies. After the complexes were attached to specific cancer cells,
SWCNT were excited by ~808 nm infrared photons at ~800 mW cm > for 3 min. Cells
incubated with SWCNT/non-specific antibody hybrids were still alive after photo-
thermal treatment due to the lack of SWNT binding to the cell membrane. All cancerous
cells treated with IGFIR and HER? specific antibody/SWCNT hybrids and receiving
infrared photons showed-eell death after the laser excitation. Following multi-component
targeting of IGFIR and"HER? surface r|ecept0rs, integrated photo-thermal therapy in

breast cancer cells led to'the gomplete destruction of cancer cells.

2.8 Carbon nanotubes cyfotoxicity: /7 Vifro '

Toxicity of carbon nanotubes has 'Hépn_ an important issue that attracted the
researcher in laboratory and even in publié_t(';."" realize and consider advantages and
disadvantages in the same timé before integr'ét-ihg' carbon nanotubes in any applications.
Nowadays, carbon nanetubes’s—toxicity—stibk-be—aigued-and discussed in academic
research by world wide researcher because of their different results. Especially, the
attempt to integrate carbon nanotubes in biomedical application such as drug carrier,
toxicity and biecompatibility of.carbon.nanotubes, was an important that should be
considered as well. 'Howevet, the'beginning conclusion was'that the toxicity of carbon
nanotubes depends on factors which®were size, shape, surface area,’surface chemistry,
solubility and impuritysas al transition imetal catalyst. Kostas Kostarelos [53] has been
reported as news and views that experimental evidence to date clearly indicates that long
and rigid carbon nanotubes should be avoided for in vivo applications and that chemical
functionalization should be optimized to ensure adequate dispersibility, individualization,

and excretion rates sufficient to prevent tissue accumulation as shown in Figure 4.15.
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Figure 2.15 (a) The effect of CNT structure on phagocytosis by macrophages and
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their dimensions, other considerations relevant to the safety of CNTs
include increasing their solubility and preventing their aggregation, to

facilitate urinary excretion and thereby prevent tissue accumulation [53].
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Guang Jia et al. [54] found that the cytotoxicity of carbon nanomaterials with
different geometric structures exhibited quite different cytotoxicity and bioactivity in
alveolar macrophage. The cytotoxicity in vitro follows a sequence order on a mass basis:
SWCNT > MWCNT > Quartz > Cegy.

Christie M. Sayes et al. [55] reported that cytotoxicity of singlewall carbon
nanotubes; /n Vitro depend on the functionalization density of carbon nanotubes surface.
The modified CNT surface consist of SWNT-phenyl-SOs;X (ratio of CNT/ phenyl-SO3;X
equal 18, 41, and 80), SWNT-phenyl-(COOH) (ratio of CNT/ phenyl-(COOH), equal
23) and underivatived SWNT stabilized in 1% Pluronic F108. The results showed that the
degree of sidewall functienalizatien increases, SWCNT become less cytotoxic as shown

in Figure 2.16
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Figure 2.16 Effect of funetional groups of SWCNT on cell viability [55].

While'\ Alexaundra: Porter et, al. [56] have found that acid treated CNT were less
aggregated within the cell when compared with pristine CNT. After 4 days of exposure,
bundles and individual acid-treated CNT was found inside the lysosomes and cytoplasm
where the caused no significant changes in cell viability or structure. Peter Wick et al.
[57] reported that the well-dispersed carbon nanotubes effect to their cytotoxicity.

Suspended carbon nanotubes-bundles were less toxic than asbestos, ropes like
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agglomerated CNTs induced more cytotoxic effect than asbestos fiber at the same
concentrations.

In addition, the cytotoxicity testing technique was a crucial problem as well
because for cell viability test, indicator dyes such as MTT, WST-1, Neutral red, Alamar
blue, and Commassie blue were needed to assess. A. Casey et al. [58] has been reported
the indicator dyes are not appropriate for the quantitative toxicity assessment because
carbon nanotubes can interact with eolorimetric indicators resulted in a false positive
toxic effect. Larisa Belyanskaya et al. [59] also seported the limit of the MTT reduction
assay for carbon nanotubes-cell integaction:Improvement of carbon nanotubes
suspension with polyoxyethylenc-sorbitan monooleaterand sodium dodecyl sulfate still
interfered with MTT assay asswell: Thetefore, the question how toxic is CNT remain
unanswered and will remainsuncertain 11[nti1 new screening techniques are developed
which do not involve thefise/of coldfimetzié dye. To aveid using colorimetric dyes for
cytotoxicity studies, Eva Herzog et al. [Q‘O]‘-Thas been proposed the clonogenic assay
which was the new approach for toxicity test Employing the clonogenic assay, without
any such interaction, this teChnique \f(aS mornéfgliable method for in vitro cytotoxicity test

which measure the colony surface area and colony number.
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CHAPTER III
EXPERIMENTAL

3.1 Chitosan synthesis
3.1.1 Chemicals and Materials

Chitin extracted from shrimp and used.an the synthesis of chitosan was obtained
from A.N. (aquatic nutrition-lab) Ltd., Thailand: Coneentrated sodium hydroxide (NaOH)
50 % w/w was purchased fiom.Vittayasom Co., Ltd., Thailand. Commercial grade

ethanol was purchased fromudtalmar Co. Ltd., Thailand.

O OH

Figure 3.1 Chemical structure of Chitosan: x = N-acetyl-D-glucosamine unit,

¥ = D-glucosamitie uiait: ¥= 50%/ = Chitin,;= 50% = Chitosan.

3.1.2 Methodology.of chitosan synthesis with yarious.degree of deacetylation

Chitosan with various degree of deacetylation (%DD) were prepared by reacting
50 g of chitin extracted from shrimp with 750 ml of concentrated sodium hydroxide
(50%w/w) under constant shaking (ratio 1 g : 15 ml). Different chitosan batches of
increasing %DD were obtained by varying the reaction time from 2 to 7 days at ambient

temperature. The resulting chitosan powder was then filtered and rinsed with water until
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obtaining neutral pH in the rinsed water. Thereafter, chitosan batches were rinsed with
ethanol 50%, 70%, and 95% and finally air-dried. The chitosan, which was deacetylated
for 7 days, was secondly deacetylated with concentrated sodium hydroxide for 3 days.
The secondary deacetylated chitosan was deacetylated again with concentrated sodium
hydroxide for 3 days to obtain high degree of deacetylation of chitosan. The %DD of
each chitosan batches was measured by first derivative technique using a UV-Vis
spectrophotometer (SPECORD S 100, Analytikjena). In addition, the average molecular
weights of the chitosan were investigated using gel permeation chromatography.

3.1.3 Determination of degree of deacetylation of chitosan using first

derivative UV-Vis Speetroscopy techniqpe

First derivative UV-Vis spectfoscof;yl technique was used to determine degree of
deacetylation of resulting/chitosan" [61]. Chﬁosan powder (0.01 g) were dissolved in
0.01M diluted acetic acid 100 -ml, therijUV;Vis absorption spectras in term first
derivative were obtained at fixed wéy’elength 2014 nm by using UV-Vis

spectrophotometer. %DD can be'¢alculated fro_m the equation [1] as follow,

A
%DD = {i=% x00==. ... [1]
, (A0xW)—=2044) 4
161
ol L Concentration'of’ N - acetyl= D - glucosamine (g/lit)

204
W = Weight of chitosan in 0.01 M &eetic acid
161
204

Molecular weight of D-glucosamine

Molecular weight of N-acetyl-D-glucosamine

To identify the N-acetyl-D-glucosamine in chitosan structure, the calibration
curve of N-acetyl-D-glucosamine in various concentrations were prepared by plotting
from first derivative absorbance spectra (Figure 3.2) at wavelength 201.4 nm as a

function of N-acetyl-D-glucosamine concentration as shown in Figure 3.3.
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Standard curve of N-Acetyl-D-Glucosamine (blank: acetic acid)
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3.1.4 Determination of average molecular weight of chitosan using gel

permeation chromatography (GPC Waters 600E)

Table 3.1 Gel Permeation Chromatography test condition.

Types Condition
Eluent Acetate buffer pHz=4
Flow rate 0.6 ml/min
Injection volume 20 ul 7/
Temperature 302C
Column set Ultrahydrogel linear 1 column (MW resolving range

1,000-20,000,0()9) 1 column + guard column
Standard pellulans (MW 5,900-788,000)

Calibration method

Polysacéharidef Standard calibration

Detector

Refractive Index Detector

3.1.4.1 Sample preparation

Chitosan with-different degrec of deacetylation (61, 70, 78, 84, 90, and

93%DD) 2 mg/ml were-dissolved in eluent and filtered using 7nylon 66 membrane (pore

-

o
a2 L4

P
o foay
g

size 0.45 um) before injection.

3.2 Effect of the degree.of deacetylation of Chitosan.on its dispersion of carbon

nanotubes

3.2.1 Chemicals and Materials

39

Multiwall carbon nanotubes with a diameter of 110-170 nm and length of 5-9

micrometer were purchased from Aldrich, Thailand. Chitosan with various degree of

deacetylation (61, 71, 78, 84, 90, and 93%DD) and their molecular weight in a rage of

630-530 kDa. Analytical grade glacial acetic acid was purchased from Labscan Asia Co.,
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Ltd., Thailand. All chemicals and solvents were used as received without any further

purification. Double distilled water was used in all experiments.

4 400 .

¥

Figure 3.4 Morphology imag: dstinie E“N'T characterized by scanning electron
microscope (Philli ] QOC;P);,& diameter in a range of 110-170 nm and
. 402504
length in a range of 5 ) i, ";‘j‘,"r' P
# : = ’:.? o ‘
e i :“jfd

3.2.2 Effect of chitosan qﬁﬁf"fntrati@the' dispersion of MWCNTSs

F :4 i) " iy
ST "
UV-Vis spec‘g{ﬁhcopy was used to determine the eﬁﬁ.fi;gncy of the dispersion of the
-’ = =
carbon nanotubes by :hﬂ'bidity measurements at 550 nm. 5 mg‘of MWCNT were mixed in
— —
100 ml of 2 0.01 mM c@osan solution (%DD =61). The ,E_H of the solution was adjusted

to pH 4 with 20 mM of acetic acid. The absgprbance of the solution was measured after

each adjunction‘of "(?hitdéan:u#ti'i;"t+é:":ﬁn‘31'.ébn'.céflfraf-iﬁoﬂf of 10 mM chitosan was reached.
) y Q9 F ' | L+ I J | ¢

In each step, thé mixture was stirred ;and sonicated for 10 minutes using an ultrasonic

bath (CRESEEéMOFe:tf_i?iD,rUSA)a; y" 11981 ¥ | 1A Y

oM O )

3.2.3 Effect of sonication times on MWCNTs dispersion with chitosan

5 mg of MWCNT were mixed in 100 ml of a 5 mM chitosan solution (%DD = 61,
78 and 93). The mixture was stirred and sonicated using an ultrasonic bath with varying

sonication time (15 to 150 minutes). In each period with different sonication time, the
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turbidity of carbon nanotubes dispersion were determined by UV-Vis spectroscopy at

wavelength 550 nm.
3.2.4 Effect of % DD of chitosan on the dispersion of MWCNTSs

To evaluate the effect of the %DD on the dispersion efficiency of MWCNT by
chitosan, 2.5 mg of MWCNTs were added to different solutions of chitosan having a
fixed volume of 50 ml and a fixed concentration0f.5 mM but increasing %DD (61, 71,
78, 84, 90, and 93%). After mixing, the MWCNT and the chitosan solutions were stirred
and sonicated for 30 minutes. The absorbance at 550 nm of the pitch-black solution was

then measured by using UV - Vis spectrosccl)py and recorded.

3.2.5 Surface chafge of the modified MWCNT'
b

To evaluate the suiface charge ofj'qac_h MWCNT modified with chitosan of
various %DD, samples of the prepared v"s'ﬁly_tions were measured with a Zetasizer
(NanoZS4700 nanoseries, Malvera Instrume@}’iﬂl(). The samples were taken from the
solutions of MWCNTs modified  with 5 r_nM chitosan having various degree of
deacetylation (61, 71,78, 84, 93%DD) and sonicated for 10 minutes. The modified
MWCNT with chitosar; solution were centrifuged at 4,000 rpm for 15 minutes in order to
remove the excess of chitosan. While the supernatant was.zemoved, 25 ml acetic acid, 20
mM, was added to the rémaining MWCNT ‘and re-dispersed by vortex and sonication.
The precipitation and ne-dispersion step was repeated 3 times-in order to remove the
excess chitosan. Zeta potential of modified MWCNTSs with chitosan were obtained as the

average.of three measurements at 25 °C.
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3.3 Molecular Dynamics Simulation: Dispersion and seperation of chitosan

wrapping on SWCNTs by noncovalently modification.

i ’ ,
Figure 3.5 Schematic \@ws of (a) two p NTs (pCﬁl‘ -pCNT), (b) a pristine CNT
- a wrapped CNT.with chitosan (pENT-cwCNT), and (c) two chitosan-

Wraﬂ% (’gc‘ﬁ &}(erjdw H 'ﬂvﬂw nd the polymer used

are the' (8,8) armchair and éO%DD chltosan respectlvely The distances

ﬁ ﬂ ) m two SWCNTs
‘I were d d through the center of grav1ty( ¢) and the surface of each tube in

which 7= 0° and the two tubes are parallel.
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Figure 3.6 Chemical str?v(f chitosan&60%DD were alternate the repeating unit
between N=Acetyl- ’-Glugpsarij-li];}'e and D-Glucosamine.

3.3.1 Materials a

The 20 repeating unif; of 669;6DD Z:ffﬁ’tosan and the (8,8) armchair of SWCNTs
with diameter of 11 A, chlral’\aectors A= _S_ziéd m=8, and 12 repeating units were
constructed using Material Studio-4:3- package ”‘Fhe*three models, as shown in Figure 3.5,
are (a) two pristine € = 1 NT— a chitosan wrapped CNT
(pCNT-cwCNT), and (s) two chitosan wrapped CNTs (cwCNT c¢wCNT). Each model
was solvated in aqueou‘s solution. The MD simulations“were set up and carried out
according to our.previous, works [62, 63],. The"CNT .and.chitosan were parameterized by
AMBERO3 [64] and GLYCAMO06 [65] force fields, tespectively£The SPC/E water model
with octagonal box over 12 A from the system surface was applied to all systems. The
simulations were caleulated using the AMBER 10 programme package [66] with the NPT
ensemble’at 1 atm and a time step of 2 fs. The SHAKE algorithm was applied to all
bonds involving hydrogen atoms to constraint their motions. The periodic boundary
conditions were applied and the cutoff function was set at 12 A for nonbonded
interactions and particle mesh Ewald method. The whole system was heated from 10 K to
300 K for 200 ps and equilibrated at 300 K for 5 ns. Finally, the production stage was

performed until 20 ns and the structural coordinates were saved every 1 ps for analysis.
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3.4 Covalent surface modification of multiwall carbon nanotubes with acid

oxidation (H,SO4 and HNQO3)
3.4.1 Chemicals and materials

Multiwall carbon nanotubes: MWCNT (baytubes® C 150 P, outer diameter
distribution 5-20 nm and length 1 - 1 (Figure 3.7)) were kindly donated from
Bayer Co., Ltd., Thailand. Conecentra o 1 id 98% and nitric acid 90% A.R.
grade were purchased Labsca . ﬂiland. Sodium hydroxide was

Ivents were used as received

purchased from Aldric

without any further purifica sed in all experiments.
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Fi i fi i i ti Itiwall carb
1gureﬂ ﬁtﬂlﬁﬁggﬁ%ﬂfﬁs ine multiwall carbon

q]nano
¢ o o/

RIAINTUUNIINYA



45

3.4.2 Acid treatment of carbon nanotubes

To prepare multiwall carbon nanotubes surface prior to coating with multilayer
thin film, MWCNTs were properly treated with strong acid to provide a negative charge
on their surface. 0.5 g of MWCNTs was mixed with H,SO4: HNO3 = 3:1 (v/v) in 80 ml,
and sonicated for 2 hr at temperature 50 °C. The treated MWCNTSs mixture was then
neutralized with NaOH until the pH reached a value of 7. Treated MWCNT were
dialyzed in distilled water for 4 days in ordetfofemeove salt ions from the acid and base
used. Finally the treated carbon nanotubes were centrifuged at 4,000 rpm for 30 minutes
and collected as in powderform.

The treated muitiwalled carbon na}notubes were characterized on their chemical
structure using Raman#Spegtroscopy (Perkin Elmer Spectrum-GX, USA) and FTIR
spectroscopy (Perkin Elmer Spectrum One,;ljSA).

3.5 Layer-by-layer deposition on treated éﬁi__rbon nanotubes with polyelectrolyte;

PDADMAC and PSS without centrifugatib_ﬂprocess

Ad

3.5.1 Chemicals and materials <l _ =

Treated multiwall carbon nanotubes were obtained from acid treatement.
Poly(diallyldimethylammonium chloride): PDADMAC (medium molecular weight, 20
wt% in water, typical Mw*200,000 — 350,000).dnd poly(sodium 4-styrene sulfonate): PSS
(typical Mw 70,000)  were purchased from ;Aldrich, Thailand..Sodium hydroxide was
purchased from Aldrich, Thailand. All chemicals_and solvents were used as received

without.any further purification:;Double distilled water was used in-all experiments.
3.5.1.1 Poly(diallyldimethylammonium chloride)
PDADMAC (medium molecular weight, 20 wt% in water, typical Mw

200,000 — 350,000), was a strong cationic polyelectrolyte with positive charges along the
backbone chain. The chemical structure of PDADMAC is shown in Figure 3.8.
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Figure 3.8 Chemical structure of poly(diallyldimethylammonium chloride): PDADMAC.
3.5.1.2. Poly(Sodiuii 4-styrene-suifonate)
PSS (typieal Mg 70,000), was a strong anionic polyelectrolyte with

negative charges along the backbone chaii‘n. The chemieal structure of PSS is shown in

Figure 3.9.

Figure 3.9 Cliemical structure of poly(sodium 4-styrene sulfonate): PSS.

3.5.2 Deposition of polyelectrolyte multilayers on multiwall carbon nanotubes

via layer-by-layer technique

Eor 'the primary, coating)of the MWCNT, various ‘amountssof carbon nanotubes
(5, 10 and 20 mg) were dispersed by sonication in 400 ml of 1 mM NaOH in order to
deprotonate carboxylic acid become to carboxylate group which provided negatively
charged MWCNT. In different vials, 20 ml of PDADMAC with concentrations ranging
from 0.0005 to 0.25 mM were mixed with 20 ml of carbon nanotubes solutions. For the

deposition of the secondary layer of polyanionic PSS on the positively charged primary
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coated MWCNT, aliquots of 20 ml taken from a 200 ml of the CNT mixed with 0.15 mM
PDADMAC were mixed 20 ml of PSS having concentration ranging from 0.001-0.3 mM.

Finally for the deposition of the tertiary layer of PDADMAC on the negatively
charged carbon nanotubes, aliquots of 20 ml were taken from a 200 ml solution
containing of 0.09 mM of PSS as secondary layers were added to 20 ml of PDADMAC
having concentrations ranging from 0.001 to 0.ImM. All of mixture solutions were
investigated on their stability by measuring the turbidity of carbon nanotubes solution
using UV-Vis spectroscopy and their surface” charge density using zeta potential

measurement as shown in Figure 3.10. ¢
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Figure 3.10 Diagram of modified carbon nanotubes with PDADMAC and PSS as

polyelectrolyte multilayers.
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3.5.3 Stability of modified MWCNT (treated MWCNT and primary coating
MWCNT with PDADMAC)

3.5.3.1 Effect of salt concentration on stability of modified MWCNT

25 pg/ml of treated MWCNT and primary coating MWCNT with
PDADMAC 20 ml were mixed with 20 ml of different concentrations of NaCl (0-1.5 M).
The mixture solution was stored at the room tetaperature for 1 week. The turbidity of the

mixture solutions were measured by UV-Vis spectroscopy at a wavelength of 550 nm.
3.5.3.2 Effect of pH.on stapility of modified MWCNT

25 pg/mleof freated MW__CINT and primary coating MWCNT with
PDADMAC 20 ml were mixed with 20 -ml of different pH buffer (pH 2 tol1). The
mixture solution was stored at the room té,%r_;pe;rature for 24 hour. The turbidity of the

mixture solutions were measured by Uv-vis spectroseopy at a wavelength of 550 nm.

F -'Eja

3.5.4 Characterization Technique 4 \

UV-Vis specttophotometer (SPECORD S 100, Analytikjena, Germany) was used
to investigate the turbidity of moditied carbon nanotubes.in aqueous solution in order to
identify the stability of modified CNT. Tofconfirm the successful coating on treated
carbon nanotubes, the surface charge of modified carbon nanotubes with polycation and
polyanion were measured by Zetasizer (NanoZS4700 nanoseries, Malvern Instruments,
UK). Ttansmission electron microscope (TEM model JEM=-2100) was used to investigate

the morphology of pristine MWCNT and modified MWCNT with polyelectrolyte.
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3.6 Hydrophilic model drugs: gentian violet and diclofenac loading and recovery on

modified multiwalled carbon nanotubes

3.6.1 Chemicals and materials

Treated multiwall carbon nanotubes were obtained from acid treatement.
Poly(diallyldimethylammonium chloride): PDADMAC (medium molecular weight, 20
wt% in water, typical Mw 200,000 ~ 350,000) and poly(sodium 4-styrene sulfonate): PSS
(typical Mw 70,000) were purchased froma” Aldrich, Thailand. Gentian violet was
purchased from Vittayasom Co., Ltd., Thailand. Diclofenac Sodium was purchased from
Aldrich, Thailand. Sodium chlomde; Disodium hydrogen phosphate, potassium chloride

and Potassium dihydrogen phesphate were purchased from Carlo Erba, Thailand.

3.6.1.1 Gentian Violet‘

Gentian ~ violet & (crystal {igle_t, Methyl Violet 10B, hexamethyl
pararosaniline chloride) is'a bactericide and: an antifungal agent, the primary agent used
in the Gram stain test, perhaps the single mé_étﬁnportant bacterial identification test in
use today, and it is also used by hospitals for -t};e"_ﬁeatment of serious heat burns and other
injuries to the skin and gums. The chemical structure of gentian violet was shown in

Figure 3.11.

Figure 3.11 Chemical structure of Gentian violet (crystal violet, Methyl Violet 10B,

hexamethyl pararosaniline chloride).
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3.6.1.2 Diclofenac

Diclofenac (marketed as Voltaren and under a number of other trade
names, see Figure 3.12) is a non-steroidal anti-inflammatory drug (NSAID) taken to
reduce inflammation and as an analgesic reducing pain in conditions such as arthritis or
acute injury. It can also be used to reduce menstrual pain, dysmenorrhea. The name is

derived from its chemical name: 2-(2,6-dichloranilino)phenylacetic acid.

Gl

ﬂ\: ., /\>
o

Figure 3.12 Chemical staucture of Diclofenac (2-(2,6-dichloranilino) phenylacetic acid).

3.6.2 Preparation of phosphate buffé:f saline

Phosphate buffer saline pH 7.4 was prepafed by disselving 8 g of NaCl, 0.2 g of
KCl, 1.44 g of Na,HPOg, 0:25 g of KH,POj5 i 800 ml 6f distilled H,O. Sodium chloride,
Potassium chloride, Potassium dihydrogen phosphate and Disodium hydrogen phosphate
were purchased from Carlo Erba, Thailand. The pH of aqueous solution was adjusted to

7.4 with HC1 orNaOH thenadded\distilled water was added:to 1-liter.

3.6.3 Layer-by-layer deposition on treated-multiwall carbon nanotubes with

polyelectrolyte in 0:1xPBS buffer

For the primary coating of the MWCNT, various amounts of MWCNT 20 mg
were dispersed in 400 ml of 0.1xPBS by sonicator. In different vials, 20 ml of
PDADMAC with concentrations ranging from 0.02 to 0.12 mM were mixed with 20 ml

of carbon nanotubes solutions. For the deposition of the secondary layer of polyanionic
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PSS on the positively charged primary coated MWCNT, aliquots of 20 ml from a 200 ml
of the MWCNT mixed with 0.09 mM PDADMAC, were mixed with 20 ml of PSS
having concentration ranging from 0.02 to 0.12 mM. Finally, for the deposition of the
tertiary layer of PDADMAC on the negatively charged MWCNT, aliquots of 20 ml were
taken from a 200 ml solution containing 0.04 mM of PSS as secondary layers were added
to 20 ml of PDADMAC having concentrations ranging from 0.005 to 0.1 mM. All of
mixture solutions were investigated on their stability by measuring the turbidity of carbon
nanotubes solution using UV-Vis spectroscopy~and their surface charge density using

zeta potential measurement.

3.6.4 Preparation ofprimary and secondary layers coating on MWCNTSs
with polyelectrolyte

3.6.4.1 Deposition of primary layer on carbon nanotubes:

The amount of freated carbon nanotubes (10 mg) were sonicated in 400 ml

of 0.1x PBS buffer pH 7.4. While 200 ml of 0.1mM of PDADMAC were stirred, 200 ml
of carbon nanotubes solution wete.added into the_PDADMAC solution.

3.6.4.2 Deposition of secondary layer on carbon nanotubes:

To_depositpoelyanion as poly(sodium 4-styrene sulfonate): PSS on positive
charge of primary coated carbon nanotubes; 20 mg of treated carbon nanotubes were
sonicated in 400 ml of 0.1xPBS buffer pH 7.4. While 200 ml of 0,15 mM PDADMAC
concentration were stirred, 200"ml of treated carbon nanotubes solution were added into
the PDADMAC solution. Thereafter, while 200 ml of 0.04 mM of PSS concentration
were stirred, 200 ml of primary coating MWCNT with PDADMAC solution were added
into the PSS solution.

In this work, we try to load hydrophilic model drug as Gentian violet as a cationic

drug and Diclofenac as an anionic drug onto modified MWCNT.
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3.6.5 Loading and recovery gentian violet from modified multiwall carbon
nanotubes; Treated MWCNT, Primary coating MWCNT with PDADMAC and
Secondary coating MWCNT with PDADMAC/PSS

Treated carbon nanotubes, primary coating MWCNT with PDADMAC and
secondary coating MWCNT with PDADMAC/PSS were prepared in 0.1xPBS buffer, pH
7.4. Gentian violet was prepared at different concentrations (0.0003-0.003 pM) in
0.1xPBS buffer. 20 ml of modified MWCNT were mixed with 20 ml of gentian violet in
different concentrations. The solution were kept for 24 hr, after that the mixture solution
were centrifuged at 14,000 tpm.fot 45 minutes. The supernatant solutions were measured
by UV-Vis spectroscopy to detetmine unb|ound gentian violet. The decant that consist of
gentian violet adsorbeddMWENT were rinsed with 0.1xPBS buffer, thereafter dissolved
in ethanol which was theé best Solvent to;cllissolve gentian violet. The mixtures were
vortexed for 5 minutes thgn centrifuged ag'jairi" to measure the absorbance of supernatant
solution using UV-Vis spectrophotometer.

3.6.6 Loading and recovery dicloéﬁﬁb sodium from modified multiwall
carbon nanotubes; Treated MWCNT, Priﬂi;ary coating MWCNT with PDADMAC
and Secondary coating MWCNT with PDADMAC/PSS

Treated MWCNI, primary coating MWCNT with PDADMAC and secondary
coating MWCNT with PDADMAC/PSS wére prepared in 0.1 x PBS buffer, pH 7.4.
Diclofenac sodium was prepared different concentrations (0.00025-0.01%w/v) in 0.1 x
PBS buffer. 20 'ml of modified MWCNT were mixed with 20 ml of diclofenac in
different, concentrations. The solution were 'kept for 24 hr, ‘after that the mixture solution
were centtifuged at 14,000 rpm for 15 minutes. The supernatant solutions were measured
by UV-Vis spectroscopy to determine unbound diclofenac concentration. In this case,
surprising that modified MWCNT with any coating had no effect on loading efficiency of

diclofenac.
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3.7 Cytotoxicity of modified multiwall carbon nanotubes using MTT assay

3.7.1 Chemicals and Materials

Untreated multiwall carbon nanotubes (baytubes® C 150 P, outer diameter
distribution 5-20 nm and length 1 - >10 um (Figure 3.7)) were kindly donated from Bayer
Co., Ltd., Thailand. Treated multiwall carbon nanotubes were received from covalent
surface modification process in 3.4. L929 fibroblast mouse cell line were purchased from
the American Type Culture Collection (AT:C.C.) (Rockville, U.S.A). Dulbecco's
Modified Eagle Medium (DMEM)-high' glucose was purchased from Sigma-Aldrich,
US.A. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was
purchased from United Steates” Bio- ',Lmedical (USB) Corp. (Cleveland, Ohio).
Dimethylsulfoxide (DMSO) was purchased from Ricdel-de Haén (Seelze, Germany).

MTT (3-(4,5-Dimethylthiazoi-Z—yli—é,5-diphenyltetrazolium bromide, a yellow
tetrazole) as shown in Figure' 3.13, is relqliué"'ed to purple formazan in living cells. A
solubilization solution (usually gither. dimeti;.jgl sulfoxide, an acidified ethanol solution, or
a solution of the detergent sodium dodecyl ."'s.y{lfgte in diluted hydrochloric acid) is added
to dissolve the insoluble purple formazan pro@fﬁin‘[o a colored solution. The absorbance

of this colored solution can be quantified by ',I:négsuring at a certain wavelength (usually

between 500 and 6_0_() nm) by a spectrophotometer. The absorption maximum is

dependent on the solVeﬁt_ employed.

Figure 3.13 Chemical structure of MTT; (3-(4,5-Dimethylthiazol-2-yl)-2,5

diphenyltetrazolium bromide, a yellow tetrazole)
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L929 fibroblast cells, derived from an immortalized mouse fibroblast cell line, are
internationally recognized cells that are routinely used in in-vitro cytotoxicity

assessments.
3.7.2 1929 fibroblast cells preparation

L929 cells line were frozen with the mixture of serum and DMSO 5-10% in cryo-
tube. The cells were defrosted into 37 “C and 5 il of DMEM were added in the cell. The
cell suspensions were centrifuged and thesupernatant were removed. DMEM were added
in the cells decant and re=suspeaded by mixing with micropipette. Cells suspended with
DMEM were replaced into tigstic.and tuneviﬂash, then incubated in oven 37 °C.

Once, L929 cells were proliferated and adhered at the bottom, the media were
removed. Trypsin enzyme was ddded in oicier to peel the cells adhesion and re-suspend
in the trypsin solution. The trypsinized c’éllé" were incubated at 37 °C for 5 minutes.
DMEM were added into the Cell solution. The cells suspensions were centrifuged and the
supernatant was removed. DMEM, was added, into cell and the cells were counted by
hemo-cytometry. The number of £929 cells ﬁéfé prepared at 10,000 cells per well per
100 pl. The cells in 96 wells plate were incuba;e"d;at 37 °C for 24 hr.

3.7.3 Interference of formazan adsorption on untréated and treated

multiwall carbon nanetubes

L929 fibroblast cells were seed at 10,000 cells/well in 96 wells. 1.929 cells were
incubated for 24 hr at 37 °C. Thereafter, the DMEM media were refreshed with the new
DMEM_ media. The+L929 cells, were incubated for 12 hriMTT selution was added to
cells andfincubated for 4 hr. Formazan crystal was dissolved with DMSO then untreated
and treated MWCNT concentrations at 6.25, 12.5, 25, 50, 100pg/ml were exposed in
formazan solutions for 1 hr. MWCNTs were removed from formazan solution by
centrifugation at 4,000 rpm. The remaining formazan solution was measured using UV-

Vis spectroscopy at a wavelength of 570 nm. MWCNT samples were sterilized by
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exposing with UV lamp for 1-2 hr. 8 replications of samples were tested in each

concentration.
3.7.4 Cytotoxicity test: MTT Assay

L929 fibroblast cells were seed at 10,000 cells/well in 96 wells. 1.929 cells were
incubated for 24 hr at 37 °C. Thereafter, the DMEM were refreshed. The 1.929 cells were
incubated for 12 hr. Pristine and treated multiwall carbon nanotubes concentrations 3.125,
6.25, 12.5, 25 and 50 pg/ml were exposed in 1:929ibroblast cells and then incubated for
24 hr. Carbon nanotubes were removed after exposing by washing with PBS buffer pH
7.4 twice. MTT solutions was added and incubated for 4 hr at 37 °C. Formazan crystal
were dissolved with DMSO  and' ¢entrifugation at rotation speed 4000 rpm. OD of
formazan solutions were measured by UV-Vis spectroscopy at a wavelength of 570 nm.
CNT samples were sterilized by ‘exposing on UV lamp for 1-2 hr. 8 replications of
samples were tested in eagh concentration. o

3.7.5 Effect of functional groups of 'fhf)diﬁed multiwall carbon nanotubes on

dois dd

their cytotoxicity —
3.7.5.1 Preparation of modified carbon nanotubes with

poly(diallyldimethyl ammonium chloride) and poly(sodium 4-styrene sulfonate)

Treated carbon, nanotubes, 0.05-mg/mhin yelume-00 ml were dispersed in
0.1x PBS buffer by sonicator. To prepare the primary coating carbon nanotubes with
PDADMAC, treated carbon nanotubes solution 30 ml) were diepped in 0.15 mM
poly(diallyldimethyl, ammaonium chloride)(30 ml) and stirred at the same time. To prepare
the secondary coating carbon nanotubes with PSS, the primary coating carbon nanotubes
with PDADMAC solution (30 ml) were dropped in 30 ml of 0.1 mM PSS solution. To
prepare the tertiary coating carbon nanotubes with PDADMAC, the secondary coating on
carbon nanotubes solution 25 ml were dropped in 0.04 mM poly(diallyldimethyl

ammonium chloride)(25 ml) and stirred at the same time.
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3.7.5.2 Preparation of modified multiwall carbon nanotubes for

testing MTT assay

Sample tests; All of the samples were exposed with UV lamp for 3-4 hr.

Solution samples: The modified MWCNT samples were diluted in
different concentrations with nutrient broth solution.

- Primary coating CNT with PDADMAC: 12.5 pg/ml, 6.25 pg/ml,

3.125 pg/ml, 1.5625 pg/ml and 0.78125 pg/ml.

- Secondary coating CNT with PDADMAC/PSS: 6.25 pg/ml, 3.125 pg/ml,

1.5625 pg/mland.0:78125 pg/mil.

- Tertiary coating CNT withL PDADMAC/PSS/PDADMAC: 3.125 pg/ml,

1.5625 pg/ml and 0.78125 ig/ml.

Powder samples: The“modikﬁled MWCNT samples were centrifuged to
remove the polyelectrolyte€xcess at"I0,00d}err:n for 10 minutes. The modified MWCNT
powders were collected and fe-dispersed in thﬁ nutrient broth by sonication.

- Primary coating CNT with P.DADMAC: 50 pg/ml, 25 pg/ml, 12.5 pg/ml,
6.25 ug/ml, 3.125 agmil and 1.5625 jug/ml.

- Secondary coating CNF with ffl_)Al)MAC/PSS: 50 pg/ml, 25 pg/ml,
12.5 pg/ml. 6.25 pg/ml. 3.125 pg/ml and 1.5625 pg/ml.

- Tertiafy:coating CNT with PDADMAC/PSS/PDADMAC: 50 pg/ml,
25 pg/mlg12.5 pg/ml, 6.25 pg/ml, 3.125 pg/ml and 1.5625 pg/ml.

3.7.5.3 Cytotoxicity: MTT Assay

L929~fibroblast cells were 'seed 10,000 cells/well in,96 - wells. 1.929 cells
were incubated for 24 hr. at temperature 37 “C. Thereafter, the old DMEM media were
refreshed with the new DMEM media. The L929 cells were incubated with new DMEM
media for 12 hr. Untreated and treated MWCNT concentrations 3.125, 6.25, 12.5, 25 and
50 pg/ml and modified MWCNT with polyelectrolyte which were



57

Solution samples:
- Primary coating CNT with PDADMAC: 12.5 pg/ml, 6.25 pg/ml,
3.125 pg/ml, 1.5625 pg/ml and 0.78125 pg/ml.
- Secondary coating CNT with PDADMAC/PSS: 6.25 pg/ml, 3.125 pg/ml,
1.5625 pg/ml and 0.78125 pg/ml.
- Tertiary coating CNT with PDADMAC/PSS/PDADMAC: 3.125 pg/ml,
1.5625 pg/ml and 0.78125 pg/ml.
Powder samples:
- Primary coating CN'T' with PDADMAC: 50 pg/ml, 25 pg/ml,12.5 pg/ml,
6.25 ng/miy 3235 weliml and 1.5625 pg/ml:
- Secondary coating/ CNT wiith PDADMAC/PSS: 50 pg/ml, 25 pg/ml,
12.5 ng/mif'6.25 1 g/mly 3.125 ug/ml and 1.5625 pg/ml.
- Tertiary coating CNT with ]_Ei)ADMAC/PSS/PDADMAC: 50 pg/ml,
25 pg/ml, 1285 ug/ml;"6.25 ué/rfﬂ, 3.125 pg/ml and 1.5625 pg/ml.
, were exposed in L929 fibroblast cells ari("i_:'_thg:n incubated for 24 hr. MWCNTSs were
removed after exposing by washing Wwith PB‘S_buffer pH 7.4 twice times. MTT solutions
was added into cells and incubated for 4 hr at Erﬁﬁerature 37 °C. Living cells in each well
can convert MTT to be formazan erystal. F or;nazan crystal were dissolved with DMSO
and centrifuged at rotation speed of 4,000 rpm. OD of formazan solutions were measure
by UV-Vis spectroscopy at wavelength 570 nm. MWCNT samples were sterilized by
exposing on UV lamp: for 3-4 hr. 8 replications of .samples were tested in each

concentration.
3.8 Characterization Technique

3.8.1 UV-Vis spectroscopy [67]

Ultraviolet-Visible spectroscopy (UV = 200-400 nm, Visible = 400-800 nm)
corresponds to electronic excitations between the energy levels that correspond to the

molecular orbitals of the systems. In particular, transitions involving p orbitals and lone

pairs (n = non-bonding) are important and so UV-Vis spectroscopy is of most use for
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identifying conjugated systems which tend to have stronger absorptions. This technique
can be used for analyze the degree of deacetylation of chitosan, stability of carbon
nanotubes in chitosan solution, the drug concentration after loading and release from the

functionalized carbon nanotubes.
3.8.2 Zeta potential measurement [68]

Zeta potential is a scientific term for glcetrokinetic potential in colloidal systems.
In the colloidal chemistry literature, it is usually denoted using the Greek letter zeta,
hence {-potential. From a*theoretical viewpoint, zeta potential is electric potential in the
interfacial double layer (DL )sat the locatiion of the slipping plane versus a point in the
bulk fluid away fromsthe interface. In other words, zeta potential is the potential
difference between the dispersion medium é.ﬂd the stationary layer of fluid attached to the
dispersed particle. A valugof 25 mV (posﬂ;-ivé or negative) can be taken as the arbitrary
value that separates low-charged surfaces fré'm highly-charged surfaces.

) 3
3.8.3 Transmission electron microscﬂ)’y:-(TEM) [69]

P
iyl e

Transmission electron microscopy (TEM) is an imaging technique where a beam
of electrons is focused onto a specimen causing an enlarged version to appear on a
fluorescent screen or.‘layer of photographic film. “Raw carbon nanotubes and
functionalized carbon nanotubes can be imagéd their morphology clearly in 2 dimensions.

This technique will be used for CNTs with diameter less than 100 nm.

3.8.4 Scanning:electronymicroscopy (SEM) [69]

Séanning electron microscopy (SEM) is an imaging technique to produce high
resolution images of a sample surface. Due to the manner in SEM, the image is created,
its images have a characteristic three-dimensional appearance and are useful to show the
surface structure of the sample. This technique will be used for CNTs with diameter more

than 100 nm.



59

3.8.5 Gel permeation chromatography (GPC) [70]

Gel Permeation Chromatography (GPC) is one of the most versatile and powerful
analytical techniques available for understanding and predicting polymer performance.
GPC is well established for determining the molar mass of polymers. It has the
advantage that it determines complete distributions of molar masses as opposed to merely
an average molecular weight. This technique indicated the molecular weight of Chitosan
with varying degree of deacetylation.

3.8.6 Fourier Transform Lafrared spectroscopy (FTIR) [71]

“i‘

FT-IR is the preferredimethod of infrared spectroseopy. Infrared spectroscopy, IR
radiation is passed through a samplé. Sorilé of the infrared radiation absorbed by the
sample and some of it is passed through (tr’[:anas'mitted). The resulting spectrum represents
the molecular absorption and transmission, éf.g:at_ing a molecular fingerprint of the sample.
Like a fingerprint no two unique molecular siﬂigtures produce the same infrared spectrum.

This technique will be used to analyze functioﬁi*‘éroups of modified CNTs.

P
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3.8.7 Raman spectroscopy [72]

Raman spectroscopy (named after C. V. Raman) is.a spectroscopic technique used
to study vibrational, rotational, and other low-frequency modes in a system. It relies on
inelastic scattering, or Raman scattering, of mionochromatic light, usually from a laser in
the visible, near ifrared, or near ultraviolet range. The laser light interacts with phonons
or other, excitations+in, the' system, resulting in 'the energy of the, laser photons being
shifted up, or down. The shift in energy gives information about the phonon modes in the

system.



CHAPTER 1V
RESULTS AND DISCUSSION

4.1 Surface modification of carbon nanotubes

In this set of experiments, the modification of multiwall carbon nanotubes
(MWCNTs) by noncovalent surface modification was performed because this approach
provided good dispersion and stability in aqueous selution while maintaining the integrity
of CNT. However, the modified MWENTs with-various degree of deacetylation of
chitosan by noncovalent surface modification were not adequate to provide their stability
in aqueous solution. Therefore, covalent surface modification was needed to modify
MWCNTs in smaller diameter to provide charged surface and short lengths of MWCNTs.
To increase charged density andobtain different functional groups on MWCNTs surface,
polyelectrolyte; PDADMAC and PSS, wer"l: ;elected to deposit on treated MWCNT by
layer-by-layer self assembly technique witﬁ simplified method. The satisfied dispersion
and stability properties of modified MWCN‘T-were an important reason that MWCNT
can be possibly integrated as a drug carrier fOLdrﬁg delivery application.

4.1.1 Noncovalent surface modification of multiwall carbon nanotubes with

various degree of deacetylation of chitosan

Chitosan. biopolymer was. selected as”a ,dispersing.agent to modify nanotubes
surface because of Itheir.biocompatibility afid montoxic.| Genetally, chitosan has been
proposed to improve CNT dispersiondbefore being applied in biosensor devices. Recently,
chitosamiand alginaté\were coated on singlewall carbon nanotubes surface by noncovalent
surface modification and successfully load anticancer drug; doxorubicin onto them [73].
However, most of the publications the chitosan used, had a high degree of deacetylation
(>80%) because it can easily be dissolved in aqueous solution. Degree of deacetylation
(%DD) of chitosan was an important parameter that controlled the ratio of hydrophobic
(N-acetyl-D-glucosamine) and hydrophilic (D-glucosamine) parts of chitosan structure

[74, 75] (Figure 4.1). Degree of deacetylation of chitosan was calculated from the ratio of
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D-glucosamine to total composition consist of N-acetyl-D- glucosamine and D-

glucosamine.

CH,OH
O OH
0 OH
OH O
1|\1H
NH
2 R
el Y

Figure 4.1 Chemical strueture of Chitosaﬂ': x = N-acetyl-D-glucosamine unit,
y = D-glucosamingtinit: x> 50% = Chitin, ¥ > 50% = Chitosan.
4.1.1.1 Chitosan synthesis
) 3

To control the hydrophobic/hydrophilic parts of chitosan by varying
degree of deacetylation, the hydrophobic pa.r? o‘_f_chitosan were interesting key point to
improve the chitosan adsorptiornr-efﬁciency oln-;l-zln.otubes stirface while their stability in
aqueous solution is Stili provided by hydrophilic parts. In the relevant literatures, the
improvement of MWCNT’s dispersion has been proposed with surfactant or polymer and
even dye molecules by attaching hydrophobic part onr nanotubes surface while the
hydrophilic pattestabilize modified MWCNT an aqueous solution. The hypothesis of our
research was that the hydrophobic part of chitosan possibly attach on the nanotubes
surface whilesthe,hydrophilic parts-of chitosan stabilize earbon-napetubes in the aqueous
solution.

Since chitosan with low %DD were not available as a commercial product,
various degree of deacetylation of chitosan were needed to synthesize. Chitin, extracted
from shrimp was deacetylated with concentrated sodium hydroxide at ambient
temperature. When the reaction time was increased from 2 to 7 days, the degree of

deacetylation of chitosan was increased as shown in Figure 4.2.
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Figure 4.3 Schematic of deacetylated reaction of chitin under concentrated alkaline [76]

To receive the chitosan, the various reaction time from 2 to 7 days at

ambient temperature can produce different %DD of chitosan in a range of 61% to
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84 %DD. In addition, to increase degree of deacetylation of chitosan, the obtained
chitosan from a reaction time of 7 days were reacted with fresh concentrated sodium
hydroxide in the second and third rounds in order to deacetylate the remaining acetyl
groups in their structure and receive the increasing of degree of deacetylation chitosan
(90 and 93%DD). The obtained chitosan with different reaction time were investigated on
degree of deacetylation of chitosan by first derivative UV-Vis spectroscopy technique.
Infrared spectroscopic method is commonly used to investigate the degree
of deacetylation because it is relatively fast technigue and does not require the dissolution
of chitosan in aqueous solvent. The use of different baseline would inevitably contribute
a variation in the degree-of*deacetylation value. Moreover, sample preparation, type of
instrument and conditien” cspecially ‘moisture might influence the sample analysis.
Therefore, first derivatiye UV=Vis spectro"scopy was selected instead of IR spectroscopy
technique in order to solve this prbblem;J"'The advantage of first derivative UV-Vis
spectroscopy to investigateidegree of deacéill;ylation of chitosan was that it required only a
small amount of sample“and relied on simp_lfe_._lreaagent molecules. In addition, the method
allowed a simple, convenient, time saving;_{vgnd was sensitive enough to detect the
concentration of N-acetyl-D-glucosamine as lfd\il{,as 0.5 mg/l in 0.01 M acetic acid [77].
The results were reasonable ,Wi.th less int?ﬁf@fence of protein contaminants, which
provided the good precision and accuracy for N-acetyl-D-glucosamine residue in chitosan.
Moleculeir weight of chitosan was another important parameter that should
be considered because it might influcnce on adsorption éfficiency as well. In this case,
molecular weight of aebtained chitosang was monitored using gel permeation
chromatography” (GPC).- The results: in Figure 44 showed that molecular weight was
decreased in a range of 630 to 530 kDa when the reaction time increased at ambient
temperature. -Althotizh “the " rélevant! literatire has) beenl reported that the synthesis
temperature affect molecular weight especially at temperature over 40°C [78], in this case,
in spite of different reaction time, the % difference of molecular weight of chitosan
between 2 days and 13 days was slightly changed in 15.87 % when synthesized under
ambient temperature. The nearly molecular weight of chitosan was the good point that we

possibly neglected the effect of molecular weight of chitosan on MWCNTs dispersion.
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Figure 4.4 Moley/ ;Neight of chitosan as a function of deacetylation time

Thereforey({e.’.ébtair{éd 'chit§§a£1 with various degree of deacetylation (61,
71, 78, 84, 90 and 93 %DQJ and fhd‘l@culari';{zf?ei'ght in a range of 630-530 kDa were used
to noncovalently modify M,WC.NT§ for ;mﬁr%ylng their dispersion and stability in
aqueous solution. The hypothesis oﬁhis exg_gzi"frient was that the hydrophobic parts (N-
acetyl—D—glucosamine)iof chitdsda'fl{pﬂcj)'ssibly éif;gcﬁ—Sn MWCJI,NTS to separate to individual

MWCNT while the Hyéjrophhcvaﬁy@:gmsmrej-of—c&fosan stabilize MWCNTs by

repel each other in aque‘dus solution as shown in Figure 451

292Rs
g8

Chitosan MWCNTSs modified with Chitosan

Figure 4.5 Hypothesis model of surface modification of MWCNTs with chitosan.
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To achieve MWCNTs dispersion with chitosan, the sonication process was
necessary step to temporarily disperse pristine MWCNTs in aqueous solution. Although
pristine MWCNTs was sonicated, it was still hardly dispersed in solution because of their
superhydrophobic property. Therefore, the diluted chitosan concentrration was used as a
starting solution for increasing probability of pristine MWCNTs to attach the solution in

order to disperse by sonicator.

4.1.1.2 Effect of sonication times.on carbon nanotubes dispersion with

chitosan 2

The sonieation time is also affected to the pristine MWCNTSs dispersion
efficiency. The temporasy dispersion of NIIWCNTS led the chitosan having time to attach
on MWCNT surface. The increasirig in L_§I.(:)nication time increased the dispersion of
MWCNTs by increasing the absorbance a} 550 nm as shown in Figure 4.6. Until the
sonication time reach to 30 minutes, the dfspegsion of MWCNTs was not significantly
changed in absorbance. In additior_f?‘ the ldyvgr %DD of chitosan provided the better
dispersion than higher %DD because of theﬁféﬂm@unt of hydrophobic parts. The carbon
nanotubes are totally dispersed at sonicatio?fj@@ 45 minutes. However, in the next
experiment, we still used the minimum soniéation time for 30 minutes in order to avoid
the effect of increasinfg;rof temperature that heating up dur‘ing the sonication process.
Furthermore, low %DD as 61% chitosan provide high dispersion efficiency compare with

chitosan 78 and 93%DD.
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Figure 4.6 The dispession of MWCNTs with 5 mM of different degree of
deacetylation chitosan (6 1;‘ 7?3_ and 93%DD) as a function of

sonication time;

4.1.1.3 Effect of chitosan coﬁ‘ée_;nt_ration on carbon nanotubes
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In these experiments;—chitosan—was-used-to disperse the MWCNTs by
noncovalent surface medification. If one tries to disperse carbon nanotube in aqueous
solution, it is well known that prior to the adjunction of any dispersing agent, the solution
will appear clear-with the MW CNTs\aggregated,at; the jair/water-interface. Van der Waals
attraction and m—n stacking between-the abundant'deuble' bonds found in MWCNTs are
through to be responsible for their aggregation and poor solubility infaqueous solution.

Shown in Figure4.7 is a-plot of the changes in absorbance of the solution
as a function of the added chitosan concentration. From the initial solution of aggregated
carbon nanotubes, as chitosan concentration is increased up to 1 mM, the adsorption of
the polymer onto the carbon nanotubes leads to dispersion, which in turn leads to a sharp
increase the absorbance at 550 nm. This increase in absorbance quickly levels off
suggesting that all the carbon nanotubes, present in the solution, have been dispersed.

Further increase of the chitosan solution to 9 mM does not induce any increase in
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absorbance. When chitosan is added to the solution, noncovalent adsorption of chitosan
on the nanotube surface is thought to take place, which initiate the dispersion by
repulsion of the nanotubes. Since it has been reported that the acetyl groups represent the
most hydrophobic part of the chitosan, the authors suggest that these functional groups
could adsorb preferentially on the surface of the MWCNTs. In the mean time, the
hydrophilic parts of chitosan (NH3") induce a positive charge at the vicinity of the
nanotubes surface, which allow their stabilization in aqueous solution by electrostatic
repulsion. This dispersion process can be studied using UV—Visible spectroscopy by
recording the changes in absorbanee of the solution at 550 nm, and is therefore equivalent
to a turbidity measurement/AS carbon nanotubes absorball the wavelengths in the visible
part of the electromagnetiC spécirum, increases in dispersion of the carbon nanotubes

render the solution morg@and moze pitch-black.

Absorbance at 550 nm
| |
II-

0 2 4 6 8 10
Chitosan concentration (mM)

Figure 4.7 Plot of the changes in absorbance of a MWCNT solution as function of the
61%DD chitosan concentration (0-10mM).
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4.1.1.4 Effect of degree of deacetylation of chitosan on carbon

nanotubes dispersion

Since our hypothesis was that the more hydrophobic acetyl groups present
in chitosan might allow a better interaction with the MWCNTs, our interest turned toward
the preparation of chitosan having a higher molar fraction of acetyl groups thus a
lower %DD.

Our hypothesis was that when the hydrophobic character of chitosan is
controlled by the fraction of acetylated functienal groups, chitosan with a lower %DD
should be a better moleculefor the dispersion of MWENTs. Chitosan with a lower %DD
can simply be prepared.by a_shoster reaction time of the chitin biopolymer in the 50%
w/w sodium hydroxide selution. |.

In our woik, we chose fo qse 61%DD chitosan as the lowest degree of
deacetylation because the gesulting chitosai} molecules were not sufficiently soluble and
led to very scattered results. Shown in Figuré__.438 (squares), is the absorbance of different
solutions containing MWCNTs dispersed: wgth chitosan having different degree of
deacetylation (61, 71, 78, 84,90 and 93%DD). A]though it was shown in Figure 4.7 that
a 1 mM chitosan concentration «is sufﬁg;i_.egt_ to dispersed carbon nanotubes, a
concentration of 5 mM chitosan was used to insure total dispersion of the MWCNTs in
an excess solution of'chitosan. From the absorbance measurements of the solutions, it can
be seen that the efficiency of the dispersion of the carbon nanotubes, decrease when
increasing the chitosan %BDD: The final absorbance of the solution when using 61%DD is
double than when using the 93%DD chitosan. These results suggest that, as expected,
more hydrophobi¢ chitosan segments,found in the lower 61%DD are more efficient to
adsorb ‘onto 'the MWCNTs " leading to a better) dispérsion of thejcarbon nanotube in
solution. The mechanism through which CNT interact with chitosan is though to be due
to hydrophobic interaction from hydrocarbon backbones and acetyl groups, and 7 system
of the MWCNTs. CH-—=n interaction which is a weak hydrogen bonding attraction
between soft acid C—H bond and soft base m system are also though to take part in the
adsorption of chitosan onto the MWCNTSs [79]. At low degree of deacetylation 61%DD,
the bonding force between chitosan and MWCNTs is based on hydrophobic interaction
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due to the acetyl groups that can interact with the surface of the nanotubes. For higher
degree of deacetylation from 71%DD to 93%DD, the dispersion efficiency of the
MWCNTs decreases due to the more hydrophilic character of the high %DD chitosan
which is more soluble.

The efficiency of the surface modification of MWCNTs is often evaluated
in term of stability against aggregation and sedimentation. Sedimentation occurs when
the repulsion between MWCNTs is not strong enough to prevent the aggregation of the
nanotube, leading to their precipitation. AftetSurface modification of the MWCNTs by
chitosan, the excess surface charges provided bythe amino groups on the chitosan induce
nanotube—nanotube repulsion and.therefore prevent sedimentation. In our experiment, the
sedimentation of the MWCN ks was accelerated with a eentrifuge having a rotation rate
of 2000 rpm for 10 minutes. dn Flgure 4. 8 (trlangles) 1s shown the absorbance of each
MWCNTs solutions aftes centrltugatlon fbr each %DD. When compared to the initial
absorbance (Figure 4.8, squares), a much lgwer absorbance as a result of the accelerated
sedimentation by centrifugation was. measured Yet it 1s interesting to observe that the
lower 61%DD perform again better than the }mgher 93%DD although the former present
a lower charge density when compare with the later. This would suggest that the

adsorption of the lower %DD chitosan is great,eg- than for higher %DD.
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4.1.1.5 Surface charge of modified carbon nanotubes with different

i

degree of deacetylation of chitosan =~

In term of resistance to sedimentation, this tmproved stability suggests that
the MWCNTSs modified with the lower %DD have a higher surface charge density, which
provides a better stability against sedimentations In jorder-tocaccess the value of the
surface charge, ,we ‘further” characterized the MWOCNTSs ‘surface by zeta potential
measurements.

The surface charge density of colloidal particles dispersed in solution can
be estimated by measuring the zeta potential, which represents the difference in potential
between the slip plane of the double layer near the particles surface and the bulk solution.
The zeta potential of the pristine carbon nanotube is expected to be initially nearly neutral
but should become largely positive after adsorption of chitosan due to the presence of
cationic amino groups. In our experiments, zeta potential values of the modified

MWCNTs were ranging from 34 to 42 mV, which confirm the successful immobilization
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of chitosan on the MWCNTs. Shown in Figure 4.9 (circles), the zeta potential values are
plotted as a function of the %DD, which range from 42 mV (61%DD) to 34 mV
(93%DD). These values decrease with increasing %DD and suggest that all MWCNTs
dispersed in solutions have similar surface charged. Yet, because the 61%DD chitosan
has a lower linear charge density when compared to 93%DD, these values need to be
corrected if we want to compare the amount of polymer adsorbed at the surface of the
MWCNTs. This lower linear charge density is due to the fact that the 61%DD contain
only 61 groups for 100 monomers while the 93%0D contain 93 per 100 monomers.

Since the zeta potential is proportional to the density of charges, equal zeta
potential for two nanotubesswould-require 1.5 times more 61%DD than 93%DD chitosan.
Therefore the 93%DD has'a lincar ¢harge density 1.5 times higher than the 61%DD. In
Figure 4.9 (triangles) is plotted the col‘r‘rected normalized chitosan monomer ration
adsorbed onto the MW@NTS' for /each ‘@DD This plot is obtained by dividing the
measured zeta potential by.the corre'spondii}g %DD of the chitosan used and normalized.
From the plot it can b€ seen that 1.9 tirﬁq_s more 61%DD chitosan adsorb onto the
MWCNTs when compared with the_93%DD;t §éveral factors can justify the much lower
adsorption of the 93%DD when cCompared Wi'tlﬁ,{,the 61%DD. The 93%DD has a better
solubility, which means it W111 tend to?»r_'p_a_in in solution and will be more
thermodynamically stable in solution. The higher charge density on the 93%DD chitosan
can induce electrostatfici repulsion of the groups, which- i’ turn would lead to lower
adsorption density of the chitosan while the 61%DD could adsorb in a more packed

fashion.
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Figure 4.9 Zeta potential of modified MWCNT '(éi‘rcles) and normalized chitosan
adsorption ratio-onto-the MWCNT (triangles)-as-a function of the %DD of

chitosan.

Multiwall carbon .nanotubes.-.have been. noncovalently modified with
chitosan having diffetent.%DD. Using chitosan having different %DD had a strong effect
on the quality of the nanotubes dispetsion. UV—Visible spectroscopy.results suggest that
the nanotubes dispersion was improved ‘when using chitosan with a“ lower degree of
deacetylation (61%DD) when compared with higher degree of deacetylation (93%DD).
The MWCNT modified with the lower %DD also displayed the best stability against
centrifugation. Zeta potential measurements finally confirmed that the amount of chitosan
adsorbed onto the nanotubes surface was twice as high with the lower %DD as with the
high %DD. These modified MWCNTs with chitosan biopolymer could be used for the
immobilization of hydrophobic and hydrophilic drug for drug delivery application.
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4.1.2 Molecular Dynamics Simulation: Dispersion and seperation of chitosan

wrapping on SWCNTs by noncovalently modification.

In our previous experiment, MWCNTs were modified with chitosan having
different degree of deacetylation by noncovalent surface modification. The conclusion of
this work was that low %DD as 61% of chitosan provided the best dispersion efficiency
of MWCNTs. However, during modification process, pitch black mixture solution of
MWCNT and chitosan still consist of two speeics*which were the sedimentary CNT and
stabilized CNT. As the behavior of modified MWECNTs with chitosan when it dispersed
in the aqueous solution.issnot clearly known yet, molecular dynamics simulation was
used to understand thesbchavior of dispersion and sedimentation of CNTs during
modification process. '

Molecular dynami€s simulation v&ias used to predict the interaction between
singlewall carbon nanotubes (SWCENTs) 'hglnd 60%DD of chitosan and interaction of
modified CNTs with 60%DD of chitosan. M.olecular dynamics simulation done on the
three models: 7) two pristing CNTs (pCP{T:ﬁCNT), ii) a pristine CNT—a chitosan-
wrapped CNT (pCNT-cwCNT) and #i7) two chi”té.s_f,an wrapped CNTs (cwCNT-cwCNT) as
shown in Figure 4.10. T

.
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(a)

PCNT-pCNT

¢ o

L
Figure 4.10 s;:\ﬂn i ‘?ﬂm ﬂﬂ, ﬁﬁw), (b) a pristine
C 'ﬂ]—yzvrg;pe CNT with ¢ si?san (ﬂw NT), and (c) two chitosan-
¢
(W RTARTORIN Wik 111}
Q‘Iﬂé‘j:aiﬁa h oDD c 'ga A ctively. distances

(d(Cgi-Cgj)) and (d(Si-Sj)) and torsion angle (t) between the two SWCNTs
were defined through the center of gravity (Cg) and the surface of each tube
in which 7 = 0° and the two tubes are parallel. The molecular structure of the

chitosan’s repeating units was shown (d).
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4.1.2.1 Dispersion and solubility of CNTs

—_— dfcgj-ﬂg; —T

Finas : 4
Figure 4.11 Distance (blue line), 'd(eg -Cg;) _"een the two centers of gravity of
SWCNT and torsion angle (red Hn‘e)" 7 (see F1glure 4.10 for definition), as a
O ,. the simulation time for the three syste S, (a) pCNT-pCNT (b)

PpCNT- cwCﬂ T and (c) cwCNT-cwCNT, wherc*thelr corresponding structures

function ¢

taken from“fﬂe MD simulation were also shown in (d), (e) and (f).

To understand-the chitesan-assisted dispersion and separation of the CNTs
in aqueous solutlon the tube-tube dlsplacement andsorientation were/monitored in terms
of the dlstance from. thé,center of gravity. of tube i” (Cg;) to that of tube Vi (Cg), d(Cg:-
Cgj), and the torsion angle between the two SWCNTSs’ axis, 7, respectively (see Figure
4.10 for definitions). The calculated results were shown in Figure 4.11.

In the system of two pristine SWCNTSs (pCNT-pCNT), the averaged tube-
tube displacement represented by the between the centers of tube gravity, d(Cg;-Cg)), is
~14 A equivalent to that distance between the tube surfaces, d(S-S)), of 3 A (Figure
4.11(a)). In addition, the tilt angle donated by 7 angle is ~11°. All values are almost
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constant over the period of simulation time. The 7z data indicated that the two pristine
SWCNTs were oriented in almost parallel configuration (Figure 4.11(d)) while the
distance between the surfaces, d(Si-S;), of the two tubes of ~3 A implied that the
hydrophobic and van der Waals interactions between the aromatic rings of both CNTs
were observed to play role. This can be a clear answer why the pristine CNTs were found
to aggregate experimentally in solution.

With low concentration of chitosan represented by the pCNT-cwCNT
system, the d(Cg-Cg;) was increased by ~3 Aftom 14 A to 17 A and the tilt angle was
increased from 11° to 33°, relative to thoge of the pPCNT-pCNT system. Interestingly, one
end of the chitosan fragments was found to unwrap from one tube (CNT#1 in Figure
4.10(b)) and change its«eonfigtiration to interact with anether CNT (pristine, CNT#2 in
Figure 4.10(b)), i.e., theschitesan rearranées“its conformation to locate in between both
CNTs. Although the d(Cgi-Cg)) distaﬁce of J.~'17 A, with the corresponding d(S;-S;) of ~6
A, is rather long for molegular interaé,tio‘hs but the detected CNT-chitosan-CNT
configuration signifies that the €hitosan freiémqpts can act as the linker to hold the two
tubes together. The simulated phenomenon was firmly supported by the experimental
data where the CNT was found fo participate ifiﬂ the low concentration of the 60%DD
chitosan [80]. Tq '

Situation is different for the system where both CNTs were wrapped by
chitosan fragment, cw€NT-cwCNT. This supposes to represent the CNT in the solution
of high concentration of ‘chitosan. As the results, the two wrapped CNTs were found to
separate totally and rotatedfreely, i.e., the nongovalently modified CNTs is highly soluble.
This fact was definitely supported by the d(Cg-Cgjy) distancé and.the 7z angle ranging from
~35-60 A and ~60-180°, respectively (Figure 4.11 (c) and Figure 4.11 (f)). The dispersion
and solubility of the, two modified CNTs is mainly due to the stroig repulsion between

the positively charged ammonium groups on the glucosamine units of the chitosan.
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4.1.2.2 Role of chitosan fragments
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4.10(d) fimtlon) to the ¢ wrapped CNTs (a) CNT#1
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A cordlng to our previous study on the chltosal;h-yrapped CNT, the
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between the acetyl groups of chitosan and the aromatic rings of CNT. In order to provide

detailed information at molecular level to understand the mechanism of action, the atom-
atom radial distribution functions (RDFs, gy(r)), that is the probability of finding a
particle of type y within a sphere radius  around the particle of type x, were calculated.
Here, x represents the nitrogen atoms of chitosan fragments (the N-acetyl-D-glucosamine

(NAG), and D-glucosamine (GLS)), and y denotes all the carbon atoms of the CNTs



78

(only the wrapped CNTs shown in Figure 4.10, CNT#1 for the pCNT-cwCNT and both
CNT#1 and CNT#2 for the cwCNT-cwCNT systems) or the water oxygen atoms. The
results were plotted and compared in Figure 4.12.

In the pCNT-cwCNT system (Figure 4.12(a)), the RDF plots from the N
atom on the acetyl group of the NAG unit, N(NAG), and the ammonium group of the
GLS unit, N(GLS), to all carbon atoms CNTs show broad maxima at 5.2 A (blue line)
and 5.7 A (red line) with high and low: intensities, respectively. This means that the acetyl
group of NAG an approach closer to the outer surface of the tube than the ammonium
group of GLS, i.e., the hydrophebic acetyl group (NAG) better interacts with the two
tubes through van der Waals interaction than the hydrephilic ammonium group (GLS),
causing the CNT aggiegation. As expected, the corresponding running integration
number, number of water molecule at the l‘.distance r, around the neutral NAG (blue line)
is higher than that of the positively chérged;éLS group (red line) at any distances. This is
in consistent with the intenSity of both plo"lgs that of the NAG at any distances is higher
than that of the GLS grotips. _ 5 4

Similarly for the cwCNT-cwCI;\:._J:fu system (Figure 4.12(b)), the RDF for the
NAG (5.6 A, blue line) takes place at shorter fdiéb:ance than that of the GLS group (6.2 A,
red line) with higher density and higher,ffq()_c;)r_dination number. Interestingly, both
N(NAG)-C(CNT) and N(GLS)-C(CNT) distancesiouii. and 5.7 A (Figure 4.12(a)) of
the pCNT-cwCNT systém are shorter than those of 5.6 A and 6.2 A (Figure 4.12(b)) of
the cwCNT-cwCNT system, respectively. This fact can be described based on the
molecular configurations shewn in Figure 4.10(b) and 4.10(c), i.e., the chitosan fragment
in the high soluble chitosan-wrapped CNT (¢wCNT=cwCNT) can be easily accessed by
water molecules than that of the aggregated one (pCNT-cwCNT). Due to this solvation
effect, the chitosan fiagmentiinthe cwCNT-¢wCNT systém was, thei, pulled out to locate
at longer distance than that of the pPCNT-cwCNT one.

As expected, the positively charged N(GLS) atom was found to be much
better solvated than the N(NAG) atom (Figure 4.12(c) and 4.12(d)). For both systems,
PCNT-cwCNT and cwCNT-cwCNT, the RDFs for the N(GLS) are much sharper with
much higher density than those of the N(NAG). The corresponding coordination numbers,
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integrated to their first minima, of the N(GLS) for both systems of 0.9 is higher than that
of 0.3 water molecules of the N(NAG) atom.

Molecular dynamics simulation approach was applied to investigate an
increase in dispersion and solubility of single-walled carbon nanotube in solution by
60%DD chitosan noncovalently wrapped on the outer surface using the three models:
PCNT-pCNT, pCNT-cwCNT and ¢cwCNT-cwCNT. In the pCNT-pCNT and pCNT-
cwCNT systems, the distance between the centers of tube gravity and the tube-tube
orientation indicated the aggregation of carbon nanotube. This is due to the hydrophobic
and van der Waals interactions between the aromatic rings of the two pristine CNTs, and
the chitosan wrapped on CNT#1 aeting as a linker interacted with both tubes, respectively.
In contrast, the two cwCNTs were totally, separated, {reely rotated and well dispersed in
aqueous solution owing 0 the charge-cha;ge repulsive force of the ammonium groups of
GLS, a fragment of 60%DD chitosan, ;J\';il/rapping on each tube. Interestingly, the
hydrophobic acetyl group of NAG fragmen'tj, is'likely to interact with the aromatic rings of
carbon nanotube via van der Waals ‘interacfi-_(_).nawhile the positively charged ammonium
group of GLS fragment was strongly solvat_;e_q 'by waters. These theoretical results can
support the previous experimental-work in the f@ct that the hydrophobic acetyl parts of
chitosan favored to attach on_the nanotubesggliface while the hydrophilic ammonium
parts provided nanotubes stabilize in the solution by charge-charge repulsive force to

each others.

4.1.3 Covalent surface modificationof multiwall carbon nanotubes with acid

oxidation (H,SO; and HNQO3)

The' multiwall . carbon™“nanotubes| (MWCNTs) ‘'wére ©Oxidized by strong acid,
H,SO,4 and HNO3, the oxidation reaction is known to generate various at the open end or
the defect sites of carbon nanotubes structure, thereafter functional groups as follow -
COOH, -OH, -C=0 and another group as sulfur-containing might be introduced in the
carbon nanotubes structure.

From the raman spectra of treated and pristine MWCNTSs, the characteristic of

carbon nanotubes, G band in 1600 ¢cm™, and D band in 1300 cm™ was shown in Figure
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4.13. D band presents the amorpous carbon or disordered C in carbon nanotubes while G
band was presents the C-C bond in graphene sheet. D band was presented the shoulder of
G band that also induced the disordered C. The increasing in intensity of D band suggest
disordered structure by carboxylation increased. The Ig/Ip ratio is used to the assess of
the ratio of sp*/sp°. The ratio Ig/Ip of pristine MWCNTSs equal to 0.5056 while the ratio
Io/Ip of treated MWCNTs equal to 0.2773. This suggests that D band was increased in
case of treated MWCNTs because of carboxlic acid groups.

012 r
D band
0.1 - Treated MWCNT
UntreatedMWCNT
0.08
0.06

Intensity

0.04 r/
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Figure 4:13 Raman spectra of pristine MWCNT and treated MWCNTs.

The ‘results ‘'of FTIR “transmission shown' that the ‘shoulder peak of carbonyl at
1710 cm™ shown in Figure 4.14. Although the characteristic peak of carbon nanotubes
was not shown clearly in different position, the intensity of the % transmission were
increased in case of treated carbon nanotubes. In addition, the height peak of C-H

stretching in 2845 and 2912 cm ™' decreased after treat MWCNTS with acid.
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Figure 4.14 FTIR \ 'T and treated MWCNTs.
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The functionalized CNT have been proposed by loading polyelectrolytes by layer-

the improved adsorption of

en the degree of deacetylatlon (%DD) of chitosan was lowered

by-layer approach [81,82]. Layer-by-layer technique is a major breakthrough of
noncovalent surface modification which has been used as a tool to construct
polyelectrolyte multilayers with oppositely charged polyelectrolyte onto any type, shape

and size of substrates even one dimension of nanomaterials as carbon nanotubes[29, 83].
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To modify CNT surface via layer-by-layer technique, polyelectrolytes, enzyme, antibody,
nucleic acid, proteins and nanoparticles such as gold and silver nanoparticles [84,85]
have been successfully used to deposit on CNT. Moreover, after coating CNT with
multilayers, modified CNT was utilized in a wide variety of applications such as a control
release anticancer drug [40], cancer biomarker [39] and biosensor [38].

No matter what agent is used in the noncovalent surface modification, the
methods usually rely on exposing the namotubes solution to an excess of polymer
followed by tedious centrifugation steps to remowve the excess of unbound polymer from
the solution. This method provide satisfying results with small volumes but the numerous
centrifugation steps as well*as the supernatant removal followed by re-dispersion make
this method unpractical fer scaling up to hundreds of milliliters of CNT solution.

Although this method/prevides sa|t.isfying results with small volumes, the major
problem is that it can promotg CNTs aggrégl'étion during centrifugation step because the
carbon nanotubes are forced into den'shl,e “pack [86]. In addition, the numerous
centrifugation steps as well as the supernatég‘[ removal followed by re-dispersion make
this method unpractical for scaling up td‘;_a_h_u'ndreds of milliliters of CNT solution.
Moreover, significant amount of carbon nah'(")fu_fbes is lost during the removal of the
supernatant. Filtration is another method v—vh1f:h can be used to remove unbound
polyelectrolyte throught the membrane. This way is no forced modified carbon nanotubes
into dense pack and itds not necessary to have a density difference between the particle
and surrounding media [87]. However, the obstacle of this method is that it’s hard to
ensure that we can avoidthe.adsorption of excess polyelectrolyte even modified carbon
nanotubes on the filter membrane during the 'solution pass through the filter membrane.
Therefore, the amount of modified carbon nanotubes might possibly be lost during the
filtratioh ‘and re<dispCrsion proeess.

While working on the surface modification of MWCNT with biopolymer, our
interest turned toward trying to find a simple method for the “just enough” surface
modification of MWCNT by polyelectrolytes solution in order to remove the
centrifugation step. Using this method, we have prepared up to 500 ml of MWCNT
solutions in a single step but based on the proper adjunction of the polymer amount.

Furthermore, the absence of polyelectrolyte excess in solution allowed for the utilizations
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of the layer-by-layer deposition techniques with which up to tertiary layer of
polyelectrolytes were successively deposited onto the MWCNT surface. The stability of
modified MWCNT were identified by measuring turbidity of solution using UV-Visible
spectroscopy at wavelength 550 nm combined with zeta potential measurements were

used to evaluate and confirm the surface modification of the MWCNT.
4.1.4.1 Primary layer coating on treated MWCNTSs with PDADMAC

4.1.4.1.1 Effect of PDADMAC concentration on the stability of
treated MWECN'Ts

As they become smore a\;ailable, MWCNTs will be more present in
commercial product and their preparafion vylll need to be scaled up to large batches. The
commonly used centrifugation of MWCNT";pd'st surface treatment will be unpractical and
need to be replaced with simpler _metho'cf;_._.An alternative method to the previously
described centrifugation progedure: relies -fdérdl -‘ the adjunction of the “just enough”
polyelectrolyte to the MWECNT, solution thﬁé Jlimiting the excess polyelectrolyte in
solution to the minimum. In order to. find tl?g;_z&ppropriate amount of PDADMAC that
need to be added to each MWCNT solution,‘vials containitg fixed amount of MWCNT
were mixed with solﬁtion of increasing PDADMAC concentrations. The treated
MWCNT were sonicated in order to temporarily overcome van der Waals attractive
interactions and immedidtely mixed with gthe PDADMAC solutions. As the final
concentration of PDADMAC was inereased, the turbidity of the MWCNT dispersion was
recorded by UV-Vis spectroscopy as evidence of the MWCNT stability.
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Figure 4.16 Stability of modified MWCNT 6.25 pg/ml with different
poly(diallyldimethylammonium ch_loride) coneentration (0-0.05 mM)
(a) Solutions of treated MWCN’i‘_ and the modified MWCNT with various
PDADMAC concentrations, (b) YPlo't's of the changes in absorbance of
modified MWCNT with various 1:;D_A_DMAC concentration after preparing

for 1 week, (c) Plots of reversal zeta potential of modified MWCNT with

various PDADMAC Goncentrations, =

Figure 4:16(a) showed pictures of the solutions corresponding to various
added amount of PDADMAC (vial #2 to #11) compared with the original uncoated
MWCNT in vial#} It gan be seensthat, when increasing, the, PDADMAC concentration
from vial #2 to #6, ‘the-solution' appeared “clearer-as the MWCNT precipitated. The
appearance of a precipitate at low PDADMAC contént is due to incompletely coverage of
the surface of the anionic MWENT. In this case, the two spécies present in solution are
the anionic uncoated MWCNT and the cationic PDADMAC coated MWCNT that
aggregate through electrostatic attraction and precipitate. Another reason that induce
precipitation is because PDADMAC has large molecular weight (~200,000-350,000
g/mol) that can bind with different MWCNT (negatively charged MWCNT from treated
MWCNT and in completely covered MWCNT) in solution and induce their bridged
flocculation. Nevertheless, when the concentration of PDADMAC exceeds 0.025 mM as
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shown vial #8, the MWCNT in solution remain dispersed with no precipitate appearing.
All the MWCNT are then coated with the “primary” cationic PDADMAC layer.

UV-Vis spectroscopy was used to record the turbidity of the
MWCNT/PDADMAC mixture at 550 nm as evidence of the CNT dispersion. The
turbidity measurements are plotted in Figure 4.16(b) and a decrease in absorbance can be
seen in the first section of the plot as the MWCNT precipitate out of the solution. Then,
as the PDADMAC concentration was increased sufficiently to coat all the MWCNT,
provide good dispersion and result in higher absosbance.

Figure 4.16(c) showed thecorresponding zeta potential values for each of
the prepared solutions. Thezeta petential amplitude is'proportional to the charge density
at the nanoparticles surface and ' reflects successful adsorption of the charged
polyelectrolytes and its#Sign correspondé to the anionic or cationic character of the
surface. As expected, theizeta potenﬁal is;r’éversed from negative for low PDADMAC
concentration to positive values when PDAPMAC is sufficiently adsorbed at the surface
of the MWCNT. It can be seen that the ini?t__i—gl negative charge due to the carboxylate is
reversed to positive charge dug to thépreser@'&ég.dqmuaternary ammonium of the PDADMAC.
A lower absolute zeta potential value of +24 mVa when compared to the -40 mV for the
treated MWCNT is probably due to the low cfar_'ge density of the PDADMAC as well as
the fact that some negative carboxylic groups kmight remain.from uncoated segment of the

carbon nanotubes.
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Considering the densities of the MWCNT and the PDADMAC layer to
have the values of 2.1 and 1.04 g/cm’ respectively, an average thickness of 3.5 nm per
layer can be calculated. Values of 1 nm per PDADMAC monolayer after adsorption on
silicon wafer have been previously reported independently of the ionic strength of the
solution by Decher but these values are expected to the smaller than that on carbon
nanotubes as the electrostatic interaction are much greater on silicon wafer. The layer
thickness reported here is also greater probably due to the fact that some PDADMAC
segments form loops in the solution leading to.@ hicher amount of PDADMAC adsorbed.
These results imply that the polyelectrolytes do-not wrap perfectly around the nanotubes
and form a loose coating.around.the nanotubes with seme segment adsorbed and some
extending largely in solution. Fhistesult was confirmed later using TEM imaging.

|
4.14.1.2 Stability oi_‘}reated and primary coating on MWCNT
in differentsalt concentratipns and pH condition.

The stability of two modiﬁedd;a_l\_{IWCNT, treated MWCNT and MWCNT
coated with PDADMAC in different salt cb’hb@ntration were investigated. Normally,
blood in body contain NaCl ~7011_5 M, .for apr_lXi_ng MWCNT as a drug carrier, it was
necessary to investigate the CNT stability in‘various salt congcentration to prove that the
modified MWCNT caﬁ stabilize without any precipitation in NaCl 0.15 M. The
absorbance of treated MWCNT starts decrcasing at salt concentration 0.1 M and
dramatically decreased when-the salt concentration reach 0.15 mM (Figure 4.20, squares).
While MWCNT ¢coating-with PDADMAC were stable in all range of salt concentration
(Figure 4.20, diamonds). The carboxylate group of treated CNT were possibly attracted
with sodiufa’ion’as. a, counterion to | reduce the: repulsion’ between negatively charged
nanotubes and finally, aggregation by van der Waals interaction. The MWCNT coated
with PDADMAC can be stable in ageuous solution with any salt concentration because

the PDADMAC was the pH independent polyelectrolyte.
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Figure 4.21 shows th’e'_mstabilit;‘_r.‘(ifﬁ E{eated MWCNT and primary coating on
MWCNT with PDADMAC after dispersed_?'—r;.lvarious pH solutions. The carboxylic

groups were different-extent of -débfo:tonation ’iri-z—f'q_éuous solation of various pH condition.

At higher pH, the léXtent of deprotonation were incré'a_'sued which lead to higher
carboxylate contents. ‘Ye'ong—T arng Shieh et al. [88] suggééted that the negative charge
delocalized over the tw&oxygen atoms in the carboxylate anion as in reaction [1] below
would expel each othérfand thi§ providés selubility/of the tfteated MWCNTs in ageuous

solution.

0 @
AIAIULNIY
OH 0

Carboxyl group Carboxylate anion Proton [1]

Although pKa of carboxylic acid groups equal 4.5 which means that at pH
4.5, the same proportion of neutral and ionized species present in solution, treated

MWCNT can be stable in ageuous solution pH > 3 while treated MWCNT were
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precipitated at pH 2. The results agree with research work of Barron et al. [89]. They
found that the carboxylic acid-functionalized CNTs was fully protonated in water of
below pH 3 in which the MWCNTs were closed to neutral. The fully protonated
carboxylic acid of treated CNTs were aggregated by intermolecular hydrogen bonding of
carboxylic acid groups and tend to precipitate. At high pH, treated CNTs were stable
even the pH of ageuous solution equal 11. However, the ionic strength in the system were

possibly increased at pH higher than 1'l and treated CNT can be precipitated.
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Figure 4.21 Stability of modified MWCNT, treated MWCNT and primary coating
MWCNTswith PDADMAE 7 as-a function‘of pH for 1 day.

4.1.4.2 Secondary layer coating on‘'MWCNT's

Using the MWCNT modified with the primary layer of PDADMAC, a
similar procedure was used to deposit another layer of anionic PSS. An increase in PSS
concentration leads the primary coating MWCNT with PDADMAC to precipitate
because the secondary coating MWCNT with PDADMAC/PSS complex with primary
coating MWCNT with PDADMAC inadequate PSS concentrations. The changed of
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absorbance at 550 nm in modified MWCNT solution can be observed in term of turbidity
was shown in Figure 4.22. Until the PSS concentration reach to 0.04 mM, the primary
coating MWCNTs can disperse in the ageuous solution and provide the reversal of the
MWCNT surface charge to negative as shown from the zeta potential’s evidence in
Figure 4.23. The zeta potential result confirmed that the secondary coating on MWCNT

were successfully prepared.
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Figure 4.23 Plots of the reversal zeta potential of primary coating MWCNT with

PDADMAG as a functionof PSS Jc_:oncentrations, final amount of MWCNT:

12.5 pg/ml. |

The amount of PSS added‘*:?‘t_ol reverse the surface charge from the

PDADMAC top layer was found fo- be neaflgl equimolar than that of the previous
PDADMAC layers suggesting the nearly 1':"1"':r'éfi'o of the.polyelectrolytes for surface
charge compensation.”-Also—because—the—primary—selution did not contain excess
PDADMAC, it was pdssible to mix it directly with the PSS solution without the need of a

centrifugation step and without the appearance of any precipitate in the solution.
4.1.4.3 Tertiary layer-coating on MWCNTS

To demenstrate: the, usefulness ' of this technique @  third layer of
PDADMAC was deposited onto the anionic PSS coated secondary MWCNT. The benefit
of this technique rely on the possible successive deposition of polyelectrolytes layers onto

the MWCNT without having to centrifuge the MWCNT.
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Figure 4.25 Plots of the changed in zeta potential of secondary coating MWCNT with
PDADMAC/PSS as a function of PDADMAC concentrations, final amount
of MWCNT: 6.25 pg/ml.
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In Figure 4.24, the changes in zeta potential values are plotted for the
deposition of the primary, secondary and tertiary layer as a function of the added
polyelectrolyte concentrations. The zeta potential values for each layer are presented in
Figure 4.25 and can be seen to alternate between positive and negative after the

deposition of each layers in Figure 4.26.

Primary coating CNT. Tertiary coating CNT with
30 with PDADMA @ PRADM AC/PSS/PDADMAC

Untzeated .CNT

Zeta potential (mV)
—
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Figure 4.26 Zeta potential of untreated MWCETz treated MWCNT, primary coating
MWCNT.with PDADMAC, seco‘ndary coatingMWCNT with
PDADMAC/PSS, and tertiary coating MWCNT with
PDADMAC/PSS/PDADMAC.

Transmission _electron microscopy (TEM) was used to measure the
thickness of the'three layers coating on the MWCNT (Figure 4.27). The calculated
thickness) for €ach doposited pelyelectrolytes layersiwas: 3.5/ nm por layer which would
lead to 10,5 nm of three layers coating. Evidence of the fast growth of the PEM onto the
MWCNT surface can be seen from TEM images of the bare MWCNT and the 3 layers
(PDADMAC/PSS/PDADMAC) coating. The multiwall carbon nanotubes used in this
study have a diameter of 14 nm and the thickness of the final coating can be estimated to
be 13.4 nm (+/- 2 nm) which value is closed to the calculated value from polyelectrolytes

adsorption. The coating of three PDADMAC/PSS layers is thicker than the deposition on
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flat silicon wafer. This is probably due to the formation of a large number of loops and
tails in solution. Nevertheless this is beneficial to the coating efficiency, suggesting that
the coating thickness is sufficient for drug loading and can be achieved much faster than
expected from flat substrates. The layer-by-layer technique is a method of choice for the
modification of MWCNT as it provides a good control over the surface chemistry and the

surface charge can be tuned by the number of deposited layers. The fast growth of the

PEM coating by formation of a cture can then be used for the selective

adsorption of either cationic or g on the charge of the top layer.

(c) (d)
Figure 4.27 Transmission electron micrograph of (a) pristine MWCNT scale bar 50 nm,
(b) tertiary coating MWCNT with PDADMAC/PSS/PDADMAC scale bar 50 nm, (c),(d)
tertiary coating MWCNT with PDADMAC/PSS/PDADMAC scale bar 100 nm.
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In conclusion, by carefully controlling the concentration of polyelectrolytes in
solution, the layer-by-layer deposition of polyelectrolytes multilayers on MWCNT is
simplified and do not require tedious centrifugation-sonication steps. Since the sufficient
amount of PDADMAC and PSS were deposited on treated carbon nanotubes surface as a
primary, secondary and tertiary layer, the modified MWCNT can then be prepared in
large scale. The adsorption of the polyelectrolytes for each layers was monitored by
turbidity measurement with a UV-Vis spectrophotometer and zeta potential. Using TEM
imaging, the thickness of the three layers coating on the MWCNT was measured to be
13.4 nm which suggest the formation of leose polvelectrolyte network onto the MWCNT
surface. This simple methed can.beused to coat largescales of CNT solutions for drug

delivery applications.

4.2 Loading and recovery of hydrophilic fnodel drugs of modified multiwall carbon

nanotubes

4.2.1 Loading and recovery of gegt_i_én violet of treated multiwall carbon
nanotubes, primary and secondary eoating multiwall carbon nanotubes

Treated MWCNTs which were negative charge in'0.1xPBS buffer were coated
with cationic polyelecitolyte: PDADMAC by electrostatic interaction. The insufficient
concentration of PDADMAC to coat treated MWCNT lead to the aggregation between
two species which were negatively chargedgspecies; uncoated MWCNT and positively
charged species; PDADMAC coatedMWCNT. Therefore, some treated MWCNTSs were
still suspended ‘but some MWCNTs were precipitated by attracting with a slight
concenttation’ of \ PDADMAC: Until the aggregation’ between ficgatively charged of
MWCNTs and positively charged of MWCNTs lead all of MWCNT completely
precipitate in the solution, the solution become clear and lead the absorbace become
nearly zero. When the concentration of PDADMAC was adequate to coat MWCNT, the
modified MWCNT in solution can suspend in the solution and providing their stability in
the aqueous solution. The lowest concentration of PDADMAC which provide modified

MWCNT suspend in the solution was selected to prepare positively charged MWCNT as



99

a precursor to deposit the secondary layer as PSS in the next step. The amount of PSS
added to reverse the charge from the PDADMAC top layer was found. Also because the
primary solution did not contain excess PDADMAC, it was possible to mix it directly
with the PSS solution without the need of a centrifugation step and without the
appearance of any precipitate in the solution. To demonstrate the usefulness of this
technique a third layer of PDADMAC was deposited onto the anionic PSS coated
secondary MWCNT. The benefit of this technique rely on the possible successive
deposition of polyelectrolytes layers onto the MWCNT without having to centrifuge the
MWCNT. In Figure 4.28, the zeta potential values for each layer are compiled in and can
be seen to alternate between posiitve and negative after the deposition of each layers in

0.1xPBS.
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Figure 4.28 The reversal charge 'when the'CNTs were modified with primary,
secondary, and tertiary layer in 0.1xPBS buffer.

As mention above, the multilayers on the carbon nanotubes using layer-by-layer

deposition technique was prepared by controlling the added polyelectrolyte
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concentrations. Therefore, we can control the negative or positive charge in each layers
on carbon nanotubes surface in order to load the hydrophilic drug on their surface.
Gentian violet with different concentrations was used as a cationic model drug for
loading on modified MWCNT. After 24 hr of loading time, the remaining gentian violet
after loading on modified MWCNT can be investigated using UV-Vis spectroscopy
measurement at wavelength 585 nm. The adsorption of gentian violet on MWCNT can be
observed by calculate from calibration curve of different gentian violet concentration in

Figure 4.29.
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Figure 4.29 Calibration curve of gentian violet in 0.1 PBS buffer with different

concentrations.

Based oniour hypothesis, the cationic drug as gentian violet should be favored
loading-enpsthe negative, charged-surface by, electrostaticsattraction.»As we expected,
negative charged ‘surface which consist of treated MWCNT and ‘the 'secondary coating
MWCNT with PDADMAC/PSS can adsorb gentian violet (shown in Figure 4.30, Figure
4.32) while the primary coating MWCNT with PDADMAC can slightly adsorb in Figure
4.31.
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Figure 4.30 Comparison obncéntiations of ugeﬁ:tian violet adsorption in 0.1 PBS and
recover in ethanol from _treated-MWCNT.
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The treated MWCNT weéte dispersediff%he 0.1 PBS pH 7.4, gentian violet was
adsorbed on treated MWCNT surface by élééﬁostatic attraction between carboxylate

groups and ammoniugi-groups. In addition, gentian violet is possible to attach on treated

MWCNT surface by :p‘i-pi stacking between the aromatic rifig of both gentian violet and
the carbon nanotubes stiictures. As shown in the Figure'4.30, the increasing of gentian
violet concentration increase“in gentian violet adsorption on treated carbon nanotubes.
The % loading of gentian violet can be calculated when compared with the initial gentian
violet concentrations consist of 63:1, 65.9, 53.4 and 44.1%, xespectively. After
centrifugation process,the gentian violet adsorbed on'treated MWCNT were released
with ethanol by vortex, we found that the % release for recovering gentian violet from
treated MWCNT was follow 76.6, 60.3, 61.3, and 52.2%, respectively. It is possible that
the high concentration of gentian violet slightly favored to adsorb on the treated

MWCNT surface.
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Figure 4.31 Comparis '} 1.0 oc \ olet adsorption in 0.1 PBS and
recover in et 0@ mary coating MWCNT with PDADMAC.

For the primary coating ¢ P ADMAC, the result clearly showed

that gentian violet are hardl a.@@b
the ammonium gro p A-.--‘-.-..“-.-—_-.-------—-.-.."f .......... J,s AAC on MWCNT surface
(Figure 4.31). The %'a dsorption we £ r just only 10% adsorption
are possibly expected th j' the uncompletely coated MW(ﬂT with PDADMAC remained
the small area of uncoated MWCNT which faver to adsorb gentian violet.

ﬂﬂﬂ?ﬂﬂﬂiﬂﬂﬂﬂ‘ﬁ
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CNT because of the repulsion of
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Figure 4.32 Comparison goncentrations of geﬁtian violet adsorption in 0.1xPBS and
recover in ethanol from secondary coating MWCNT with PDADMAC/PSS.

#

According to the quaternary ammoni.iérﬁj""groups in gentian violet structure, the
adsorption of gentian violet onto-negative chérgé'on surface of modified MWCNT was
based on electrostatic ~attraction between the oppositely eharged molecules. The high
gentian adsorption was shown (Figure 4.32) in case of sccondary coated layer which was
PSS on top because the'film coated on MWCNT can provide more adsorption rather than
treated CNT whigch are haying the.carboxylate groups on.their surface.

After loading gentiad violet.on! modified MWCNT, the adsorption of gentian
violet on modified MWCNT were quantified by releasing in ethamel which was good
solvent for gentian/violet.. We can see that the gentian violet can be released from the
modified “carbon nanotubes in different concentrations. For the recovering of gentian
violet from different modified MWCNT in ethanol, we found that coating MWCNT with
PDADMAC and PSS on top can recover gentian violet more than treated MWCNT. This
evidence showed that the affinity attraction between ammonium groups from gentian
violet and negatively charged species which were carboxylate and sulfonate group was

different. However, gentian violet on modified MWCNT with PDADMAC can be
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released less than other condition because of less loading of gentian violet on their

surface.

4.2.2 Loading and recovery of diclofenac of treated multiwall carbon

nanotubes, primary and secondary coating multiwall carbon nanotubes

As mentioned treated carbon nanotubes, primary coating MWCNT with
PDADMAC and secondary coating MWCNT.avith PDADMAC / PSS were prepared in
0.1 x PBS buffer, pH 7.4. Diclofenac_sodium was prepared different concentrations
(0.00025-0.01%) in 0.1 xPBS buffer. 20 ml of modified MWCNT were mixed with 20
ml of diclofenac in differént goncentrations. The solution were kept for 24 hr, after that
the mixture solution weie centrifuged at IIZ}OOO rpm for 15 min. The supernatant solution
were measured by UV-Vis spectroscbpy to, Ilaetermine unbound diclofenac. In this case,
the modified MWCNT with any coating lé,adfino effect to load diclofenac as shown in
Figure 4.33. >

Diclofenac concentraﬁons in ﬁldeu supernatant after centrifugation remain
unchanged. This is because at pk. 74, diclofe’hé&} were completely ionized and act as a
salt which prefer to dissolve rather: than agl?_;zt?_ on carbon nanotubes. Especially the
negatively charged of treated MWCNT and ksecondary coating MWCNT possibly repel
diclofenac because of fﬁgir same negative charges. Howevér,—‘even positive charge on top

surface as PDADMAC coated on MWCNT can not load diclofenac as well because the

remaining diclofenac might possibly come out during the centrifugation process.
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Coating on' carbon rllanotub_jeé)__ with. PDADMAC and PSS in term of

primary and secondary layers using Layer-by-:luiayer technique was successful in this

work. The type of charges on nanotubes is affected on drug loading efficiency. Gentian

violet can be loaded on secondary coated on nanotubes surface reach to 73% whereas

diclofenac sodium can not be loaded in any modified MWCNT because it’s ionized and

become water soluble at PBS buffer pH 7.4.

4.3 Cytotoxicity'of modified carbon nanotubes

According toythe hot dssuey“Toxicity: of, CNTs”; before integrating CNTs into
biomedical "application, "the effect of CNTs on cell have to be considered. Many
publications have been proposed that CNTs are toxic while some publications still
approved that CNTs are nontoxic. A wide variety of CNT toxicity results was possibly
influenced from 5 main factors including size, shape, source, surface chemistry and
surface area of CNTs. Therefore, toxicity issue of CNTs are still argued and discussed in

wide academic research while the attempt to apply CNTs in biomedical application is
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also increased. However, it is hard to find the suitable assay for cytotoxicity test, which is
based on colorimetric indicator because pristine CNT surface having high hydrophobic
property that possibly adsorb the dye during testing and affecting to the obtainable result.
Therefore, the toxic results that we get might be false positive data.

MTT assay has been widely used as a common assay for testing cytotoxicity even
there are still ongoing discussion for suitable approach. In this study, the formazan

adsorption interference of untreated MWCNT and treated MWCNT was compared.
4.3.1 Interference of adsorption formazan by carbon nanotubes

The untreated MWOCNT ean adsorb the formazan solution more than treated
MWCNT as shown in _Figure 4.34. Due |‘.[0 the surface chemistry of pristine MWCNT
which are hydrophobic, 4t is' easily adsoi];éd with hydrophobic formazan more than
hydrophilic surface of treated MWCNT. ';The result clear that pristine MWCNT can
interfere with toxicity results while the treei'tngMWCNT is less interfered although the

concentrations increased. )
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Figure 4.34 The absorbance of formazan solution at 570 nm after exposed with

Untreated and treated MWCNT with various concentrations.
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This result, we indicated that the treated MWCNT adsorbed formazan less than
untreated MWCNT because of their charged surface. Although MWCNT still effected to
the cytotoxicity results, the modified MWCNT which are water soluble, might not affect
much for MTT assay and we can get more accurate results.

However, we attempt to avoid the interference of adsorption formazan from
MWCNT by removing the MWCNT samples after expose with L929 cells by PBS before
adding MTT solution

4.3.2 Cytotoxicity of untreated, treated, primary coating MWCNT with
PDADMAUC, secondary-eoating MWCNT with PDADMAC/PSS, tertiary coating
MWCNT with PDADMAC/PSS/PDADMAC on L929 fibroblast cells

4.3.2.1 Cytotoxicity of untr;q;ted and treated MWCNT

The cytotoxigity: of MWCNT was evaluated with MTT assay. After
exposing pristine and treated MWENT intg;'_v_iI;929 cells for 24 hr, the samples were
washed out by PBS and MTT was exposed to ﬂie}cells. The living cells can reduce MTT
to Formazan crystal inside the cells while th;ﬁ{nption of death cell were lost, therefore
they cannot convert MET to formazan. l :

After diésolving formazan crystal with -DMSO, the absorbance of
formazan solutions were measured and compared with the cell control. The results
(Figure 4.35) showed that-the increasinggof both untreated and treated MWCNT
concentration from 3.125 until 12.5 pg/ml provide the nearly formazan absorbance value.
When the concentration of both types.of MWCNT reach 25 pg/ml, the treated MWCNT
become toxic to'the 1929 cells'while theé untréatcd MWCNT are noiitoxic.
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Figure 4.35 The absorbancg/of formazan after convert from MTT by exposing L929
cells with different concentrati‘ff)dné of untreated and treated CNT for 24 hr.

When we calculated the % cé’f_i_fyigbility which compare with cell control
as shown in Figure 4.35, the result showed thai—"}oJ cell viability after exposed the pristine
MWCNT with different conceritration prolx‘;i'('i:é'; ‘high. cell viability in range 78-83%
while %cell viability= of treated-MWENT — provide 85-80% in treated MWCNT
concentration range 3.125-12.5 pg/ml. At high concentratibn of treated MWCNT, the
treated MWCNT reach to 25 pg/ml and 50 pg/ml, the % cell viability were dramatically
decreased in to21.4 Yorand-7.41 % crespectively jas shown.dn Figure 4.36. We expected
that the treated MWCNT which ‘were "the ‘shorter“length” provide the high dispersion
because of their carboxylic groups. Therefore, treated MWCNT caneasily penetrate into
the cell“membrane compared to the untreated MWCNT, which swere laggregated and
having long length in term of several pm. The untreated MWCNT were hardly penetrated

into the cells because of their large size of aggregation.



100+
90
80
70
60
50+
40+
30
20+ ,
10+ -~

% Cell Viability

0 :
CNT concentrations (ug/ml),...3.125 6125 12.5

25

50

B Untreated CNTs* 83,76 82.78  80.99
O Treated CNTs.” 8536 84.12 80.43

82.54
21.41

78.79
7.81

Figure 4.36 % Cell viability o i?29 cell —'ter. exposed with untreated and treated

/ s )
MWCNT with different concentrations for 24 hr.
iy 4
# “df
4 A j‘ ‘

o o

4.3.2.2 Cytoth'ich.Eyi('{i."'_prim?y’rﬂﬁating MWCNT with PDADMAC,
secondary coating MWCNT wiftHP_l_)ADMﬁ',?i’SS and tertiary coating MWCNT

-

with PDADMAC/PSS{PDADMKé .

| S

-
.

\ '_f"
""J""_ \_J

*

109

However, we attempt to modified MWCNT with different functional

groups by deposition (;f PDADMAC and PSS in orde‘;’to improve cell viability by
selective functionall groups: Primary (PDAPMACQC); secondary=(PDADMAC/PSS), and
tertiary (PDADMAC/PSS/PDADMAC) coating on MWCNT surface were prepared in
0.1xPBS. buffer,.thereafter,.the. modified MWCNT were separated.into two type which

were tested ‘with the solultion. tAnother were centrifuged in orderito temove the excess

polymer and kept as a powder. All samples were exposed into 1.929 cells for 24 hr, the

cytotoxicity of polyelectrolyte were tested as a control. PDADMAC and PSS with the

different concentrations were exposed into L929 cells for 24 hr. An increase in

PDADMAC concentration from 0.001 to 0.01 mM does not affect cell viability. However,
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when the concentration of PDADMAC reach 0.05 mM, formazan absorbance

dramatically decreased due to lost functions of cells (Figure 4.37).
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Figure 4.37 The absorbance of foriazan afté‘f convert from MTT by exposing L.929

e dix dd

cells with different concentrations:quDADMAC solultion for 24 hr.

The % Celtt-viability can be calculated from-ilic changed in absorbance of
formazan when compare with the cell control. In Figure 4.38, % cell viability
dramatically decreased after exposed PDADMAC solution reach to the concentration
0.05 mM. As shown the cellymorphology: after;exposed"PDAPMAC (Figure 4.39), the
L929 cells morphology were changed from the spread-to shrink into round shape. Due to
the synthetic polymer and their structure consist“of positive charge from ammonium
groups. “The ‘cationi¢ groups €an attach on the megatively charged surface of cell
membrane by electrostatic attraction. In addition, the molecular weight of PDADMAC
might affect the cell. However, the low concentration of PDADMAC still provide cell

viability that we can use to modify CNT surface in the next step.
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PSS solution were added into 1929 cells with different concentration, the
cell L929 were shrink . At high concentration of PSS 0.1 and 0.5 mM were toxic to L929

cells. The cell morphology after exposed with the PSS solution were shown in Figure
4.40.
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Figure 4.40 L929 cells morphology a@ with PSS concentration
(a) 0N and (k)

48224 Cyigtoxicity of primary coating MWCNT with
PDADMAC, seconda pating MW.CNTwith VIAC/PSS and tertiary coating

MWCNT with PDADM 4 e of solution.

The surface mg ﬁcamjtg 1 ith polyelectrolyte as PDADMAC
and PSS were used to evaluate ' oo ith L929 cells by MTT assay. Three
kind of coating on MWCN T -whic -\ » primary coating MWCNT with
PDADMAC, secondaty coating MWCNT with PDADMAC/PSS and tertiary coating
MWCNT with PDA yr 4? d'in the solutions. In Figure
441, the MWCNT JL with PDADMAC/PSS and PD I"‘) MAC/PSS/PDADMAC with
different conciﬁtions werémot si%iflcantl - hanﬁ in the concentration of formazan.

While the M I\M&LQ\% : m w T ’t])fc](‘)j 1929 cells when the

concentration re&lh to 6.25 and 12,5 ug/ml. % g:ll viability intyigure 4.42 can be
o) Y TG W A58 e n
cells. Thi§ evidence might be from the effect of cationic polyelectrolyté which can attract
with the negative charged of phospholipid in the cell membrane and provide the complex.
In addition, the excess of polyelectrolyte in the MWCNT solution remained which might
affect on cytotoxicity because PDADMAC and PSS at higher concentrations than 0.1

mM provide cytotoxicity on the cells.
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Figure 4.42 % Cell Vialg_ri,lity ot L929 cells after cxposed wzth primary
coating MWCNT with PDADMAC, secondary coating MWCNT with
PDADMACG/PSS, tertiary coating MWCNT with
PDADMAC/PSS/PDADMAC (In case of solution) with different

concentrations:for24 hn.

Cell morphology of 1929 after exposed with modified MWCNT with

different functional groups and different concentrations was shown in the Figure 4.43
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Figure 4.43 1929 cells morphology. () Cell ol (b) Cell after exposed with primary
coating MWCNT w D
MWCNT with IAC/ 6.25 pg/ml, and d) tertiary coating
7 25 pg/ml.

g/ml, (c) secondary coating

J
4. 31.& Cytotoxicityiof primary coating MWCNT with

epaomiac; Eh I AV T IR R and tertory conin

MWCNT with ﬂ)ADMAC/PSS/PDpMAC In case of powder

ARADIU I NI e e

PSS were centrifuged with 4000 rpm in order to remove the excess polyelectrolyte. The
modified MWCNT were redispersed in DMEM which consist of the amino acid and
exposed into L929 cells. The results were shown in Figure 4.44, there is no change in the
absorbance of formazan with an increase in concentration of MWCNT. Figure 4.45

showed that %cell viability does not change because it is no excess polyelectrolyte which
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effect on the cell toxicity. The disadvantage of the centrifugation process was that the
MWCNT were densely packed and hardly redisperse in solution. Therefore, the
aggregation of modified MWCNT was hardly penetrated into L929 cells. Cell
morphology after exposed modified MWCNT were illustrated in Figure 4.46.
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PDADMAC/PSS/PDADMAC (In case of powder) with different

coneentrations-for.24 hr.
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coating MWCNT wii ”‘ﬂf? AD]! g/ml, (c) secondary coating
MWCNT with PDADMAC PS:! N l, and (d) tertiary coating MWCNT
with P l.; DMAC/PSS/PDADMAC 50 pg/ml. +
pmenessepssass————

\Z

.;I
ﬂ‘UEJ’J‘VIEWI?WEﬂﬂ‘i
awwmnmummmaﬂ



CHAPTER V
CONCLUSIONS

Multiwall carbon nanotubes (MWCNTs) have been noncovalently modified with
chitosan having different %DD (61%, 71%, 78%, 84%, 90% and 93%). Using chitosan
having different %DD had a strong effect on the dispersion efficiency of the nanotubes.
UV-Visible spectroscopy results suggest that the nanotubes dispersion was improved
when using chitosan with a lower degree ot deacetylation (61%DD) when compared with
higher degree of deacetylation (93%DD). The MWCNT modified with the lower %DD
also displayed the best stability“against centrifugation. Zeta potential measurements
finally confirmed that the amount/of chitesan adsorbed onto the nanotubes surface was
twice as high with the lower %D as ‘with the high %DD. These modified MWCNTs
with chitosan biopolymer coald/beused to immobilize hydrophobic and hydrophilic drug
for drug delivery application. )™

Molecular dynamic simulation was ﬁS'ed as a complementary tool to predict the
sedimentation and stability of médified sifi‘g‘l_ewall carbon nanotube (SWCNT) with
60%DD chitosan in three pair speeies: a pristéiae:iél pristine SWCNT, a pristine SWCNT-
wrapped SWCNT with chitosan, and a W}éiif)'ed SWCNT with chitosan- wrapped
SWCNT with chitosai=—Fhe-behavior-of modified-SWENT with 60%DD chitosan in
aqueous solution; in term of both sedimentation and stability, can be successfully proved.
Two pristine carbon nanotubes were aggregated in the solution because of van der Waals
force between mtertubes; whichsissconfirmeds by theelosersdistance in equilibrium.
Nitrogen atoms on acetyl groups of N-acetyl-D-glucosamine units were located near the
carbon atoms on nanotubes surface while nitrogesisatoms on ammonium groups of D-
glucosamine units were, far away, from the nanotube surface. These /theoretical results
support the previous experimental work which is noncovalently modified MWCNTSs with
chitosan having different %DD in the fact that the hydrophobic acetyl parts of chitosan
favored to attach on the nanotube surface while the hydrophilic ammonium parts
provided nanotubes stabilize in the solution by repulsive force to each others. Although
the monolayer coating MWCNTSs with low %DD chitosan was successful, their stability

was inadequate to prepare as a drug carrier.
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By carefully controlling the concentration of polyelectrolytes in solution, the
layer-by-layer deposition of polyelectrolytes multilayers on MWCNT is simplified and
do not requires the tedious centrifugation-sonication steps. Since the sufficient amount of
PDADMAC and PSS were deposited on treated carbon nanotubes surface as a primary,
secondary and tertiary layer, the modified MWCNT can then be prepared in large scale.
The adsorption of the polyelectrolytes for each layer was monitored by turbidity
measurement with a UV-Vis spectrophotometer and zeta potential. Using TEM imaging,
the thickness of the three layers coating on/the MWCNT was measured to be 13.4 nm
which suggest the formation of leese polyelectrolvte network onto the MWCNT surface.
This simple method can-be uscd to coat large scales.of MWCNT solutions for drug
delivery applications. P

With different charged type of furiictional groups on MWCNTs, the hydrophilic
model drugs such as gentian violet and'_;iliclofenac were used to load on modified
MWCNTs. Gentian violet:was successfuf:]y‘-loaded on negatively charged surface of
MWCNTs while the diclofena¢ can not b_e?-_._aqhieved to load in any type of modified
MWCNTs. The cytotoxicity of modified MWQNT with different functional groups was
evaluated with L1929 fibroblast cells by MTT és;say. Treated MWCNTSs were toxic to
L929 cells when the concentratiqn reached 2,_3 _"L'Lg/_ml while primary coating MWCNTs
with PDADMAC was.toxic at concentration 12.5 ug/ml.
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The effect of the degree of déacetylation (DD) of chitosan biopolymer on the noncovalent
surface modification of multiwall carbon nanotubes (MWCNTSs) is presented. MWCNTSs
were/modified by chitosan having different degree of deacetylation (61%, 71%, 78%, 84%,
90% and 93%) and UV-VisiBLe'_ spectroscopy was used to evaluate their dispersion efficiency
as a function of chitosan concentration and degree of deacetylation. Results showed that
the dispersion of MWCNTs:Souia be dramatically improved when using chitosan with
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the lowest degree of deacetylation (61%DD) possibly due to a higher surface coverage of
the MWCNTs: Zeta potential measurements were used to confirm that the chitosan surface
coverage on the MWCNTSs was twice as high when modifying the nanotubes surface with
the-61%DD-than-when-using-the 93%bDD-chitosan. These results suggest that the dispersion
of MWCNTSs with chitosan can be improved when using chitosan having a degree of deacet-
ylation of 61%. These results are of interest in particular for the improved dispersion of
MWCNTSs in aqueous solutions such as in drug delivery applications.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction area, they, can hardly be dispersed in any solvents due to

nanofube-nanetube; or wan der Waals interactions [12] and

Among all the carbon fianostructures (fullerene, nanotubes,
and nanofibers), the carbon nanotubes (CNTs) are probably
being the most studied and used in applications ranging from
the electronic to the biomedical [1-6]. Recently, carbon nano-
tubes have been proposed, as carrier for drug delivery applica-
tions [7,8]. Also, due to their high specific surface area
combined with the proper surface modification, they have
been used as carrier for drug delivery in cancer therapy [9-
11]. Although CNTs show great potential in the biomedical

* Corresponding author: Fax: +66 02611 7586.
E-mail address: stephan.d@chula.ac.th (S.T. Dubas).

tend to aggregate. Their poor solubility is a major problem
and can lead to thrombosis of blood vessels when injected
in living systems [13]. In order to achieve water dispersion,
noncovalent and covalent surface modification of the CNTs
surface has been developed. Covalent modification of the
CNTs can, for example, be achieved with grafting of func-
tional groups directly on the nanotube by reflux in strong
acid for several hours [14]. While water dispersible nano-
tubes can be obtained using this method, the acidic

0008-6223/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carbon.2009.06.060
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treatment often leads to fragmentation of the nanotubes in
smaller sections, which might impair their properties. In
contrast, the noncovalent modification of CNTs surface is
an attractive approach since it only involves the adsorption
of a surfactant or biopolymer and preserves the CNTs integ-
rity [15-18]. Surfactants such as sodium dodecyl sulfate and
sodium dodecyl benzene sulfonate have been proposed as
coating agent to promote the dispersion of the CNTs and pro-
vide good stability for several months in aqueous solution
[19,20]. However, the used of such surfactants in drug delivery
applications is not possible as they are though to be toxic by
inducing denaturization of proteins present in the blood
[21]. This fact was demonstrated by Dong et al. who recently
reported that individual single wall carbon nanotubes modi-
fied with surfactants, were toxic to 1321N1 human astrocy-
toma cells when compare with unmodified single wall
carbon nanotubes [22]. As an alternative to potentially toxic
surfactant, biopolymers have been proposed to noncovalently
modify the CNTs surface [23,24]. Biopolymers suchras.gum
arabic or gelatin have been used in the surfaece modification
of CNTs for the preparation of conducting mi€roelectrode
used in bio-electrochemistry [25,26]. Chitosan, a peolysaccha-
ride biopolymer obtained from the deacetylation of chitin;
has been widely used in medical applications because it
can, not only be economically processed from chitin, but, is
also nontoxic, biocompatible, and biodegradable [27,28].
Chitosan biopolymer is to be treated as a random copolymer
of p-glucosamine (deacetylated unit) and N-acetyl-p-glucosa-
mine (acetylated unit) with a degree of deacetylation (%DD)
representing the molar fraction of p-glucosamine along-the
backbone of the polymer [29]. Naturally, chitosan and-its
derivatives have been reported as polymer of choice for CNTs
modification to improve their dispersion [30]. Chitosan-struc-
ture contains both acetyl hydrophobic greups, which could
bind onto the CNTs surface, and the aming.groups-to-provide
water dispersion. Furthermore, Peng et al..also demonstrated
using computational simulation that chitosan could wrap
along the CNTs axis [31]. This was also supported by surface
decoration of carbon nanotubes with chitosan, followed by a
cross-linking step [32]. In all cited work, chitosan with a high
degree of deacetylation was used/mainly for the modification
of single wall carbon nanotubes probably becausé high %DD
chitosan display a better solubility in aqueous media. Yet
the highly hydrophilic character of the high %DD chitosan
might be a disadvantage.for the surface modification of'car-
bon nanotubes and lead to poor adsorption.‘Inithe presented
work, our starting hypothesis was that a lower %DD chitosan
would be preferable and might allow a better dispersion of the
nanotubes. Literature search confirmed that no previous re-
port has been made on the effect of degree of deacetylation
of chitosan to the dispersion and stability efficiency of CNTs.

In this article, the effect of the degree of deacetylation
(%DD) of chitosan on the dispersion of MWCNTs is reported.
The dispersion efficiency and stability against sedimentation
of the modified MWCNTs was also investigated a function of
the chitosan %DD. The degree of deacetylation of chitosan
was found to play a critical role in the dispersion efficiency
of MWCNTSs and their stability based on noncovalent modifi-
cation. Our results suggest that lower %DD chitosan is more
efficient to disperse MWCNTs.

2. Experimental

2.1. Chemicals

MWCNTSs with a diameter of 110-170 nm and length of 5-9 pm
were purchased from Aldrich, Thailand. These nanotubes
were synthesized by chemical vapor deposition (information
provided by the distributor). Chitin extracted from shrimp
and used in the synthesis of chitosan was obtained from
AN. (aquatic nutrition lab) Ltd., Thailand. Concentrated so-
dium hydroxide 50% w/w was purchased from Vittayasom
Co., Ltd., Thailand. Analytical grade glacial acetic acid was
purchased from Labscan Asia Co., Ltd., Thailand. All chemi-
cals and solvents were used as received without any further
purificagon. . Double distilled water was used
expetriments.
’

2.2 Experimental methods

in all

2.2.1. Synthesis of chitosan with various %DD

Chitosan with various degree of deacetylation (%DD) was pre-
pared by reacting 50 g of chitin in 750 ml of concentrated so-
ditim hydroxide (50% w/w) under constant shaking. Different
chitosan batches of increasing %DD were obtained by increas-
ing the reaction time from 2 to 13 days at ambient tempera-
ture. The resulting chitosan powder was then filtered and
rinsed with water until obtaining neutral pH and finally dried
in air. The %DD of each chitosan batches was measured by
ﬁrég_#_clderivative spectroscopy using a UV-Visible spectropho-
tometer (SPECORD S 100, Analytikjena) [33]. In each experi-
ment, the chitosan samples were prepared by appropriate
dilution of the stock solutions in order to obtain the needed
congentration of chitosan in 20 mM acetic acid.

2.2.2—Effect-of-chitosan concentration on the dispersion of
MWCNTSs

UV-Visible spectroscopy was used to determine the efficiency
of the dispersion-of the carbon nanotubes in solution. As
MWCNTSs absorb all wavelengths in the visible range, their
dispefsion can be evaluated by recording the changes in
absorbance ‘at fixed wavelength (550 nm) [34,30]. The wave-
length of 550.nm was chosen as it represents the midway of
the visible range and is often used in turbidity measurements.
In each experiments, a fixed amount of MWCNTSs (5 mg) was
first dispersed ‘in a'100ml selution|of a 0.01 mM chitosan
(%DD = 61). {The absorbance 'of! the.solution was measured
after each adjunction of chitosan until the final concentration
of 10 mM chitosan was reached. At each step, the mixture was
stirred and sonicated for 10 min using an ultrasonic bath
(CREST Model 275D, USA).

2.2.3. Effect of chitosan %DD on the dispersion of MWCNTSs
To evaluate the effect of the %DD on the dispersion efficiency
of MWCNTs by chitosan, 12.5 mg of MWCNTSs were added to
different solutions of chitosan having a fixed volume of
50 ml and a fixed concentration of 5 mM but having increas-
ing %DD (61, 71, 78, 84, 90 or 93%DD). After mixing, the
MWCNTs and the chitosan solutions were stirred and soni-
cated for 30 min. The absorbance at 550 nm of the pitch-black
solutions was then measured by UV-Visible spectroscopy.
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2.2.4. Stability of modified MWCNTs

To assess the stability against sedimentation of the CNT mod-
ified with various types of chitosan (61, 71, 78, 84, 90 or
93%DD), each prepared solution was centrifuged 10 min at a
rotation rate of 2000 rpm. The final absorbance at 550 nm of
the supernatant was recorded and plotted as a function of
the %DD.

2.2.5. Surface charge of the modified MWCNTs

The zetasizer (NanoZS4700 nanoseries, Malvern Instruments,
UK) was used to measure the surface zeta potential of the
MWCNTs modified with solutions of chitosan having 61, 71,
78, 84 and 93%DD. Each solution contained 20 mM of acetic
acid, which remained from the preparation of the chitosan
solutions and provided a final pH value of 3.4. The acidic med-
ium is needed to insuring total ionization of the amino groups
present in the chitosan to their NH; form. Measurements in
neutral or basic conditions would lead to low zetaspotential
values as well as poor chitosan solubility due to_the de-pro-
tonation of the NH; to NH,. The modified MWENTswere then
centrifuged at 4000 rpm for 15 min in order to zemoye theex-
cess of chitosan. The precipitant was re-dispersed by vortex
in 25 ml of 20 mM acetic acid and sonicated. The precipitation
and re-dispersion steps were repeated thiee times prior to
zeta potential measurements.

3. Results and discussion

In these experiments, chitosan was used to disperse the
MWCNTs by noncovalent surface modification./If one tries
to disperse carbon nanotube in aqueous solution, it'is well
known that prior to the adjunction of any dispersing agent,
the solution will appear clear with the MWCNTSs aggrega{ted
at the air/water interface. Weak van der Waals attraction

and n-rn stacking between the abundant deuble-bonds-found-—

in MWCNTs are through to be responsible for their aggrega-
tion and poor solubility in aqueous solution. Shown in Fig. 1
is a plot of the changes in absorbance of.the solution as a
function of the added chitosan concentration. From the initial
solution of aggregated carbon nanotubes, as chitosan concen-
tration is increased up to 1 mM, the/adsorption of the polymer
onto the carbon nanotubes leads to dispersion, which in turn
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Fig. 1 - Plot of the changes in absorbance of a MWCNTs
solution as function of the 61%DD chitosan concentration.

leads to a sharp increase the absorbance at 550 nm. This in-
crease in absorbance quickly levels off suggesting that all
the carbon nanotubes, present in the solution, have been dis-
persed. Further increase of the chitosan solution to 9 mM
does not induce any increase in absorbance. When chitosan
is added to the solution, noncovalent adsorption of chitosan
on the nanotube surface is thought to take place, which initi-
ate the dispersion by repulsion of the nanotubes. Since it has
been reported that the acetyl groups represent the most
hydrophobic part of the chitosan, the authors suggest that
these functional groups could adsorb preferentially on the
surface of the MWCNTs. In the mean time, the hydrophilic
parts of chitosan (NH;) induce a positive charge at the vicinity
of the nanotubes surface, which allow for their stabilization
in agueous solution by electrostatic repulsion. This dispersion
process can_be studied using UV-Visible spectroscopy by
./ recording.the changes in absorbance of the solution at
550 nm, and is therefore equivalent to a turbidity measure-
ment. As carbon nanotubes absorb all the wavelengths in
. the visible part of the electromagnetic spectrum, increases
| in dispersion of the carbon nanotubes render the solution
" more and more pitch-black.
* % Since our hypothesis was that the more hydrophobic acetyl
_groups present in chitosan might allow a better interaction
with the MIWCNTs, our interest turned toward the preparation
of chitosan having a higher molar fraction of acetyl groups
thus a lower %DD. Our hypothesis was that since the hydro-
phobic character of chitosan is controlled by the fraction of
a_'c':_leg;zlated functional groups [35], chitosan with a lower %DD
should be a better molecule for the dispersion of CNTs. Chito-
san with a lower %DD can simply be prepared by a shorter
reﬁ(}n time of the chitin biopolymer in the 50% w/w sodium
hydl’bxik:}e-solution. In our work we chose to use 61%DD as the
lowest degree of dedcetylation because the resulting chitosan
meolecules-were-not stfficiently soluble and led to very scat-
tered results. Shownsin Fig. 2 (squares), is the absorbance of
different solutionls containing MWCNTs dispersed with
chitosan having different degree of deacetylation (61, 71, 78,
84, 90 or 93%DD). Although it was shown in Fig. 1 that a
1 mM chitosan concentration is sufficient to dispersed carbon
nanotubes, a concentration of 5 mM chitosan was used to
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Fig. 2 - Plots of the changes in absorbance of a dispersion of
MWGCNTSs in a 5 mM chitosan solution of various degree of
deacetylation before (squares) and after (triangles)
centrifugation at 2000 rpm for 10 min.
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insure total dispersion of the MWCNTSs in an excess solution
of chitosan. From the absorbance measurements of the solu-
tions, it can be seen that the efficiency of the dispersion of
the carbon nanotubes, decrease when increasing the chitosan
%DD. The final absorbance of the solution when using 61%DD
is double than when using the 93%DD chitosan. These results
suggest that, as expected, more hydrophobic chitosan seg-
ment found in the lower 61%DD are more efficient to adsorb
onto the MWCNTs leading to a better dispersion of the carbon
nanotube in solution. The mechanism through which CNT
interact with chitosan is though to be due to hydrophobic
interaction from hydrocarbon backbones and acetyl groups,
and n system of the MWCNTs. CH-rn interaction which is a
weak hydrogen bonding attraction between soft acid C-H
bond and soft base n system are also though to take part in
the adsorption of chitosan onto the MWCNTSs [36]. At low de-
gree of deacetylation 61%DD, the bonding force between chito-
san and MWCNTs is based on hydrophobic interaction‘due to
the acetyl groups that can interact with the surface of'the
nanotubes. For higher degree of deacetylation from' 71%DD
to 93%DD, the dispersion efficiency of the MWCNTS decreases
due to the more hydrophilic character of thethigh %DD chito-
san which is more soluble.

The efficiency of the surface modification of MWGNTS is
often evaluated in term of stability against aggregation and
sedimentation. Sedimentation occurs when the repulsion be-
tween MWCNTSs is not strong enough to prevent the aggrega-
tion of the nanotube, leading to their precipitation. “After
surface modification of the MWCNTSs by chitosan, the excess
surface charges provided by the amino groups on the chitosan
induce nanotube-nanotube repulsion and therefore prevent
sedimentation. In our experiment, the sedimentation of the
MWCNTs was accelerated with a centrifuge having a rotation
rate of 2000 rpm for 10 min. In Fig. 2, is shown the absorbance
of each MWCNTs solutions after centrifugation-foreach-%bb
(triangles). When compared to the initial.absorbance (Fig. 2,
square), a much lower absorbance as a result of the acceler-
ated sedimentation by centrifugation was.measured. Yet, it
is interesting to observe that the lower 61%DD perform again
better than the higher 93%DD although the former‘present a
lower charge density when compare with. the later. \This
would suggest that the adsorption of thellower %DD chitosan
is greater than for higher %DD. In term of resistance to sedi-
mentation, this improved stability suggests that the MWCNTS
modified with the lower, %DD have| a higher surface, charge
density, which provides a'better stability against isedimenta-
tion. In order to access the'value of the surface charge, we fur-
ther characterized the MWCNTSs surface by zeta potential
measurements.

The surface charge density of colloidal particles dispersed
in solution can be estimated by measuring the zeta potential,
which represents the difference in potential between the slip
plane of the double layer near the particles surface and the
bulk solution. The zeta potential of the pristine carbon nano-
tube is expected to be initially nearly neutral but should be-
come largely positive after adsorption of chitosan due to the
presence of cationic amino groups. In our experiments, the
modified MWCNTs were found to have zeta potential values
ranging from 34 to 42mV, which confirm the successful
immobilization of chitosan on the MWCNTSs. Shown in Fig. 3
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Fig. 3 — Zeta potential of modified MWCNTs (diamonds) and
normalized chitosan ration adsorbed onto the MWCNTs
“squares) as a function of the %DD of chitosan.
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(diamonds) are plotted the zeta potential values as a function
of the %DD, which range from 42mV (61%DD) to 34 mV
(93%DD). These values decrease with increasing %DD and
stiggest that all MWCNTs dispersed in solutions have similar
surface charged. Yet, because the 61%DD chitosan has a lower
linear charge density when compared to 93%DD, these values
neeJd to.be corrected if we want to compare the amount of
polymer adsorbed at the surface of the MWCNTs. This lower
linear charge density is due to the fact that the 61%DD con-
tain/ only 61 NH} groups for 100 monomers while the
93%DD contain 93 NH, per 100 monomer. Since the zeta po-
tentialis-propoitional to the density of charges, equal zeta po-
tential for two nanotubes would require 1.5 times more
61%DD than 93%DD chitosan. Therefore the 93%DD has a lin-
ear charge density. 1.5 times higher than the 61%DD. In Fig. 3
(squares) is plotted the corrected normalized chitosan mono-
mer ration adsorbed onto the MWCNTSs for each %DD. This
plotyis“obtained by dividing the measured zeta potential by
thelcorresponding %DD of the chitosan used and normalized.
From the plot it can be seen that 1.9 times more 61%DD chito-
san adsorb-ento the MWCNTsswhen compared with the
93%DD. Several factors can jusiify the much lower adsorption
of the 93%DD when compared with.the 61%DD. The 93%DD
has a better solubility, which means it will tend to remain
in solution and will be more thermodynamically stable in
solution. The higher charge density on the 93%DD chitosan
can induce electrostatic repulsion of the NHJ groups, which
in turn would lead to lower adsorption density of the chitosan
while the 61%DD could adsorb in a more packed fashion.

4, Conclusion

Multiwall carbon nanotubes have been noncovalently modi-
fied with chitosan having different %DD. Using chitosan hav-
ing different %DD had a strong effect on the quality of the
nanotubes dispersion. UV-Visible spectroscopy results sug-
gest that the nanotubes dispersion was improved when using
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chitosan with a lower degree of deacetylation (61%DD) when
compared with higher degree of deacetylation (93%DD). The
MWCNT modified with the lower %DD also displayed the best
stability against centrifugation. Zeta potential measurements
finally confirmed that the amount of chitosan adsorbed onto
the nanotubes surface was twice as high with the lower %DD
as with the high %DD. These modified MWCNTs with
chitosan biopolymer could have the potential immobilization
of hydrophobic and hydrophilic drug in drug delivery
application.
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