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ABSTRACT

FUNCTIONALIZED CARBON NANOTUBES IN
HYDROPHOBIC DRUG DELIVERY

by
Kun Chen

The direct incorporation of carboxylated carbon nanotubes (f-CNTs) into hydrophobic
drug particles during their formation via anti-solvent precipitation is presented. The
approach is tested using two drugs namely antifungal agent Griseofulvin (GF) and
antibiotic Sulfamethoxazole (SMZ) that have very different aqueous solubility. It is
observed that the f-CNTs dispersed in the water serve as nucleating sites for
crystallization and are readily incorporated into the drug particles without altering crystal
structure or other properties. The results show that the hydrophilic f-CNTs dramatically
enhance dissolution rate for both drugs. The increased degree of functionalization leads
to higher hydrophilicity and therefore faster dissolution rate. The enhanced dissolution is
attributed to the fact that the hydrophilic f-CNTSs serve as conduits for bringing in water
in close contact with the drug crystals. Particle size and sedimentation monitoring studies
show incorporation of f-CNTs reduces hydrophobic particle size and slows
sedimentation. Increased carboxylation of f-CNTs results in smaller particle sizes and

slower sedimentation rates.
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CHAPTER 1

INTRODUCTION

1.1 Objective

The low aqueous solubility and dissolution rate of hydrophobic drugs is one of the major
obstacles in drug delivery development. The dissolution rate and the bioavailability of
hydrophobic drug are dependent on the particle size. The smaller particles have more
surface area, which lead to an increase in dissolution rate. Utilize carriers can also
control dissolution rate.

The objective of this research is micron-scale drug particles formation, their
incorporation into carriers for drug delivery and colloid behaviors of drug/carriers.
Biopharmaceutics Classification System (BCS) class II drugs such as Griseofulvin
and Sulfamethoxazole were used as the model drugs in this project. The objectives of this
project are listed as follows:

= Study of micro-scale drug particle formation with anti-solvent precipitation;

= Incorporation of functionalized carbon nanotubes (f-CNTs) into drug crystals;
e (Characterization of drug/f-CNTs composites;

* Drug release study for drug/f~CNTs composites.

= Understanding of colloidal stability of drug/f-CNTs suspension based on the
characterization for different suspension systems;

1.2 Drug Delivery System

Drug follows absorption, distribution, metabolism, and excretion (ADME) after being

administered. A drug compound needs to enter bloodstream to be distributed to reach target



site. Drugs can be introduced into the human body by various administration routes based
on the disease, the effect desired and the product available, such as oral, buccal, sublingual,
ocular, intravenous, intramuscular, subcutaneous, transdermal, pulmonary/nasal and
vaginal/rectal routes (Figure 1.1) (/-2). The solubility, chemical stability and permeability
critically affect the bioavailability of the drug. Distribution of drug compound can be

hindered be some natural barriers like blood-brain barrier.

Ocular delivery

- Drops, bioadhesives Intravenous delivery

- Injection
Buccal delivery Intramuscular delivery
- Mucoadhesive, spray - Depot

/Subcutaneous delivery

Sublingual delivery Denot, ifiplant

- Tablets

Transdermal delivery

Oral delivery \ Patch, cream, spray

- Capsule, pill

Pulmonary/Nasal delivery
- Aerosol, spray

Vaginal/rectal delivery
- Gel, suppository

Figure 1.1 Routes of Administration.
Source: National Pain Centers, Routes of Administration.
http://www.nationalpain.com/routes-of-administration, accessed Oct 12, 2018

Drug delivery system (DDS) is the formulation designed to combat various
obstacles for a pharmaceutical compound to successfully achieve a therapeutic effect once
administrated in humans or animals. The drug delivery process includes the administration
of the drug product, the release of the active pharmaceutical ingredients by the products,

and the transport of the active ingredients across the biological membranes to the site of
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action. Drug delivery system is an interface between the patient and the drug (3). Well-
designed DDS should increase the bioavailability of the drug molecule, improve bio-
distribution, improve therapeutic efficacy and reduce toxicity.

Oral drug delivery has been the mostly used route of administration for decades. It
is very easy to administrate as most of them can be taken with water or simply chewed.
The coating on the outside of tablet or flavor of gummy improve the compliances especially
for younger patients. Drugs designed for oral delivery include immediate-release,
sustained- release and controlled-release products. Immediate-release (IR) products
provide immediate release of drug for rapid absorption, normally used to treat acute
diseases. While sustained release (SR) products provide long acting or delayed release for
chronical diseases. Controlled release has been recognized as new generation of
pharmaceutical products recently (4) because different drug compounds have variable
absorption rates and serum concentrations are unpredictable. Controlled release delivery
aims at delivering the drug at the specific rate for a certain period of time. All the
pharmaceutical products designed for oral administration must be developed based on the
thorough understanding of the anatomy and physiology of the gastrointestinal tract (GI).
This includes the fundamental understanding of various disciplines of drug absorption, GI
transit, microenvironment of GI tract, pharmacokinetics and pharmacodynamics (4). The
biggest disadvantage for oral drug delivery is the bioavailability of drug can be negatively
affected by first pass metabolism which refers to greatly reduced drug concentration mainly
by live and gut (5).

Intravenous drug delivery has been established as an effective alternative to the

commonly used oral administration routes. It involves of injection of drug substance



through the skin or mucous membrane It bypassed the first pass metabolism as drugs enter
the bloodstream circulation directly. Although it has the advantage of fast drug action and
high bioavailability, the pain associated with intravenous injection reduces patient
compliance. However, patients who are not able to ingest anything orally can use it as the
alternative administration route.

Transdermal drug delivery system is another alternative delivery method to oral
administration as it delivers drugs though the skin to achieve the desired therapeutic effect
locally. Drugs candidates need to have certain lipophilicity and small molecular weight
(usually less than 500 Da) which limited the commercial applications of transdermal
delivery (6). Penetration enhancers and prodrugs are often necessary in order to enhance
the poor permeability of drug across the skin. Use of physical techniques such as
electroporation, reverse iontophoresis, iontophoresis and sonophoresis have emerged
recently to improve transdermal permeability of drugs of different lipophilicity and large
molecular weight, such as proteins and peptides (7).

The pulmonary administration is another attractive route for drug delivery because
it provides local lung effects and possibly high systemic bioavailability. The local
pulmonary deposition and delivery of the drug substances facilitates a targeted treatment
of many acute and chronic medical conditions (8). Recent advances of inhalation systems
for pulmonary delivery include pressurized metered-dose inhalers (MDIs), dry powder
inhalers (DPIs) and nebulizers (9).

The development of drug delivery has changed dramatically in the past few decades
and even more promising changes are expected in the near future. Our understanding of

the physiological barriers to efficient drug delivery, such as transport in the circulatory



system and drug movement through cells and tissues have improved substantially; and
many new designs of drug delivery systems have entered clinical practice. There are 30
main drug delivery products on the market now and the number of those products has
significantly increased in the past few years. This growth is expected to continue in the
near future (10).

Yet, with all of this progress, many drugs, even those discovered using the most
advanced molecular biology strategies, have unacceptable side effects due to the drug
interacting with healthy tissues that are not the target of the drug. Pharmaceutical industry
needs to continue developing innovative drug delivery technologies to keep up with drug
discovery technologies, to improve patient compliance, to shorten drug development cycle

in order to lower drug cost.

1.3 Hydrophobic Drugs

Drug is hydrophobic when it is poorly soluble in water but are typically soluble in various
organic solvents. The drug solubility in water can be categorized as slightly soluble (1-
10mg/ml), very slightly soluble (0.1-1 mg/ml), and practically insoluble (<0.1mg/ml) (/7).
Based on the aqueous solubility related to dose at three relevant pHs and intestinal
permeability (/2), U.S. Food and Drug Administration provides the Biopharmaceutics
Classification System (BCS) to serve as guide for predicting the intestinal absorption of
the Active Pharmaceutical Ingredients (API). BCS classifies APIs into four groups: class I
APIs have high solubility and high permeability, class II APIs have low solubility and high
permeability, class III APIs have high solubility and low permeability, and class IV APIs

have low solubility and low permeability (Table 1.1). Low solubility in water may cause



low dissolution rate, thus lead to low bioavailability and suboptimal drug delivery. It has
been reported that about 40% of the market approval drugs and 90% of drug molecules in
the pipeline are hydrophobic. The oral bioavailability of these drug compounds is limited
due to slow drug dissolution in the gastrointestinal tract and many drugs suffer from poor
solubility, low permeability, rapid metabolism and elimination from the body along with
poor safety and tolerability (/3). Therefore, various pharmaceutical technologies have been

developed to improve the solubility of these drug compounds (/4).

Table 1.1 Biopharmaceutics Classification System

Permeability
High Low
- High Class | Class Il
Solubility — — S

The development of innovative drugs without compromising on safety and efficacy
is always a challenge. In spite of significant advances in recent years such as various
prodrug technologies have been employed to modify drug structure, discovery and
development of new drugs alone are not sufficient to achieve therapeutic as it is not always
practical to change the chemical structure of the drug compound after development of
compound structure. Therefore, many studies have focused on formulation design to
improve hydrophobic drug delivery. Many ionizable drugs are weakly basic and exhibit a
pH-dependent solubility. Ciprofloxacin is practically insoluble in water at neutral pH but
has higher solubility at acidic condition. Most of its intravenous formulations use lactic
acid as pH modifier to improve the solubility of Ciprofloxacin (/J5). Formulation of

hydrophobic drugs using co-solvents is another widely used technique, especially for liquid



formulation intended for oral or intravenous administration. One of the formulations of
anticancer drug docetaxel contains ethanol and Tween 80 to solubilize the drug
(16).Among the various formulation approaches that have been developed to increase the
solubility of drug molecules, size reduction and nanonization for the formation of fine drug
particles have been proved to be effective techniques to improve solubility and enhance

bioavailability (/7).

1.4 Size Reduction of Drug Particles

1.4.1 Dissolution Enhancement through Size Reduction

Dissolution is the process of a drug particle dissolves in the medium at the absorption site.
During dissolution, the drug molecules on the surface enter into solution, creating a
diffusion layer. The drug molecules from diffusion layer pass throughout the dissolving
fluid and contact with the biologic membranes, and absorption occurs (/8), which
according to Noyes-Whitney equation (/9), dissolution rate of hydrophobic drugs can be

enhanced by formulated as micro- or nano-particles with high surface area:

dc/dt = kS(Cs - Ct) (1.1)

where dc/dt is the rate of dissolution, k is the dissolution rate constant, S is the surface area
of the dissolving solid, Cs is the saturation concentration of drug in the diffusion layer, Ct
is the concentration of the drug in the dissolution medium at time. Based on this equation,

increasing surface area can result in considerable improvement in dissolution rate and



bioavailability. And the increase of surface area can usually be achieved by reducing
particle size.

In addition to the dissolution rate enhancement described above, particle size
reduction also improves the saturation solubility of drug substances. According to the
Ostwald-Freundlich equation, the solubility increases exponentially as a function of

particle size (17):
2yM
S = Sepexp (#) (1.2)

where S is the saturation solubility of the drug substance, Soo is the saturation solubility of
an infinitely large drug crystal, y is the crystal medium interfacial tension, M is the
compound molecular weight, r is the particle radius, p is the density, R is a gas constant
and T is the temperature. The increase in solubility further increases the dissolution rate.
Therefore, size reduction of drug particles can effectively enhance the bioavailability of

drug compound (20).

1.4.2 Size Reduction Techniques

Micro- or nano-particles can be produces by bottom-up or top-down techniques. Top-
down techniques typically apply forces in various ways to break down coarse materials into
micro- or nano-particles. Bottom-up techniques usually start with the molecules in solution

and the molecules are aggregated to form the solid particles (27).



1.4.2.1 Top-down Techniques Two traditional top-down methods for size reduction
of large quantities of materials are high-pressure homogenization and milling. High-
pressure homogenization has been used for many years to produce emulsions and
suspensions. Its advantage is easy to scale up, even for very large amounts. Piston-gap and
jet-stream are the two basic technologies for most homogenizers. In a typical piston-gap
homogenizer, the macro suspension coming from the sample container is forced to pass
through a tiny gap and particle diminution is affected by shear force, cavitation and
impaction. While in jet-stream homogenizers, the collision of two streams leads to particle
diminution mainly by impact forces. Intralipid® and Lipofundin® are the two commercial
products which have mean droplet diameters within the range of 200-400nm (22).

During the milling operation, the stress is applied on the materials to break the
particles. Ball/Pearl milling is a popular technique used by many pharmaceutical
development team to produce of fine drug particles. For instance, commercial use of the
ball-milling technology to produce Rapamune® coated tablet showed improved
bioavailability than the solution form (23). Surfactants or stabilizers were used to stable
the structure of the produced drug nanoparticles during milling process. Sodium dodecyl
sulfate (SDS) has excellent dispersion properties and can adsorb on the particle surface. It
was widely used as surfactant in various formulations (23). Despite milling process is an
effective means to produce micro or nano- particles, one of its disadvantages is the potential
contamination of the products caused by erosion of the milling material. The other
downside is some milling processes require very long operation time in order to reach the
targeted particle size range (24) which may adversely cause the formation of amorphous

product by prolonged milling (25).



1.4.2.2 Bottom-up Techniques Bottom-up processes such as emulsification and
precipitation methods have emerged in recent researches to synthesis submicron or micro-
particles from the liquids. Emulsification is a simple method to form drug particles as
most hydrophobic drugs are soluble in various water immiscible organic solvents. It has
been used to form fine particles for a large number of drug compounds (26-27).During
a typical emulsification process, the drug and polymer are dissolved in a water immiscible
organic solvent and then are added into an emulsifier containing aqueous solution. The
solvent is removed by evaporation to a gas phase or by extraction to the continuous phase
(29).

Precipitation methods such as anti-solvent precipitation have gathered lots of
interest recently to prepare fine drug particles (29-30). In a typical anti-solvent precipitation
process, the drug is first dissolved in an organic solvent and then mixed with a miscible
anti-solvent. Water is widely used as an anti-solvent because its low solubility toward most
drug compounds and the relatively high miscibility with few of polar solvents. The use of
the anti-solvent in precipitation reduces the solubility of the drug in the solution and
induces rapid crystallization to precipitation the drug particles (Figure 1.2). The ultrasonic
agitation is used during precipitation to assist rapid and uniform nucleation which leads to
smaller and uniform sized drug particles (37/). Sonication also help reduce the
agglomeration of drug particles (3/). The advantage of precipitation processes is that
forming particles directly provides more control of particle size distribution and
morphology. Recent studies have reported sonication assisted anti-solvent precipitation for
the formation of submicron and micro-particles of hydrophobic drugs, and the use of

cellulose ethers and surfactants during an-solvent precipitation to enhance the rate of

10



particle formation and to reduce overall particle size (32-35). The stabilization of these
suspensions is also important for both controlling the particle size and developing
manufacturing processes, which can include conventional methods such as spray drying or
incorporation into drug delivery vehicles like polymer films or other control release

formulations.

Drug Solution Anti-Solvent

Precipitation

Micro particles

Figure 1.2 Process of anti-solvent precipitation.

The particle precipitation and growth involve nucleation, condensation of solute
molecules, and coagulation of particles. (Figure 1.3) Nucleation happens when a critical
number of molecules join together to form nuclei. The nucleation rate depends on the
degree of supersaturation when anti-solvent is mixed with drug solution. The increase of
supersaturation leads to a significant increase of nucleation rate. Condensation occurs when
single molecules are absorbed onto the surface of the formed small nuclei and results in
growth of the particle size. Nucleation and condensation also compete with each other and

affect the particle size during the precipitation process because both of them are consuming

11



the solute molecules. Generally, high nucleation rate results in small particles and low
nucleation rate leads to large particles (36-37). After particle precipitation, coagulation
process occurs which resulting in particles collide and stick together to form bigger
particles. However, since coagulation does not consume solute molecules, the total
precipitated particle mass remains unchanged (38). Coagulation favors nucleation and
competes with condensation by reducing the number of particles thus reduces the

condensation rate (37, 39-40).

® 09
. @
@@ ®
Anti-solvent N )
S A 0+0-—> @ 0g0 —@ ®.
saturation o A A
Nuclet
o0 o
N Nucleation Condensation Toazilbifise
Homogeneous
Solution

Figure 1.3 Mechanism of anti-solvent precipitation.

Combining top-down and bottom-up techniques is also possible. Rapid
precipitation has also been used with high shear processing such as high-pressure
homogenization (23). During this process, sudden supersaturation is achieved by rapid
addition of drug solution into an anti-solvent which leads to fine crystalline or amorphous
solids. Due to supersaturation favors nucleation rather than crystal growth, high
supersaturation often results in the formation of needle like crystals. Other techniques like

supercritical technology has been combined with anti-solvent precipitation method for

12



particle formation which uses the high diffusive supercritical fluid to rapidly extract the

solvent and precipitate the drug particles (4/-42).

1.5 Functionalized Carbon Nanotubes

As drug carriers, the solubility of CNTs in aqueous solvent is an important parameter for
drugs to achieve good gastrointestinal absorption, blood transportation, secretion and
biocompatibility. CNT dispersions should also be uniform and stable in a sufficient degree
to obtain accurate concentration data. The hydrophobicity of the graphene side walls and
the strong m-m interactions between the individual tubes lead to low solubility of pristine
CNTs in aqueous solvents. These properties cause aggregation of CNTs into bundles which
affects the uniformity of CNTs suspensions.

In order to successfully disperse CNTs for drug carrier purpose, four basic
approaches (43) have been proposed: surfactant-assisted dispersion, solvent dispersion,
functionalization of side walls and bio molecular dispersion. Among the above described
approaches, functionalization of side walls has been the most effective and wildly used
approach. Functionalization has been shown the ability to reduce cytotoxicity, improve
biocompatibility and provide possibilities to attach drug molecules, proteins or genes for
drug delivery systems designs (44). The functionalization of CNTs can be divided into two

main subcategories: covalent functionalization and non-covalent functionalization.
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1.5.1 Covalent Functionalization

Covalent functionalization refers to linking CNTs and functional groups with chemical
bond which leads to more secure conjunction of functional molecules. CNTs can be
oxidized to give CNTs hydrophilic groups such as carboxylate, hydroxyl and amine groups.
After treating with strong acid under microwave radiation (45), defects can be created on
the side walls of CNTs where the carboxylate groups are generated. Excessive surface
defects can possibly change the electronic properties of CNTs and shorten CNTSs to fit the
need of certain drug carriers. The functional groups on the oxidized CNTSs can further react
with SOCI or carbodiimide to extend functionalization possibilities with other compounds
(46-47).

Acyl peroxides can be used to generate carbon-centered free radicals for
functionalization of CNTs (48), which unlike treating CNTs with strong acid, allows the
chemical attachment of a variety of functional groups to the wall or end-cap of CNTs
covalently without destroying their wall or end-cap structure (49). Organic groups with
terminal carboxylic acid functionality can further react with acyl chloride and amine to
form amide. The functional groups attached to CNTs improve the solvent dispersibility and
offers reaction sites for monomers to incorporate in polymeric structures. Free radicals for
functionalization can also be produced by organic sulfoxides with a reasonable choice of
radical generating compounds (50).

Polymers was covalently attached to CNTs to produce polymer/CNTs composites
(31). The resulting composites exhibited good colloidal stabilities for prolonged periods
when dispersed in liquid media. The polymer functionalized CNTs can also be dispersed
into the parent polymer. The method has been effectively and conveniently used in the

functionalization, and solubilization of CNTs. Another method to produce polymer/CNTs
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composites was carried out by blending derivatized carbon nanotubes into polymer
matrices (52). Modification with suitable chemical groups using diazonium chemistry
improved chemical compatibility of CNTs with polymer matrix, which allows the
properties of CNTs to transfer to the composites.

Functionalization of CNTs can be achieved in strong acidic solution which is easily
scalable and produces sidewall-functionalized CNTs in large industrial quantities (49).
CNTs can be separated by dispersing them in an acidic medium under sonication. This
exposes the sidewalls of CNTs to facilitate the functionalization. Once CNTs are dispersed
in unbundled state, the functionalization occurs. CNTs can be shortened in acidic solutions
which is sometimes necessary for certain purposes such as in the development of oral drug
carriers (J3).

A nondestructive covalent functionalization of CNTs by selective oxidation of the
defects was proposed (54). Fe (VI) succefully oxidized CNTs under mild conditions and
resulted in highly carboxylated CNTs. Unlike acid treatment that has poor selectivity that
inevitably consume the carbon bonds in tube structure, Fe (VI) selectively oxidized only
sp>-hybridized carbons while kept the tube structure unchanged.

In the studies on the use of CNTs in neurology, an implant system was constructed
(35) in which CNTs and neurons were growing. CNTs were functionalized with neuronal
growth promoting agents to promote the growth of neurons. This system provided
possibility for stroke patients to recover from their paralyzed states.

CNTs was quite inert due to the seamless arrangement of hexagon rings without
any dangling bonds on their sidewalls. The method of asymmetric end-functionalization

has been tried by employing physicochemical process to produce asymmetric end-
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functionalization of CNTs (J6) which successfully functionalized CNTs with each of their
two end tips attached by different chemical reagents.

SWCNTs were covalently functionalized with polytyrosine to disperse glassy
carbon electrodes (57). The proposed sensor was highly sensitive in quantification of
polyphenols in tea extracts. Bimetallic Palladium- platinum supported CNTs were prepared
by microwave irradiation process. The catalyst showed excellent activity in dry reforming

of methane to synthesis gas using carbon dioxide (38).

1.5.2 Non-covalent Functionalization

Many small drug molecules and large polymeric drugs can be adsorbed non-covalently
onto the surface of pristine CNTs through hydrophobic and n-n stacking interactions
between the chains of the adsorbed molecules and the surface of CNTs. Hydrophobic
forces are the main driving forces for the loading of drugs that are hydrophobic in nature
or have hydrophobic moieties into or onto CNTSs. lonic interactions from the presence of
charge on the nanotube surface due to chemical treatment can enable the adsorption of the
charged molecules (59-60). Compared to covalent functionalization, non-covalent
functionalization of CNTSs is very attractive because it offers the possibility of attaching
chemical groups without affecting the electronic network of the tubes.

SWCNTs were non-covalently functionalized with oxide surfaces modified with
pyrene through n-m stacking interactions (6/). Pyrenecarboxylic acid derivative served as
chemical cross-linker to attached alkyl-modified iron oxide nanoparticles onto CNTs (62).
The chemical functions of the inorganic nanoparticles in the resulting product showed

increased solubility in organic media.
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Phthalocyanines and porphyrin derivatives have been non-covalently
functionalized on SWNTs with a dispersion technique (63). The resulting hybrid materials
are used as sensing layers for the detection of toluene. The high surface area of the hybrid
material leads to improvement of the sensor responses.

Surface functionalized CNTs can be achieved by simply exposing CNTs to vapors
containing functionalization species. This process not only non-covalently bonds
functionalization species to the CNTs surface but also provides chemically functional
groups (64). The resulting functionalized CNTs surface can be exposed further to another
layer precursor species to expand functionalization possibilities.

A convenient and nondestructive one-pot co-deposition of tannic acid (TA) and
polyethyleneimine (PEI) to the MWCNTSs was proposed (65). The TA-PEI modified
MWCNTs showed good dispersibility in various solvents as well as epoxy resin. Epoxy
composites reinforced with the above mentioned CNTs exhibited significantly improved
impact strength and tensile strength, increased glass transition temperature and enhanced
electrical conductivity.

A process involves CNTs treated with polymers and their derivatives for
noncovalent functionalization of the nanotubes showed increased solubility and
enhancement of other properties of interest (66). A new non-wrapping approach to
functionalizing CNTs has been introduced (67), where the functionalization can be carried
out in both organic and inorganic solvents. CNT surfaces can be functionalized in a non-
wrapping or non-packaging fashion with a functionally conjugated polymer that included

functional groups. Dispersions of CNTs in a host polymer or copolymer with delocalized
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electron orbitals was patented (68). In this method, a dispersion interaction occurred
between the host polymer or copolymer and the CNTs dispersed in that matrix.

Various large molecules can be non-covalently functionalized on CNTs. Dimethyl
sulfoxide/water mixtures was used to solubilize nanotubes with amylose (69).
Metallothionein proteins were adsorbed onto the surface of MWCNTSs (70). DNA strands
was reported to interact strongly with CNT to form stable hybrids which can disperse in

aqueous solutions effectively (71-72).

1.6 CNT-Loaded Drug for Drug Delivery

The performance of drug compound can be significantly improved by incorporating into a
drug delivery system. Drug delivery systems have been improved over the years by various
of designs that increase bioavailability, reduce toxicity, controlled release of drug
molecules and enable precision drug targeting (73). The drug delivery system can be
applied not only for common oral delivery but also for other delivery routes such as
intravenous, transdermal or pulmonary. The interaction between the fine particles and skin
at cellular level can be used to enhance immune reactivity for topical vaccine applications
(74). In a typical drug delivery system, drug carriers are needed to incorporate those drug
compounds. The biodegradability, biocompatibility and functionalization capability make
biopolymer materials good candidates as drug carriers to be widely used in the
pharmaceutical industry (75). Drug molecules can be entrapped or encapsulated within the
polymer matrix, which can be customized to protect active ingredients before they reach

site of target, and provides the modified release of the drug molecules through the matrix
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to the onsite of action. The drug delivery system also provides the possibility to deliver
drug compound through different dosage forms based on route of administration and
solubility and stability of drug compounds, including solids (tablets, capsules and thin
films), semi-solids (gels and creams) and liquids (solutions, colloids and emulsions).

Over the years, CNTs has gained much interest as drug delivery vehicles in drug
formulation designs. The unique tubular structure of carbon nanotubes can have very high
drug loading efficiency due to their large length/diameter ratio (76). Their cylinder shape
provides great permeability which shows advantage in crossing blood-brain barrier (BBB)
(77). Functionalization of CNTs with different chemical groups also shows potential
targeting capabilities. Many anti-cancer drugs can be functionalized on the external walls
of carbon nanotubes (78). And CNTs can deliver drugs selectively and effectively into the
tumor cells with functionalization of specific ligands on their surface to recognize cancer-
specific receptors on the cell surface (79).

MWCNTs can be covalently conjugated with hyaluronic acid for targeted delivery
of DOX to cancer cells that overexpress CD44 receptors, with fluorescein isthiocyanate to
image the distribution of MWCNTs (80). In this study, DOX was encapsulated into the
inner cavities of MWCNTs for controlled release and targeted delivery. DOX released
faster under acidic environment and slower at a physiological pH condition. The drug
delivery system also achieved a high DOX loading efficiency and exhibited good
biocompatibility to HeLa cells.

Folic acid (FA) receptors are well known overexpressed in cancer cells, and several
research groups have designed drug carriers to include FA derivatives for targeting

purposes. For example, single wall CNTs was functionalized with PEG and FA to deliver
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5-fluorouracil into MCF-7 human breast cancer cells (8/). The conjugation of PEG
increased the hydrophilicity and improved the biological compatibility of drug delivery
system. And folic acid improved drug accumulation in the target tissue thus elevated the
efficacy of antitumor activities to MCF-7 human breast cancer cells. Moreover, non-
spherical nano carriers CNTs have been reported to have longer retention time in the lymph
nodes than spherical nano carriers (82), which provides targeting abilities for CNTs to treat
lymph node cancers (83-85). In these studies, magnetic nanoparticles containing the
anticancer drug cisplatin were entrapped into folic acid-functionalized CNTs. The CNTs
were dragged by an external magnet to the lymph nodes where the drug was shown to be
released over several days to selectively inhibit the tumor. These results clearly
demonstrated that CNTs have great potential in dual-targeting drug delivery applications.

CNTs can also be used to conjugate with antibodies to assist the targeted drug
delivery. For example, SWCNTs attached with SNX-2112 were functionalized with
chitosan antibodies fluorescein (86). Compared to SWCNTs, SWCNTs-chitosan exhibited
higher drug-loading capability and caused higher cell apoptosis.

Noncovalent n-r stacking of DOX and PEG-functionalized SWCNTs was designed
and the drug delivery system was injected via the tail vein into mice (87). The results
showed greatly enhanced therapeutic efficacy of SWCNT-DOX complex compared with
free DOX due to prolonged blood circulation time of drug molecules by PEG. In another
study, mice was intravenously injected with MWCNTox and MWCNTriG to investigate
the effects of the CNT surface functionalization on the in vivo bio distribution of platinum-
based drug delivery system (88). The results showed enhanced tissues uptake of platinum

compared with those injected with pristine MWCNTs. The bio distribution of platinum-
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based molecules was not affected by functionalized CNTs despite CNTs initiated the
abnormal immune response.

Another area where CNTs have advantage as drug carriers is to facilitate drugs to
cross the relative impermeable Blood Brain Barrier (BBB), which has tight junctions
formed by endothelial cells of the brain capillaries. Many small and large therapeutic
compounds were reportedly having difficulty to cross the BBB (89). Recent studies have
shown that CNTs could effectively penetrate the BBB (90).

Functionalized SWCNT-COOH was used to attach levodopa (LD) into PC12 cells
(91). The results showed the release of LD was pH dependent and the drug delivery system
did not compromise the viability of PC12 cells. Some in vivo studies showed after the
endothelin-1-induced stroke, rats injected with functionalized CNT-siRNA had reduced
apoptosis and the increased cognitive ability (92).

PEG functionalized CNTs attached with an immune adjuvant were fluorescently
labeled and then injected into an intracranial GL261 glioma (93). The results showed
improved uptake of immune adjuvant by PEG-CNTs and pro-inflammatory cytokines were
then released to inhibit tumor growth.

Acetylcholine (Ach) conjugated SWCNTSs were developed to deliver Ach into the
brain of mice with Alzheimer disease (J3). In this drug delivery system, SWCNTSs provide
lysosomes targeting capabilities while Ach was released with the environmental pH
change. The results showed Ach-loaded SWCNTs improved the learning and memory
capability of mice with Alzheimer disease. These studies suggested that CNTs-based drug

delivery was a promising drug delivery system for the delivery of drugs to the nervous
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system. The application of CNTs in drug delivery system for various routes of

administration are expected to gain more interest in the near future.
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CHAPTER 2

INCORPORATION OF FUNCTIONALIZED CARBON NANOTUBES
INTO HYDROPHOBIC DRUG CRYSTALS
FOR ENHANCING AQUEOUS DISSOLUTION

2.1 Introduction

The high aspect ratio, potential for unique functionalization via covalent and non-covalent
means have made carbon nanotubes (CNTs) attractive in many medical, therapeutic and
nano medicine applications (94). The CNTs have demonstrated excellent potential in tissue
engineering, scaffolding, as material for bone, neuron and cell growth, thermal ablation
and photo-thermal therapy, and as materials that promote differentiation of stem cells into
specific lineages (95-107). They have been used to deliver a wide range of small molecules
such as chemotherapeutic drugs (/08-114), anti-inflammatory and antimicrobials agents
(1/15-116), and as carriers for controlled release (//7). They have also been used to deliver
complex molecules such as peptide based vaccines (//8-119), antibodies (/20), nucleic
acids proteins and genes (/27). CNTs have been particularly attractive in targeted delivery
because they have shown enhanced permeability and retention in tumor tissues, their
needle-like shape can facilitate trans-membrane penetration and they have been shown to
enter cells via endocytosis (/22).

Drug loadings on CNTs have been addressed via covalent and noncovalent
functionalization. Functionalization by a hydrophilic group also improves aqueous
dispensability and reduces cytotoxicity (/23-124). Varieties of small and large molecules
have been covalently attached to CNTs and it remains a popular approach to drug loading

(125). Besides direct conjugation of the active molecule, functionalization of CNTs with
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carboxylic, amine and polymer molecules have been used to facilitate the physical
adsorption of drugs on CNTs surface. Non-covalent coating of CNTs for the purpose of
drug delivery include amphiphilic macromolecules like lipid and polymers (/25), cancer
drug (126-127) and anti-Alzheimer drug (/28). CNTs have also been used for controlled
release. For example, drugs encapsulated into oxidized CNTs with the open ends capped
with thiol modified gold nanoparticles have shown controlled release activity (/29),
Heparin attachment to carbodiimide functionalized CNTs have shown prolonged
anticoagulant activity (/30), a dual-targeted drug carrier for prolonged release has been
designed by combining CNTs with folic acid and iron nanoparticles (/37). Electrical
properties of CNTs have been utilized to design hydrogel systems to electro-responsive
drug release (/32), and nano precipitation technique has been reported where water soluble
drugs have been incubated with CNTs followed by solvent evaporation where the drug
adsorbed in the interstitial spaces in the CNTs to show slow release (//7). While there is
much ongoing effort for using CNTs in drug delivery and biomedical applications, it is
worth noting that there have been concerns about the toxicity of CNTs and numerous in
vitro and in vivo studies have been carried out with conflicting reports (/33-/417). However,
functionalization with carboxyl group has shown to be an effective way to mitigate
MWCNTs toxicity (/42-143).

A large number of pharmaceutically active molecules have low aqueous solubility,
reduced dissolution rate and these lead to poor absorption and therapeutic failures (/44-
145) of oral drugs. The inability to hydrogen bond in an aqueous medium is among the
main reasons behind low aqueous solubility (23). Biopharmaceutical classification system

(BCS) highlights the fact that dissolution as a rate-limiting step for oral absorption of BCS
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class 2 and class 4 drugs, which have low solubility. About 70% of active pharmaceutical
ingredients and new chemical entities are considered as poorly soluble which is great
obstacle for drug development (/46). Increasing solubility can not only improve drug
absorption but also potentially reduces dosage needed to achieve the same therapeutic
effect while reducing side effects. Typically, dissolution can be improved by size reduction
or incorporating into drug carriers (/47). Methods such as dry and wet milling and
homogenization are conventional methods for the synthesis of micron/nano-scale drug
particles where the control of particle size, morphology, and surface properties can be
relatively challenging (/47). Precipitation processes are also effective methods for
synthesizing micron and submicron hydrophobic drug particles (/48).

Anti-solvent crystallization is a functionally simple and rapid precipitation process
(149) where a drug is dissolved in a solvent and then contacted with a miscible anti-solvent
to precipitate micro/nano particles. The physio-chemical properties of the anti-solvent can
alter the rate of nucleation, crystal growth and colloidal behavior of the crystallizing
molecule (/49). In the case of hydrophobic molecules, water which has relatively high
miscibility with many polar solvents can serves as an anti-solvent (/49). Ultra-sonication
is known to bring about uniform nucleation, rapid crystallization. Narrow size distribution
can be obtained by carrying out the process in the presence of additives that prevent
agglomeration (317).

An interesting possibility in anti-solvent precipitation is that the drug particles can
also be directly incorporated into a drug delivery vehicle such as CNTs. Carboxylated
CNTs which are highly water dispersible offer the potential to serve as nucleating sites for

a hydrophobic drug during its anti-solvent synthesis. This could be a way to incorporate
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CNTs into the drug structure where some specific sites on the CNTs may provide targeting
capabilities. Also, the hydrophilic CNTs incorporated into a hydrophobic drug could
potentially enhance hydrogen bonding with the aqueous medium leading to faster
dissolution. The objective of this work was to study the possibility of incorporation of
hydrophilic CNTs during anti-solvent synthesis of micron-scale drug particles and see if
the CNTs would enhance dissolution. Of particular interest to this study were antifungal

agent Griseofulvin (GF) and antibiotic Sulfamethoxazole (SMZ).

2.2 Materials and Methods

2.2.1 Materials
Griseofulvin (GF), Sulfamethoxazole (SMZ), Sulfuric acid (95-98%), Nitric acid (70%),

Methanol (>99.9%) and Acetone (>99.9%) were purchased from Sigma Aldrich, USA.
Sodium dodecyl sulphate (SDS) was purchased from GFS Chemicals. Hydrochloride acid
was purchased from Fisher Scientific. Sodium dodecyl sulphate (SDS) was purchased from
GFS Chemicals. Raw multiwall carbon nanotubes (20-30 nm diameter, 10-30 um length,
Purity > 95 wt%) was purchased from Cheap Tubes. The water used in the experiments

was purified with a Milli-Q Plus system.

2.2.2 Methods

Carboxylated multiwall carbon nanotubes (f-CNTs) were synthesized following a
previously published methodology (/42, 150-151) . In short, pre-weighed amounts of
purified CNTs were treated in a microwave reactor (Model: CEM Mars) with a mixture of

concentrated H2SO4 and HNOj at 140°C for 20 min. This led to the formation of carboxylic
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groups on the CNTs surface leading to high aqueous dispensability. The f-CNTs were
filtered through a 10um membrane filter, washed with water to a neutral pH and dried
under vacuum at 65°C to a constant weight.

Drug/CNTs composite were prepared by anti-solvent precipitation. At room
temperature. GF or SMZ was satuately dissolved in acetone. Antisolvent was prepared by
disperse f-CNTs in water under sonication for 10 min. The antisolvent was added dropwise
into the drug solution under sonication and the solution turned cloudy immediately after
the addition of f-CNTs suspension which indicated crystal formation of the f-CNTs/drug
composites. The resulting solution was filtered through a 10um PTFE membrane filter,
washed and dried in a vacuum oven to a constant weight.

The resulting drug/CNTs composites were characterized with SEM, TEM, TGA,
DSC, Raman, XRD and the release behavior was examined by dissolution testing. TGA
was performed with PerkinElmer Pyris 1 thermogravimetric analyzer. Samples were
heated from 30 to 1200°C under a 10ml/min air flow at 10°C per minutes. SEM was
performed with LEO 1530VP. Samples were mounted on aluminum stubs with adhesive
tape and coated with carbon using Quorrum EMS 150T ES sputtering coater to improve
conductivity. Raman spectroscopy was carried out with DXR Raman Microscope from
Thermo Scientific with 532 nm filter. XRD was carried out with PANalytical EMPYREAN
XRD. Melting point was measured with PerkinElmer DSC 6000.

Dissolution measurements were carried out based on standard US Pharmacopeia
Method (USP 41) with Symphony 7100 dissolution system. Since GF is absorbed in the
lower intestine and SMZ in the stomach, the dissolution tests were carried out at different

pH. For GF-CNTs, the composite was added to 40mg/ml sodium dodecyl sulfate (pH 5.2)
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and stirred at 75 rpm at 37°C. Samples were withdrawn at different points in time, filtered
through PTFE membrane to remove f-CNTs and then analyzed with UV at 291 nm to
determine the amount of GF dissolved. For SMZ-CNTs samples, the composite was added
in 0.1 N hydrochloric acid (pH 1.4) and stirred at 75 rpm at 37°C. Once again, the samples
were withdrawn at different times, filtered and analyzed with UV at 265 nm to determine

the amount of SMZ dissolved.

2.3 Results and Discussion

The aqueous solubility of Griseofulvin (GF) and Sulfamethoxazole (SMZ) were 12 ng/ml
and 0.61 mg/ml, respectively. It was possible to form excellent crystals of both these drugs
in the presence of f-CNTs.

The SEM image of functionalized carbon nanotubes are shown on Figure 2.1 a. It
shows that the structure of carbon nanotubes was not altered after microwave treatment.

XRD spectra of f-CNTs is showed in Figure 2.1 ¢. The RAMAN spectra of raw CNTs and

f-~CNTs are shown on Figure 2.1 d and e.
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Figre 2.1 (a) SEM ‘image of f—CNT, (b) Incorporation of CNTs in drug composites as a
function of concentration of f~CNTs in the dispersion, (¢) XRD spectra of f-CNTs,
RAMAN spectra of (d) Raw CNTs and (e) f-CNTs.
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Figure 2.1 (Continued) (a) SEM image of f-CNTs, (b) Incorporation of f-CNTs in drug
composites as a function of concentration of f-CNTs in the dispersion, (c) XRD spectra of
f-CNTs, RAMAN spectra of (d) raw CNTs and (e) f-CNTs.
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Figure 2.1. (Continued) (a) SEM image of f-CNTs, (b) Incorporation of CNTs in drug
composites as a function of concentration of f-CNTs in the dispersion, (c) XRD spectra of
f-CNTs, RAMAN spectra of (d) raw CNTs and (e) f-CNTs.

The amount of f-CNTs in the anti-solvent was varied to make drug/CNT
composites. The incorporated concentrations of f~-CNTs in each composite were measured
using TGA (Figure 2.2 a and b). The amount of f-CNTs incorporated in the GF crystals
prepared from f-CNTs suspension containing 0.1, 0.5, 1.0, 2.0 and 5.0% were 2.3,2.4, 2.7,
3.4 and 4.0% respectively. For SMZ-CNTs, the corresponding values for the same f-CNTs
suspensions were 1.3, 1.4, 2.5, 3.0 and 5.1%, respectively. These are referred to as SMZ-
CNT-X or GF-CNT-X where X represents the incorporation concentration of f-CNTs.
Figure 2.1 b is a plot of incorporation concentration of f-CNTs in the drug as a function of

f-CNTs in the original suspension. The f-CNTs served as nucleation point for drug

crystallization.
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Figure 2.2 TGA curve of drug and drug incorporated with different amount of f-CNTs: (a)
GF-CNTs and (b) SMZ-CNTs.

The morphology of GF-CNTs and SMZ-CNTs samples was studied using SEM.
Figure 2.3 a, b showed SEM images of pure GF and GF-CNTs composites while Figure
2.4 a, b showed respective images of SMZ-CNTs. The crystal shape and size did not depend
on f-CNTs incorporation. All the samples showed the presence of the f-CNTs on the crystal
surface. The TEM images (Figures 2.5 a, b) clearly indicate that the f-CNTs were also

embedded inside the drug crystals, the tubes were partially incorporated into the crystal
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while some portion remained outside. The section remaining outside was effective in

increasing the composite’s interactions with the aqueous phase during dissolution studies.
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Figure 2.4 SEM images of (a) Pure SMZ and (b) SMZ-CNT-1.4.
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Figure 2.5 TEM images of (a) GF-CNT-4.0 and (b) GF-CNT-2.7.

Figure 2.6 showed the RAMAN spectra of pure GF and GF-CNTs of various
composition. The D-band at 1350 cm™! and G-band at 1580 cm™ from the f-CNTs were
overlaid with peaks from SMZ and GF. The GF spectra showed strong peaks in the region
1550-1800cm™ and 2800-3200 cm™ which were attributed to the C=0 stretching of benzo
furan ring and C-H stretching of GF respectively(/52). The same characteristic peaks were
also observed in all samples, which indicated that the presence of the f~-CNTs didn’t change
the chemical structure of GF. The similar observation was found in Figure 2.7 which

showed RAMAN spectra of pure SMZ and SMZ-CNTs of various f~CNTs concentration.
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Figure 2.6 RAMAN spectra of pure GF and GF incorporated with different amount of f-
CNTs.
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Figure 2.7 RAMAN spectra of pure SMZ and SMZ incorporated with different amount of
f-CNTs.

XRD was used to study the crystal structure of the GF-CNTs and SMZ-CNTs
composites. The scanning range for GF was 5 to 70 degrees and 5 to 50 degrees for SMZ.

Figure 2.8 shows XRD spectra of pure GF, GF-CNT-2.7, GF-CNT-4.0. It was seen that the
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crystal structure did not change in the presence of f~-CNTs. The spectra of pure drug and

drug-CNTs composites were identical, and neither splitting nor shifting of the peak was

observed for the drug-CNTs composites. This indicated that there was no change in

polymorphism, which is an important consideration in drug synthesis. The similar

observation was found in Figure 2.9 which showed XRD spectra of pure SMZ, SMZ-CNT-

2.5 and SMZ-CNT-5.1.
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Figure 2.8 XRD spectra of pure GF and GF incorporated with different amount of f-CNTs.
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Figure 2.9 XRD spectra of pure SMZ and SMZ incorporated with different amount of f-
CNTs.

The melting point were analyzed by DSC where the SMZ-CNTs samples were
heated from 25°C to 200°C, and GF was heated from 25°C to 250°C. Both samples were
programed to cool down and reheated for the second time. The results are presented in
Table 2.1. No significant change in melting point was observed between pure GF, SMZ
and their respective composites with different f~-CNTs concentrations indicating the drug
structure weren’t altered with incorporation of f-CNTs.

Dissolution profiles for SMZ-CNTs and GF-CNTs are presented in Figure 2.10. It
is evident from both profiles that the f~-CNTs helped enhance the release of the drugs. It
also showed that increasing concentration of f~-CNTs in the composite increased the release
rate quite dramatically. Table 2.1 shows the tso and tgo, or the time necessary to reach 50
and 80% dissolution. Both tso and tgo reduced with the increased concentration of f-CNTs.
With the incorporation of 1.4% f-CNTs, the tso and tso of SMZ dropped from 22 to 10 min
and from 67 to 29 min respectively. Corresponding drop for GF with 2.4% {-CNTs

incorporation were from 27 to 12 min and from 66 to 48 min respectively. Simple mixtures
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of the drugs with 5% f-CNTs were prepared and dissolution data are shown in Figure 2.10.
The results showed that simply adding f-CNTs to the drug did not improve the dissolution.
This demonstrated that the enhanced dissolution was brought about by incorporation into
the crystal structure. The mediums used in the dissolution of both drugs are considered
resemble to gastrointestinal environment, thus the dissolution behavior is relevant to

human biology.

Table 2.1 Dissolution and Melting Point of SMZ-CNTs and GF-CNTs

Amount of CNT in Tso Tso

Composite (%) (min)  (min) M, (°C)
0 22 67 170.37
1.3 20 38 170.31
SMZ 1.4 10 29 170
3.0 8 21 170.38
5.1 5 10 169.96
0 27 66 221.25
23 22 56 2213
GF 2.4 12 48 221.08
2.7 11 33 221.04
4.0 6 18 220.38
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Figure 2.10 Dissolution of (a) SMZ-CNTs and (b) GF-CNTs showed enhanced dissolution
with the incorporation of f~CNTs in drug crystals.

The increased dissolution was attributed to the two factors. The carboxylated CNTs

were hydrophilic and hydrogen bonded well with water molecules and brought the latter
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into close contract with the drug crystals. The TEM image in Figure 2.5 shows that some
f-=CNTs were incorporated into the crystals. A water molecule could potentially adsorb on
the hydrophilic f-CNTs and use it as a conduit to enter the crystal thus enhancing the

dissolution.

2.4 Conclusion

The f-CNTs dispersed in the water served as nucleating sites for crystallization and were
readily incorporated into both GF and SMZ during their formation via anti-solvent
precipitation. The SEM and TEM images show f-CNTs incorporation and their presence
inside as well as outside the crystals. Raman, XRD and DSC showed presence of f-CNTs
didn’t change the crystal structure and melting point with the incorporation of as much as
5.1% f-CNTs by weight. The increase in dissolution rate was dramatic with tso and tso
reducing by 78 for and 73% respectively for GF, and the corresponding increase for SMZ
were 77 and 85%. This project presents a novel approach to f~-CNTs incorporation that can
go beyond enhancing dissolution and opens the door to targeting and other forms of drug

delivery.
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CHAPTER 3

CONTROLLING THE DISSOLUTION RATE OF HYDROPHOBIC DRUGS
BY INCORPORATING CARBON NANOTUBES
WITH DIFFERENT LEVELS OF CARBOXYLATION

3.1 Introduction

There has been much interest in using carbon nanotubes (CNTs) in nanomedicine and

tissue engineering applications (96, 99, 101, 104, 107, 153-155). The CNTSs have been used

to deliver a wide range of small, large molecules and their controlled release. Small drug
molecules as well as peptides, vaccines, antibodies, nucleic acids, proteins and genes have
been attached to CNTs (//8-121). Targeted drug delivery using CNTs have been successful
(156), and they have shown permeability into tumor tissues via endocytosis (122).

The key to the applications of CNTs in drug delivery is its attachment to the drug
molecules. Different molecules/species can be attached onto CNTSs via covalent or non-
covalent bonding. Covalent attachment to the CNT can provide secure loading of a
molecule, and drugs such as paclitaxel, toxoid, doxorubicin, boron-bearing agents,
methotrexate and 10-hydroxycamptothecin have been linked to CNTs via non-
biodegradable or degradable linkages (131, 157). While the covalent approach can provide
well-controlled targeting and delivery, it is only good for drugs whose functionality is not
altered due to the bonding to CNTs. On the other hand, non-covalent approaches do not
cause changes in the chemistry of drugs. Noncovalent approach to drug loading has been
to load the molecule on the CNT surface by simple adsorption, n-stacking, hydrophobic

interaction or capillarity-induced filling (125, 158-159). Both pure CNTs and

functionalized CNTs (or f-CNTs) have been used in drug delivery, and in the case of

noncovalent bonding, the advantages of f-CNTSs can still be utilized.
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Many drugs referred to as Class Il and Class IV drugs have low solubility that limits
their bioavailability and consequently their effectiveness as therapeutic agents (144). The
solubility and bioavailability is typically improved by particle size reduction, which is
described by the Noyes Whitney equation (29). Typically micro and nano drug particles
are formed via mechanical size reduction such as dry/wet milling and homogenization
(160), and also via precipitation techniques (148). Anti-solvent precipitation has been used
to synthesize micro and nano particles of hydrophobic drugs (161-162). Here an antisolvent
is used to precipitate crystals from a solution whose properties can be controlled by altering
process conditions and the use of additives (163-164). Dissolution rate of hydrophobic
drugs have been enhanced by the addition of hydrophilic moieties to the formulation. For
example different cellulosic materials (165) have been used as co-precipitating agents and
hydrophilic silica nanoparticles have been used to promote faster aqueous dissolution
(166). Various polymers have been employed as peptide carriers in diabetes, oncology and
cardiovascular drugs (167) and solid dispersion is an increasingly popular method that use
HPMC, PVP, PEG and polymer micelles as carriers for insoluble drugs (168-169).
Glucosamine hydrochloride has been used in solid dispersions (170) and hydrophobic
molecules have been included in cyclodextrin (171) to enhance dissolution rates.

A drug carrier can be directly incorporated into the drug crystal during anti-solvent
precipitation, and the latter can play multiple roles. For example, it can serve as a nucleation
site for crystal formation, provide colloidal stability during crustal formation, and be a drug
delivery vehicle such as a targeting agent or one that alters bioavailability by changing the
dissolution rate. It is well known that functionalization is effective means to control

aqueous behavior of nanotubes including colloidal stability as well as their solubilization
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capacity towards hydrophobic molecules (172-174). The fiber like CNTs can actually be
incorporated into drug crystals, and if the f-CNTSs are hydrophilic, they can attract water
molecules and bring them to drug crystal leading up to faster dissolution. The
hydrophilicity of f-CNTs can also be altered to alter the dissolution rate; a phenomenon
that can be used to control the release of the drug.

Among the f-CNTs, carboxylated CNTs are highly water dispersible and our studies
have demonstrated its potential to enhance dissolution rates (45). The carboxylated CNTs
can be synthesized such that the carbon to oxygen atomic ratio can be varied to have
different hydrophilicity and it is conceivable that by varying the degree of
functionalization, the drug can be released at different rates. Therefore, the level of
functionalization is expected to be an important factor. The objective of this work was to
study the effect of the degree of functionalization on the incorporation of hydrophobic
drugs during anti-solvent synthesis of micron-scale drug particles as well as the dissolution
rates. Of particular interest to this study were antifungal agent Griseofulvin (GF) and

antibiotic Sulfamethoxazole (SMZ).

3.2 Materials and Methods

3.2.1 Materials

Sodium dodecyl sulphate (SDS) was purchased from GFS Chemicals, hydrochloride acid
was purchased from Fisher Scientific, raw multiwall carbon nanotubes nanotube (20-30
nm diameter, 10-30 pm length, Purity > 95 wt%) was purchased from Cheap Tube, while

Griseofulvin (GF), Sulfamethoxazole (SMZ), sulfuric acid (95-98%) and nitric acid (70%)
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were purchased from Sigma Aldrich. Purified Milli-Q Plus water was used in all

experiments.

3.2.2 Methods

Carboxylated multiwall carbon nanotubes (f-CNTs) were synthesized following a
methodology published before (45). Raw CNTs were reacted with a mixture of
concentrated H2SO4 and HNO3 at 140<C for 5, 10, 40 and 90 minutes respectively in a
microwave reactor (Model: CEM Mars). This led to the formation of various amounts of
carboxylic groups on the CNT surface that had different hydrophilicity (142). The
carboxylated CNTs were filtered through a 10um PTFE membrane filter, washed to a
neutral pH and dried under vacuum at 65<C. The resulting f-CNTs were characterized with
EDX to determine the amount of carboxylated group added to CNTs.

Drug/f-CNTs composite were prepared by anti-solvent precipitation. At room
temperature. GF or SMZ was satuately dissolved in acetone. Antisolvent was prepared by
disperse f-CNTs in water under sonication for 10 minutes. The antisolvent was added
dropwise into the drug solution under sonication and the solution turned cloudy
immediately after the addition of f-CNTs suspension which indicated crystal formation of
the f-CNTs/drug composites referred to as GF-CNTx and SMZ-CNTx, respectively. X
represents the carbon to carboxylated group ratio. The resulting solution was filtered
through a 10um PTFE membrane filter, washed and dried in a vacuum oven to a constant
weight.

The resulting drug/f-CNTs composites were characterized with SEM, TEM, DSC,
XRD, TGA and elemental analysis. The dissolution was tested by dissolution testing

apparatus 2.
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SEM and EDX was performed with LEO 1530VP. TEM was performed with
Hitachi H-7500 Tungsten/LaB6 with 100KV energy bean. TGA was performed with
Perkin Elmer Pyris 1 thermogravimetric analyzer which heated the samples from 30 °C to
1200 °C at 10 °C/min under air environment. Elemental analysis was performed Perkin-
Elmer 2400 Series 11 elemental analyzer.

Raman spectroscopy was performed with Thermo Scientific DXR Raman
Microscope with 532 nm filter. Melting point was measured with Perkin EImer DSC 6000.
DSC was carried out under nitrogen where GF-CNTx were heated from 30 °C to 250 °C at
20 °C/min while SMZ-CNTx were heated from 30 °C to 200 °C at 20 °C/min. XRD was
performed with PANalytical EMPYREAN XRD. Symphony 7100 dissolution system was
used to study the dissolution behavior of the drug composites using standard USP method

(USP 41).

3.3 Results and Discussion

EDX was used to examine the carbon and oxygen percentage in the functionalized CNTs.
The degree of functionalization is shown on Table 3.1. As functionalization time increased,
oxygen content and the C: COOH increased. After 40min of functionalization, the oxygen
percentage did not increase significantly, therefore treatment time beyond 40 minutes were
not studied. The oxygen content of the different f-CNTs varied from 6.1 to 13.6% while
the carbon to carboxylic group ratio could be as low as 16:1. The f-CNTs were labeled

based on the C: COOH ratio.
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Table 3.1 Analysis of f-CNTs with Different Levels of Functionalization
Treatment| %0 by Weight
Time(min) C 0

C: COOH

0 927 | 6.1 39.5

5 89.3 | 104 23.2

10 87.9 | 11.2 19.8

40 86.3 | 13.6 16.0

90 83.7 | 13.7 15.2

The concentrations of -CNTs in GF were calculated from the TGA (Figure 3.1).
The amount of f-CNTs in the GF crystals prepared from f-CNT2s2, f-CNT19s, f-CNT160
suspensions were found to be 3.9, 4.2 and 3.8%, respectively. The values were calculated
based on the weight% at the temperature from which f-CNTs started to burn out (around
300°C) for each composite minus the corresponding weight% of pure GF at the same
temperature. The concentrations of f-CNTs in SMZ-CNTs were measured based on the
elemental analysis. The sulfur content was used to calculate the amount of SMZ in the
composite from which the amount of f-CNTs could be predicted. The amount of f-CNTs
in the SMZ crystals prepared from f-CNT23.2, f-CNT1as, f-CNT16.0 Suspensions were found
to be 2.9, 1.3 and 1.4%, respectively. These are referred to as SMZ-CNTx or GF-CNTx
where x is the C: COOH ratio. It appears that the degree of functionalization did not
significantly affect the weight percent of f-CNTs in the drug crystals formed during the

anti-solvent precipitation.

45



100

80

X ~ GF-CNT16.0
£ 60
o0 \
‘D \ GF-CNT19.8
= 40 \
\ GF-CNT23.2
|
\
20 \
0 — _ _
0 200 400 600 800 1000 1200
Temperature/°C

Figure 3.1 TGA of different GF-CNTx.

The GF-CNTs and SMZ-CNTSs sample morphology was studied using SEM. Figure
3.2, b, cshow SEM images of GF-CNT232, GF-CNT198, GF-CNT1e at 25K magnification.
Figure 3.2 d, e, f show SEM images of SMZ-CNT232, SMZ-CNT198 and SMZ-CNTye at
the same magnification. SEM images showed the f-CNTs was present on the crystal
surface. Compared to SEM images of pure GF and pure SMZ in figure 3.2 g and h, the
crystals shape and size did not depend on f-CNTs functionalization or incorporation. The

TEM images (Figures 3.2 i) showed that the f-CNTs were also partially embedded in the

drug crystals.
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Figure 3.2 SEM image of (a) GF-CNTaz32, (b) GF-CNTugs, (C) GF-CNTig, (d) SMZ-
CNT232, (6) SMZ-CNTigs, (f) SMZ-CNTs, (g) Pure GF, (h) Pure SMZ, TEM image of (i)
GF-CNTas.

47



AT v X LS « e L
EHT = 4.00kV Signal A= InLens Date :18 Jan 2017 10um EHT = 4.00kV Signal A= InLens  Date :22 Mar 2018
WD= 5mm Photo No. =9172  Time :17:48:33 E—| WD= 7mm Photo No. = 7397 Time :14:08:16

et

Figure 3.2 (Continued) SEM image of (a) GF-CNT232, (b) GF-CNT1gs, (¢) GF-CNTs, (d)
SMZ-CNTa232, (€) SMZ-CNTags, (f) SMZ-CNT1s, (g) Pure GF, (h) Pure SMZ, TEM image
of (i) GF-CNTs.

Figure 3.3 a showed the Raman spectra of f-CNTs, GF and GF-CNTs with various
degree of functionalization. The typical spectral features of f-CNTs were overlaid with
peaks from GF. The Raman spectra for GF and GF-CNTs composites remained the same
indicating that the presence of the f-CNTs didn’t change the chemical nature of the GF or

its polymorphism, which are important considerations in drug development. The similar
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observation was found in Figure 3.3 b which showed Raman spectra of f-CNTs, SMZ and

SMZ-CNTs with various degree of functionalization.
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Figure 3.3 RAMN spectra of f-CNT232 and (a) GF- CNTx, (b) SMZ- CNTx.

Crystal structure of the GF-CNTxand SMZ-CNTx were also studied using XRD and
Figure 3.4 shows the spectrum of GF-CNTx and SMZ-CNTy. It was seen that the crystal

structure remained unchanged with the incorporation of the f-CNTs. The spectra of pure
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drugs and drug/CNTs were identical.

This implied that there were no changes in

polymorphism.
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Figure 3.4 XRD spectrum of (a) GF-CNTxand (b) SMZ-CNTx.

The melting point of drug/CNTs composites were analyzed by DSC 6000. The

results are presented in Table 3.2. It was seen that there was no significant change in

melting point between the pure drug and their f-CNTs composites.
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Dissolution measurements were carried out based on standard US Pharmacopeia
Method (USP 41). GF-CNTs composites were added to 4mg/ml sodium dodecyl sulfate
while SMZ-CNTs composites were added to 0.1 N hydrochloric acid. The samples were
stirred with paddle at 75rpm and heated to keep temperature at 37°C. A small amount of
medium was withdrawn at different times, filtered with PTFE membrane to remove f-CNTs
and analyzed with UV-visible spectrophotometry to determine the amount of drug
dissolved, 291 nm for GF and 265 nm for SMZ samples. The dissolution data is presented
in Figure 3.5.

It is evident from both profiles that the increase in the level of functionalization in
f-CNTs enhanced the release of the drugs. The carboxylated CNTs were hydrophilic and
increased contact between the water and the drug crystals. The water molecules adsorbed
on the hydrophilic carboxylic group, and then use it as a conduit to the drug crystal to
increase dissolution.

The time necessary to reach 50% (t so) and 80% (tso) dissolution reduced with the
incorporation of f-CNTs, and higher levels carboxylation showed lower values of these
parameters. As the C: COOH ratio decreased from 23.2 to 16, the tso and tgo of GF dropped
from 6.0 to 4.0 min and from 60.0 to 30.5 min, respectively. Corresponding drop for SMZ
were from 8.5 t0 6.0 min and from 16.5 to 11 min, respectively. Therefore, it is evident that
by varying the level of carboxylation, it is possible to control the dissolution rate of the

hydrophobic drugs.
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Table 3.2 Dissolution and Melting Point of SMZ-CNTxand GF-CNTy

Incorporation % | C:COOH | Tso(min) Tgo (Min) Mp (T)
0 39.5 8.0 >120.0 221.25
3.9 23.2 6.0 60.0 220.75
GF-CNTx
4.2 19.8 4.5 44.0 220.92
3.8 16 4.0 30.5 221.01
0 39.5 235 52.5 170.37
2.9 23.2 8.5 16.5 170.21
SMZ-CNTx
1.3 19.8 7.5 15.0 170.06
14 16 6.0 115 170.05
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Figure 3.5 (a) Dissolution of GF-CNTy, (b) Dissolution of SMZ-CNTx (c) Time
to reach 80% dissolved for drug with degree of functionalization of f-CNTSs.
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Figure 3.5 (Continued) (a) Dissolution of GF-CNTy, (b) Dissolution of SMZ-
CNTx (c) Time to reach 80% dissolved for drug with degree of functionalization
of -CNTs.
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3.4 Conclusion

The CNTs were oxidized to form f-CNTs with different levels of carboxylation. The SEM
and TEM images show CNT incorporation into the drug crystals, and their presence was
seen inside as well as outside the crystals. Based on Raman, XRD and DSC measurements,
it was evident that the f-CNTs did not change the crystal structure or the melting point. The
dissolution rate was significantly enhanced with the incorporation of f-CNTs, where tso and
tgo reduced by as much as 50 and 75% for GF and 74 and 78% for SMZ. By decreasing the
C: COOH ratio in the f-CNTs, the tso and tgo could be reduced by 33% for and 49%
respectively for GF, and 31% and 33% for SMZ. This paper not only presents a novel
approach to f-CNT incorporation into hydrophobic drugs, but goes beyond and opens the

door to controlling the release rate by altering the level of CNT carboxylation.
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CHAPTER 4

COLLOIDAL BEHAVIOR OF DRUG/CNTS COMPOSITE PARTICLES

4.1 Introduction

Poor water solubility has always been a key obstacle in achieving adequate bioavailability
for many hydrophobic drug molecules being developed by the pharmaceutical industry (/4,
175). Dissolution in the gastrointestinal (GI) tract is a limiting factor for these compounds
and increasing their dissolution rate has been a great interest in drug development processes
(176). Particle size and the morphology plays a key role in the dissolution rate and
bioavailability of hydrophobic drug molecules. Finer particles have more surface area per
unit mass that is exposed to fluids in the gastrointestinal tract, hence increase the
dissolution rate of the drug (/77).

Various techniques have been developed to reduce particle size. Chemical
modification and self-emulsifying systems have the disadvantages of pharmacological
activity change of active pharmaceutical ingredients due to chemical modification as well
as physical and chemical instability (/78).

Traditional top down methods for the synthesis of micron and submicron particles
such as milling and homogenization presents challenges to control the size, morphology,
surface properties and electrostatic charge of the drug particles (/47). The chemical
degradation and residual metal content are also concerns in top down methods (/79).

Compared to top-down methods, bottom-up approaches such as anti-solvent
precipitation has gain much interest in recent years. These approaches involve the
formation of fine particles from molecular state by precipitation or evaporation of solvent.

Anti-solvent precipitation has been considered as a simple and cost effective method to
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prepare fine drug particles (/80). It has been used to produce micron size particles for a
long time and can be adjust to prepare nano size particles as well (/80).

However, the disadvantage of precipitation process is that the drug particles
produced are not stable in the suspension and precipitated particles tend to aggregate.
Immediate spray drying has been shown as an effective method to maintain particle size
after precipitation (/79). Another approach is adding surfactant such as B-Cyclodextrin or
High molecular weight hydroxypropyl methyl cellulose (/87). In both cases, the anti-
solvent was either water or homogeneous solution. There is potential that using different
type of anti-solvent such as suspension can affect the aggregation behavior of drug particles
as well.

The purpose of the present investigation is to study the effects of varies degree of
carboxylated carbon nanotubes on the colloidal behavior of hydrophobic drug particles
formed during anti-solvent synthesis. The Sulfamethoxazole particles were produced with
anti-solvent precipitation, while varies degree of carboxylated carbon nanotubes were
incorporated into drug crystals. The interaction between f-CNTs and Sulfamethoxazole has

been investigated.

4.2 Materials and Methods

4.2.1 Materials

Raw multiwall carbon nanotubes nanotube (20-30 nm diameter, 10-30 pm length, Purity
>95 wt%) was purchased from Cheap Tube, Sulfamethoxazole (SMZ), Sulfuric acid (95-
98%), Nitric acid (70%) and acetone (>99.9%) were purchased from Sigma Aldrich.

Purified Milli-Q Plus water was used in all experiments.
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4.2.2 Methods

Carboxylated multiwall carbon nanotubes(f-CNT) were synthesized following a
methodology published before (45, 182). CNTs were reacted with a mixture of
concentrated H2SO4 and HNO3 at 140<C for 5, 10, 20 and 40 min respectively in a
microwave reactor (Model: CEM Mars). This led to the formation of various amounts of
carboxylic groups on the CNT surface that had different hydrophilicity (142). The
carboxylated CNTs were diluted to reduce acidity and then filtered through 0.22 pum PES
membrane filter, washed with water to a neutral pH and dried under vacuum at 65<C to a
constant weight.

Anti-solvent precipitation was carried out at room temperature as shown in Figure
4.1. The anti-solvent was prepared by suspending f-CNTs in water by sonication of 5
minutes. The solvent solution was prepared by dissolving SMZ in acetone to reach
saturation. The mixing of anti-solvent and solvent (SMZ: f-CNTs = 100:1, w/w) was
carried out under ultrasonic agitation for 3 min where anti-solvent was drop by drop added
into solvent solution. For preparation of the solid complexes, the drug suspensions were
filtered through 10 um PTFE membrane filters and the water was removed from aqueous

drug/f-CNTs solutions by evaporation.
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Figure 4.1 Anti-solvent precipitation of drug/f-CNTs.

f-CNTs were characterized with EDX and Raman. EDX was carried out with LEO
1530VP. Raman spectroscopy was tested with DXR Raman Microscope from Thermo
Scientific with 532 nm filter. Drug/f-CNTs composites were characterized with FTIR using
Agilent Cary 670 FTIR spectrometer with Diamond-ATR.

Particle size analysis and Zeta potential measurements were carried out by and
dynamic light scattering using Zetasizer Nano series ZS90. Zeta potential was measured
immediately following the complete of anti-solvent precipitation. Particle size of drug/f-
CNTs suspension was measured at different time where the suspension was allowed to
settle down.

Sedimentation was monitored as a function of time by measuring the weight
percentage of the solid remaining in the suspension. This was accomplished as follows.

Each suspension was prepared five times to be settled and measured after different time at
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25 °C. The solid sediments were collected at 0.8, 2.3, 4.3 and 7.4 hour, dried in the oven at
65 °C in a vacuum to remove the solvent and weighed. The amount of solid remaining in
the suspension was calculated by deducting the sediments weight from the combined

weight of drug and f-CNTs before anti-solvent precipitation.

4.3 Results and Discussion

4.3.1 Characterizations

EDX data of raw CNTs and f-CNTs were measured and presented in Figure 4.2. The
oxygen content increased with the treatment time from 5 to 40 min. The number of
carboxylic per carbon (C: COOH) was calculated based on EDX data. The ratio decreased
from 23.2 to 16.0 with treatment time 5 to 40 min. The functionalized CNTs with different

treatment times were referred as f-CNT232, f-CNT19s, f-CNT160 based on the C: COOH

ratio.
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Figure 4.2 EDX of carbon and oxygen ration of raw CNTs and f-CNTs with different
treatment time.
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Figure 4.3 Raman spectroscopy of raw CNTs and f-CNTs with different treatment time.

Table 4.1 Ip/lg of Raw CNTs and f-CNTs with Different Treatment Time

Io I In/lc
F-CNT160 | 180.32 | 113.91 1.58
F-CNTw9s | 117.01| 81.80 1.43
F-CNT2s2 | 99.06 | 79.72 1.24
Raw CNT | 38.84 34.81 1.12

The Raman spectroscopy of raw CNTs and f-CNTs with different treatment time
was presented in Figure 4.3. The intensity ratio of the D (defect band) and G band (graphite
band) from Raman spectroscopy increased from raw CNT to f-CNT16.0. The Ip/lg ratio was
calculated and presented in Table 4.1. The higher Ip/lg ratio typically implies higher levels
of defects associated with functionalization, which correlated the EDX results that longer

treatment time leads to more carboxylated group in f-CNTSs.
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Figure 4.4 FTIR spectroscopy of pure SMZ, SMZ-CNT23.2, SMZ-CNT193, SMZ-CNT13 5
and SMZ-CNTjis.0.

Pure SMZ and SMZ incorporated with various degree of carboxylated CNTs were
characterized with FTIR in Figure 4.4. The signature peaks of pure SMZ and SMZ-CNTx
were identical, indicating incorporation of f-CNTs did not change the structure of SMZ.
The lack of peaks for carboxylated group was attributed to the low concentration of f-CNTs
incorporated which leads to even lower concentration of carboxylated group in the drug/f-

CNTs composites.

4.3.2 Particle Size Analysis for Drug Suspensions

It was observed that most of the SMZ underwent anti-solvent precipitation rather than be
completely consumed in a soluble, aqueous complex. The precipitation occurred
immediately after adding f~CNTs suspensions. The precipitation time was controlled to

avoid temperature increasing due to prolonged sonication.
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Figure 4.5 Size distribution of pure SMZ, SMZ-CNT232, SMZ-CNT98, SMZ-CNT 3.5 and
SMZ-CNTis.0.

Typical particle size distribution (PSD) of pure SMZ and stabilized SMZ
suspension with f-CNTs are measured immediately after precipitation and results are
shown in Figure 4.5. The mean diameter of pure SMZ in the aqueous suspension was 667
nm with a broad size distribution. With anti-solvent precipitation and stabilization with f-
CNTs, the mean particle diameter decreased to 149 nm with a significantly narrow particle
size distribution. Bimodal distributions were achieved with stabilization with all the f-
CNTs, which clearly showed the drug particles coagulated. The mean diameters of particle
for different suspension systems are presented in Table 4.2 at the initiation of anti-solvent
particle formation and 2.3 hours hence. All the f-CNTs used here were effective in reducing
the particle size. It was observed that with the increase of carboxylated group in f-CNTs,

the particle size decreases.
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Table 4.2 Stabilizing SMZ with f-CNTs

) Percentage of _ _
Mean Radius ) ) Sedimentation Zeta
_ particles in )
Suspension (nm) ) Rate (wt%/h) Potential
suspension (%)
(mV)
Oh 23h | 0.8h 2.3h 0.8h 2.3h
Pure SMZ | 667.6 | 133.0 | 29.2 21.1 88.5 38.9 -12.1
SMZ-
3221 | 1178 | 375 23.8 73.5 32.8 4.6
CNT2s.2
SMz-
257.7 94.3 43.8 37 76.9 27.6 -7.8
CNTios
SMZ-
213.0 89.2 42.8 36.1 71.5 28.8 2.6
CNTuss
SMz-
149.3 89.0 59.9 48.1 414 22.3 -3.2
CNTis6.0

Also seen from Table 4.2 is that as the suspension was allowed to stand, the larger
particles settled, reducing the average particle radius in the suspension. It is evident from
Figure 4.6 that the presence of the f-CNTs had a stabilizing effect. Increased carboxylation
leads to significantly less variation in average particle radius because the settling rate was
slower. Incorporation of carboxylated group also provided steric stabilization to help
maintain the distance between closely approaching solid particles in a suspension (/83).
Carboxylation group also provided electrostatic stabilization by forming electro double

layer (Figure 4.7) and increased carboxylation provided increased electrostatic stabilization

which lead to reduced particle size and settling rate.
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Figure 4.7 Electrostatic double layers of drug/f-CNTs composites.

Zeta-potential measurements were used to study the stability of the drug
suspension. The zeta potential values were measured after the preparation of the drug
suspensions. Dispersed SMZ particles showed zeta potential in the range of -19.8 to 4.6
mV in Table 4.2. The result indicated that the drug/f-CNTs suspension is not stable and

tend to aggregate and settle down.

4.3.3 Sedimentation Rate

Sedimentation rate is an important parameter in determining long term stability of
suspension (/84). Typically, the particles tend to grow or aggregate to a larger size, which
leads to increases of the overall setting rate. According to Stokes equation the rate of
sedimentation depends upon the diameter of the dispersed particles, the density and the
viscosity of the medium (/85). Sedimentation rate was measured by calculating the weight

percentage (wt%) of solid drug particles remaining in the suspension as a function of time.
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The solid particles were uniformly distributed after the preparation of the
suspension. The amount of the solid particles in the suspension decreased with time as they
began to settle down. The data are presented in Figure 4.8. The results appear to be
consistent with the Stokes Equation that the smaller diameter particles have slower settling
rate, thus higher amount remaining in the suspension. It was found that the amount of
particles in suspension of SMZ-CNTs were larger than that of the pure SMZ. And with the
increased carboxylated group presence in f-CNTs, the amount of particles remaining in

suspension was higher.
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Figure 4.8 Weight percentage of stabilized drug particles in suspension for Pure SMZ,
SMZ-CNT232, SMZ-CNT19s, SMZ-CNT1s5 and SMZ-CNTjs.0.

The settling rate was computed as a function of time for all systems and presented
in Figure 4.9. It was evident that the settling rate increased rapidly within the first half hour
and then dropped. It was found that settling rate of SMZ-CNTs were slower than that of

the pure SMZ. And with the increased carboxylated group presence in f-CNTs, the settling
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rate was slower. The rate of settling was the slowest for SMZ-CNT16,0 and fastest for pure

SMZ. In all cases, f-CNTs was effective in lowering the settling rate.
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Figure 4.9 Rate of settling as a function of time for Pure SMZ, SMZ-CNT232, SMZ-
CNTyo8, SMZ-CNT1g5 and SMZ-CNT 0.

4.4 Conclusion

The integration of anti-solvent synthesis of micron-scale particles, their stabilization using
f-CNTs was accomplished. It has been found that the {~-CNTs were capable of inhibiting
particle growth and stabilize the drug particles during anti-solvent precipitation. Compared
to pure drug, incorporating f-CNTs provide both steric stabilization and electrostatic
stabilization to prevent aggregation. With the increase in carboxylated group, the
electrostatic stabilization increases which lead to the particles size decreased and rate of

settling slowed.
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