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ABSTRACT

Folic acid (FA) is an amino acid that helps in teplication of normal cells and it deficiency
may lead to oncogenic cells development. Methoteef®TX) on the other hand is a highly
potent drug against leukemia and other neoplasiagsh can induce toxic side effects and
drug resistance to target cells. The principal ctibje was to develop a bioconjugate that will
enhance therapeutic effectiveness of these ageAtarfd MTX) using functionalized carbon
nanotubes and polymer toward cancer cells. Furtbexpbioreversible binding to a water-
soluble and biocompatible carrier polymer and carbanotubes are advanced technology
designed to circumvent critical pharmacological affetacious biological action.

The formation of biofissionable bond (CONH) for grtelease was evaluated in this work by
using nuclear magnetic resonance (NMR) spectra WO as solvent, and infrared (IR)
spectra to identify the necessary peak shiftsHerktioreversible conjugation of FA and MTX
as anticancer drug. Polyaspartamide and carbontutaze® (CNTs) were both functionalized
and used as carriers for solubility behavior, stadcessibility and reactivity of anchoring sites,

aiming to enhance therapeutic effectiveness of MTX.

In order to obtain the polymeric carrier, to polgsmimide (PSI) synthesized via
polycondensation of aspartic acid was attached ,BHNimethylamino)propylamine (DMP)
and 1,3-propylenediamine (PDA) for solubility belmavand reactivity of anchoring of the
drug respectively. This, through the use of an res2e(1H-benzotrial-1-yl)-1,1,3,3-
tetramethylurium hexafluorophosphate (HBTU), asptiog agent led to the polymer drug
conjugate after reacting with FA. The reaction wabjected to the polymer cleavage which
caused the dropping of yield after chromatographg dialysis operations. After kinetic
reaction investigation, the optimum reaction timasvget within the range of 120-130 minutes
for an optimum yield of coupling within the range8®-85% where the incorporation of FA in
the polymer was maximum though the polymer cleavageaddition, CNTs obtained via
chemical vapour deposition (VCD) was covalentlydiionalized at RT, 50°C and 100°C with
a mixture of sulphuric and nitric acids to genertite phenol and carboxyl groups on the

surface, and at 230 °C with aspartic acid to geeeyaly the carboxyl group. It resulted that



the mol ratio (OH/COOH) was increasing, the sizd-GNTs was decreasing from 80, 30 to
20nm and the water solubility was increasing witl increase in temperature from RT, 50°C
to 100°C. The carboxyl on the surface of f-CNTs atiached to DMP and FA through HBTU

to get f-CNTs-FA conjugate. This resulted to thedsug with different sizes of 50nm and

170nm with 94% and 101.3% incorporation of folicda@spectively.

CNTs noncovalently coated with polysuccinimide (P&l DMF at 160°C were attached to
DMP and PDA. Thereafter, FA reacted with PDA viaHBto give a prodrug of 60nm with

105.3% FA incorporation. The f-CNTs functionaliagdh polymer can be more beneficial due
to the size for the cell penetration and averagkeoutar weight for renal clearance. Therefore

the biomedical evaluation is recommended for futuoek.
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CHAPTER 1

INTRODUCTION

1.1  Background and Motivation
1.1.1 Folic acid

Folic acid is needed for thembwo synthesis of the nucleoside thymidine requfced
DNA synthesis. The presence of folic acid causes gslginthesis of DNA, RNA,
thymidylates, and proteins by the affinity thatan develop with dihydrofolate reductase
(DHFR), an enzyme that is part of the folate sysithenetabolic pathway. Dihydrofolate
reductase catalyses the conversion of dihydrofdiatine active tetrahydrofolate. Folic
acid is an important nutrient for the growth oflsalia essentially purine and pyrimide
synthesis. Adequate folate intake helps the regpdicaof normal cells conducing to good
health. Thereto adequate folate intake, causinigl regdl division and growth, is helpful
for the pregnancy and the infan®yThus, the first four weeks of pregnancy (when most
women do not even realize they are pregnant) redalic acid for proper development
of the brain, skull, and spiral cord. While folateficiency, affecting hematopoietic cells
and neoplasms, hinders DNA synthesis and cell idivisRNA transcription and
subsequent protein synthesis are less affectedlbiefdeficiency, as the mRNA can be
recycled and used again (as opposed to DNA systhdstre a new genomic copy must
be created). Both adults and children need fotafertn normal red and white blood cells
and prevent anemid®, because some of those large cells, although immmat
(reticulocytes) are released early from the marnowan attempt to compensate for the

anemid®,

In the event of random proliferation of cells, cagiwh becomes harmful to the abnormal
cells; enhanced chemotherapy will be requestedoip the cause of the growth of cells.
The association between folate and cancer appedrs tomplex. It has been suggested

that folate may help prevent cancer, as it is iwedlin the synthesis, repair, and



functioning of DNA, and a deficiency of folate megsult in damage to DNA that may

lead to cancéf.

1.1.2 Methotrexate (MTX)

Methotrexate was originally used as part of comtiogmachemotherapy regimens to treat
many kinds of cancers. It is still the mainstay ti@atment of many neoplastic disorders
including acute lymphoblastic leukemia. The metenolof 7,8-dihydrofolate to 5,6,7,8
tetrahydrofolate smashes rapidly into DNA synthedsch generates the multiplication
of cells in disorder, results to cancer. The attiaf this metabolism is accelerated with
the presence of dihydrofolate reductase, an enzyaeis part of the folate synthesis

metabolic pathway.

MTX competitively and reversibly inhibits dihydrd&ie reductase (DHFR) due to its
affinity for DHFR which is about one thousand-fakdt of folate for DHFR. As a result,
there is a reduction in purine and pyrimidine-nicclacid metabolism. MTX acts

especially during DNA and RNA synthesis, and thus cytotoxic during the S-phase of
cell cycle. Note that MTX has a greater toxic effea rapidly dividing cells, which

replicate their DNA more frequently and thus intsbihe growth and proliferation of
these non-cancerous cells, as well as side efféd®X is absorbed completely from the
intestine, and metabolized via the kidney. It entttre cell and is polyglutamated like

folic acid, therefore retaining within the cell apobviding its effectiveness.

MTX tends to work faster and more effectively comgmato most disease modifying
antirheumatic drug. It has a considerable intepactvith many drugs. Caution should be
applied when used together with trimethoprim, praméd, and nonsteroidal anti-
inflammatory drugs, especially in the face of remapairment. Lower doses of MTX

have been shown to be very effective for the mamage of rheumatoid arthritis and

psoriasis. In these cases, inhibition of dihydratelreductase (DHFR) is not thought to
be the main mechanism, rather the inhibition ofyemzs involved in purine metabolism,



leading to accumulation of adenosine, or the intwbi of T cell activation and

suppression of intercellular adhesion molecule esgipn by T cell§.
1.1.3. Polymer-drug conjugation

Chemotherapy is a significant module among manyrgimg biomedical technologies
used for cancer management and control. Amongéatieirements that must be fulfilled
by the systemically acting antiproliferative medali agent in order to qualify as an
efficacious carcinostatic drug, the following mag bited: (1)Complete solubility in
agueous mediagnsuring rapid dissolution and dissipation in {agueous) vascular
system. (2)Low systemic toxicityallowing for continuing drug administration at hig
dose levels with resultant large therapeutic ing@8xNon-polar, uncharged structure,
precondition for efficacious membrane crossing aetl entry by the normal passive
diffusion mechanism, with optimal intracellular bi@ilability and minimal risk of
capture in the interstitial fluid by the reticulamthelial system. (4Lell-specific drug
action, leading to preferential accumulation in the caauasrtissue while leaving healthy
tissue unaffected. This presupposes that a spetrifig, or drug combination, must be
available for each one of the different kinds obliperative syndromes defined as
cancers. (5Extended circulation half-lifegoncomitant with grossly retarded elimination
through catabolic processes, serum protein bindiog, macrophage action. (6)
Continuous long-term effectiveneasth low probability of emerging drug resistance,

thus permitting ongoing treatment at sustained ¢k,

With the realization of pathological complexity cdncerous growths and the multitude
of hurdles a therapeutic agent has to overcomerdercto act incisively on site, to
eradicate a neoplastic lesion, it has become thedy at the current level of proficiency,
long-lasting remissions can be achieved by chemapeeitic means only for a very
selected number of cancers. More often, remissemasemporary, requiring additional
treatment modes. Success rates for modalities dimgbavasive growth are extremely
low, and therapies increasingly lack effectivenegson prolonged systemic drug

administration. The reasons are obvious: most @fatiticancer drugs in current clinical



administration lack the qualifying features listedthe foregoing, to a major or lesser
extent. Specifically, the drugs generally reachuiyntbw levels of bioavailability as they
possess polar or salt-like structures, lack cedcgjity, or are rapidly eliminated from
central circulation by a variety of depletion megisans. More crucially, they generally
cause severe toxic side-effects in addition to shgwa tendency to elicit single, or even
multiple, drug resistance in the affected cells. &sconsequence, the therapeutic
effectiveness of present-generation anticancertages remained unsatisfactorily low,
in spite of extensive research worldwide. A stdtthe art treatment of the topic is found

in a reference book published by the American ChahSociety®.

With recognition given to the therapeutic inadeges@ssociated with most currently
administered antitumor drugs, a special trend mgdresearch has been observed in
recent years which aims at the provision of phaokiaetic assistance to a given drug
system through attachment to macromolecular congguarcting as protecting transport
vehicles and drug delivery agents. This trend lessited in the development of drug-
containing liposomes, microencapsulations, and panicles as variably successful
delivery systems. One of the most promising macteowar drug release strategies
utilizes water-soluble, biodegradable polymers asiers of the medical agents. This
strategy has in recent years matured into a highigcessful tool of chemotherapy,
circumventing many of the problems associated i direct administration of the
original low-molecular-mass drugs. The polymer-dcogjugation concept, pioneered by
Chu and Whiteley” and significantly refined by Rigsddff, is based on a carrier model
comprising a linear polymer chain composed of sitbubearing water-solubilizing
groups, other subunits equipped with functionalugso suitable for reversible drug
binding (anchoring). Other subunits comprise a mgndevice, i.e. some molecular entity
capable of directing the conjugate molecular selelst to the target tissue. The
conjugate nearly always represents a prodrug frdnechwthe active agent is released in
the predestined biological environment (generalye tcytoplasmic lysosomes) by

hydrolysis or through enzymatic action.



Several excellent reviews are available in whiah fimdamental structural requirements
and performance criteria are discussed in d&aif. The most outstanding benefits to
derive from drug conjugation include the following:

(i) Even if inherently hydrophobic and insoluble in eratthe drug will be carried
immediately into the aqueous phase of the centrallation system or the
intraperitonal cavity. This will ensure rapid draistribution in the fluid
system.

(i) While in transit in the central circulation systethe polymer-bound drug will
experience temporary protection from enzymatic cttaserum protein
binding and other scavenging processes. This wald|to reduced renal
clearance and prolonged serum life-time with suligthy enhanced drug
bioavailability.

(iif) The polymer-drug conjugate will experienceitdated endocytotic cell entrance,
thus circumventing potential problems caused by drolarity or iconicity in
the normal process of membrane crossing, by passiftesion common to
nonpolymeric solutes. The mechanism is pinocytoti®ature and thus not
subject to the limitations imposed by the reticalaothelical system on
phagocytotically captured particles. Ideally, agsioe pinocytosis is utilized
by the conjugate for increased efficiency of tranation, and cationic
polymers are good examples of compounds so tramsidc Endocytotic cell
entrance may additionally assume unique importavitere drug resistance,
due to excessive P-glycoprotein-medicated efflimfrthe cytoplasm has
become an issue.

(iv) Enhanced drug affinity for the transformed (i.encerous) cell may be achieved
by incorporation of a homing group, e.g. certaigass or strongly cationic
functionalities, as well as, in the ultimately pmatf form, monoclonal
antibodies.

(v) Drastically reduced toxic side effects will resiutim the “anchored” nature of the
drug in the initial stage of administration, reding it to the desired

pharmacokinetic path and reducing the risk of aadation in healthy tissue.



(vi)Polymer conjugates, in common with macromoleculesgeneral, tend to
accumulate in solid tumors because of enhancedatumroral vascular
permeability, allowing for substantial leakage o polymeric molecules into
the tumor tissue. Whereas, in normal tissues, maalerules in intestinal
space are efficiently recovered by the lymphatistay, this lymphatic
clearance is grossly retarded in tumor tissue. #nsl represents a weighty
factor contributing to the tumoritropic charactéds of polymers. This
enhanced permeability and retention (EPR) effecso@ated with
macromolecules, renders drug administration mdieagious while reducing

systemic toxicity in other organs; see (v), above.

The water-soluble, intravenously administered cgafe will be constructed so as to: (i)
rapidly enter and dissipate in the agueous ceptralilation; while in transit, the drug
will be protected against premature renal cleardtiues reducing nephrotoxicity), serum
protein binding and capture by the reticuloendasthalystem (thus avoiding irreversible
inactivation); (ii) remain polymer-bond while inrculation (thus preventing drug serum
levels from exceeding the toxic level); (iii) underfacilitated (pinocytic) entry into the
cancerous target cell (thus overcoming problemshairge, polarity, or excessive drug
efflux, the last-named factor being a cause of dmegjstance); and (vi) accumulate
preferentially in tumor tissue because of vascuéakage and reduced lymphatic
clearance. The cited factor will combine to achieveeduction of toxicity and more
effective drug utilization. For proper functioning the biological environment, in
accordance with this proposal, the carrier polynwatisbe designed so as to (i) provide
and retain water solubility of the derived conjugatii) feature biocompatibility and
biodegradability, (iii) provide preferential attteon to the cancerous cell, and
(iv) possess drug-binding functionality capable drfig release in the cytoplasmic
environment. With the conjugation to a carrier pody so characterized, the drug
systems, even if inherently hydrophobic and insielu water, will smoothly and rapidly
enter (and be distributed in) the aqueous fluidesysand, while in transit, will benefit
from temporary protection against catabolic eliniora In addition, they are expected to

experience facilitated transcytotic epithelial barrcrossing and pinocytotic target cell



entry, thus overcoming problems in membrane pet@trand risk of drug rejection by

target tissues, having acquired drug resistance.
1.1.4. Drug delivery with carbon nanotubes

The search for new and effective drug delivery eyt is a fundamental issue of
continuous interest”). A drug delivery system is generally designed rpriove the
pharmacological and therapeutic profile of drug esale*?. A wide variety of delivery
systems are currently availabfé). The ability of functionalized carbon nanotube (f-
CNT) to penetrate into the cells, offers the patrdf using f-CNT as vehicles for the
delivery of small drug molecule$* *®. However, the use of f-CNT for the delivery
systems of small drug molecules able to carry onenore therapeutic agents with
recognition capacity, optical signal of imaging #nd specific targeting, is of
fundamental advantage, for example in the treatroérdancer and different types of
infectious diseases®. For this purpose a new strategy for the multfplectionalization
of CNT with different types of moleculé¥’ has been developed. A florescent probe for
tracking the cellular uptake of the material and amtibiotic moiety as the active
molecule were covalently linked to CNT where mwall carbon nanotubes (MWNT)

were functionalized with amphotericin B and fluareis.

The antibiotics linked to nanotubes was easilyrivakzed into mammalian cells without
toxic effects in comparison with the antibiotic ilbated alone. In addition, amphotericin
B bound to CNT preserved its high antifungal atyivagainst a broad range of
pathogens, includingCandida albicans, Cryptococcus neoformaiasid Candida

parapsilosi

In view of these results, f-CNTs represent a nanerging class of delivery systems for
the transport and translocation of drug molecuiés different types of mammalian cells.
Although these CNT conjugates displayed no cytaiokiin vitro, further development
will be important to assess their metabolism, lstrdution and clearance from body.



1.2. Problem statement

Cancer presents one of the most formidable heatihlgms worldwide. More than 10
million people are diagnosed with cancer every yddre world health organization
(WHO) estimated that there will be 12 million neases every year by 2030. Cancerous
diseases cause 6 million deaths every year, ald@#t of worldwide mortality. The
incidence and mortality rates of certain types ahaer have wide geographical
differences, which are attributed to racial, cwdturand especially environmental

influenced*®,

In South Africa, cancer is the second most comnawse of death in the white, coloured,
and Asian population, and the third most commorsean the black population grdtp.

On average, South Africa rates for certain maligiessuch as cervical, oesophageal,
and skin cancers rank among the highest world-w@#ecers of the lung and prostate
rate among the top six cancers with white and nbiteyand melanoma represents one
of top six cancers with white females. Other typésancer, including the various forms

of leukemia, although of lower incidence, are nbekiss a cause for serious concern.

The problem will be aggravated in the years to camseincreasing urbanization is
expected to create environmental and dietary cmditconducive to further initiation

and spread of cancers. It will be further compadhdy finding that cancerous
afflictions occur in approximately one-third of aflale and female adult breadwinners in
the age bracket of 15-54 years. A novel factor soming into play is the rapid spread of
AIDS; immunodepressed patients will be at spedisk to develop early cancerous
lesions, and virus-related cancers may well findigalarly suitable targets among such
patients??.

The available anticancer drugs have distinct mashan of action, which may vary in
their effects on different types of normal and @ncells. Chemotherapy constitutes an
important cancers treatment modality, alone or amjunction with other treatment

regimens. However, despite much progress in druggareh, complete cures by



chemotherapy are still the exception rather thanrthe. In general, remissions remain
incomplete or short-lived, especially whenever sdewmy cancers (metastases) have
developed or resistance phenomena emerged. Thequai® effectiveness of present-
day anticancer drugs can be traced to a combinafidactors, including poor solubility
in aqueous media, inefficacious membrane crossiugcall entry because of structural
charge or polarity, lack of cell specificity, shaerum half-life, and most critically,
excessive toxicity and a propensity for inductiodndoug resistance. For this reason,
cancer chemotherapy may consist of using severaisdm combination for varying

lengths of time.

1.3. Research questions

There are many modalities for cancer treatmenty Hne highly variable and dependent
on a number of factors such as the type, locatirmh aanount of disease and the health
status of the patient. The treatments are desi¢gmetirectly kill or remove the cancer
cells or to lead to their eventual death by depgvithem of signals needed for cell
division, or to stimulate the host immune systeterakilling or removal of these cells.
The four principal modalities utilized are surgemgdiation, chemotherapy, and
immunotherapy. Many questions have been asked emathmerapy, which is the impetus
of this study and will create awareness of some ti@vapies still in their infancy.
Chemotherapy, while representing a vital compowémancer treatment modalities, has
not yet fulfilled basic expectations. Cure rates ansatisfactory and relapses frequent for
reasons of limited therapeutic drug efficacy, aeémtal side effects, resistance problems
and pharmacological deficiencies.

1.4. Research hypothesis
Within the framework of macromolecular and carb@natubes drug research in the

Schools of Chemistry and Chemical Engineering ef thniversity of the Witwatersrand,

the present project represents a contribution nceadrug development.



It is the project’s primary objective, addressihg fproblem of inefficiency of drug, to

provide a vehicle for improved pharmacokineticimdition of anticancer agents. Various
strategies will be used to set the active drugodthe critical pharmacological obstacles
which render the clinical usefulness very inadegu#@mong various strategies, the
formation of bioreversible bond between a medicidalg and water-soluble and

biocompatible carriers (polymers and carbon naredpbrepresents an advanced
technology that is designed to avoid the critidapnacological obstacles which the drug
must clear for efficacious biological action. Thelymer-drug conjugate and carbon
nanotubes-drug conjugate resulting from the cadiag anchoring step, act as free-form

at the target site.

This will be accomplished through bioreversible jogation of selected anticancer drug
models with water-soluble macromolecular and furalized carbon nanotube carriers,
designed in accordance with specific biomedicalumegnents. Especially carbon
nanotubes will be used as platforms for multiple\@ization by loading their surface
with therapeutic agents (treatment), aiming to bedered fluorescent, magnetic, or
radionuclide probe (tracking), and active recognitisegments (targeting). The
conjugates will be constructed so as to act asrpgsd comprising the chosen drug
systems: folic acid and methotrexate (hereinaftebreviated to MTX). Following

facilitated pharmacokinetic pathways, the bioactiveg species will be released in the

transformed target cell by hydrolytic or enzymatiechanisms.

In the polymer Laboratory of school of chemistrythie University of Witwatersrand, the
concept of polymer-drug conjugation has been etlim numerous projects aiming at
increasing the therapeutic effectiveness of expamtal anticancer-active agents, and
preliminary biomedical screening results reflecghhito excellent activity of the
conjugates tested. The experience gained in theszeging projects is being used to
propel this project forward.
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1.5. Research objectives

The principal objective is to develop a class oticamcer agents with enhanced
therapeutic effectiveness. The proposed approatihbeiiinstrumental in fulfilling the
project’s specific aims, viz. (1) reduction of toxside effects and emerging resistance
problems; (2) widening of the agents’ activity dp@a and therapeutic window; (3)
increase in bioavailability through enhanced watelubility, serum residence time,
accumulation in the tumor tissue, and pinocytogtt entry; and, most importantly; (4)
development of combination drug conjugates for mdtie co-administration with

mainstream drug conjugates of MTX and folic acid.

1.6. Expected Contribution to Knowledge

1. In this project, a series of the novel drug systeits high carcinostatic activity
will be synthetically and analytically developedcastribution to the national and
worldwide cancer management programs.

2. This work will provide adequate information on tihevelopment of good vehicle
for improved pharmacokinetic utilization of antican agents.

3. This work will provide useful information from bicedical testing results. In vitro
screening tests will be performed in order to alldwe synthesis work to be
redirected as required for the attainment of optinnaogical activity.

4. Using two different methods, the first is the cagtion of selected anticancer
drug models with water-soluble macromolecular easti and the second is the
functionalized carbon nanotubes. This work will istssn finding the best

performing method.
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1.7. Terminology and definition

1.7.1. Deoxyribonucleic acid (DNA)

DNA is a nuclei acid that contains the geneticringions used in the development and
functioning of all known living organisms. The maile of DNA molecules is the long-
term storage of information and DNA is often conguato a set of blueprints, since it
contains the instructions needed to construct atberponents of cells, such as proteins
and RNA molecules. The DNA segments that carry geisetic information are called
genes, but other DNA sequences have structuralopasp or are involved in regulating

the use of this genetic information.

Chemically, DNA is a long polymer of simple unitalled nucleotides, with a backbone
made of sugars and phosphate groups joined bylester Attached to each sugar is one
of four types of molecules called bases. It isghguence of these four bases along the
backbone that encodes information. This informat®mread using the genetic code,
which specifies the sequence of the amino acidkinviproteins. The code is read by
copying stretches of DNA into the related nuclemdaRNA, in a process called
transcription. Most of these RNA molecules are usedynthesize proteins, but others
are used directly in structures such as ribosomdspgliceosomes.

Within cells, DNA is organized into structures eall chromosomes and the set of
chromosomes within a cell make up a genome. ThHesemsomes are duplicated before
cells divide, in a process called DNA replicati@ukaryotic organisms such as animals,
plants, and fungi store their DNA inside the celcleus, while in prokaryotes such as
bacteria it is found in the cell's cytoplasm. Witithe chromosomes, chromatin proteins
such as histones compact and organize DNA, whidpshsontrol its interactions with

other proteins and thereby control which genegrarescribed.

Ribonucleic acid or RNA as a nucleic acid polymensisting of nucleotide monomers,
plays several important roles in the processes tiaatlate genetic information from

DNA into protein product. Thus, RNA acts as a magee between DNA and the protein
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synthesis complexes known as ribosomes, forms paeions of ribosomes, and acts as

an essential carrier molecule for amino acids tade in protein synthesis.
1.7.2. Enzymes

Enzymes are proteins that catalyze (i.e. accelecitemical reactio?.In enzymatic
reactions, the molecules at the beginning of thecess are called substrates, and the
enzyme converts them into different molecules, ghaducts. Almost all processes in a
biological cell need enzymes in order to occurighificant rates. Since enzymes are
extremely selective for their substrates and spgednly a few reactions from among
many possibilities, the set of enzymes made in la determines which metabolic
pathways occur in that cell.

Enzyme activity can be affected by other moleculefibitors are molecules that
decrease enzyme activity; activators are moledhigsincrease activity. Many drugs and
poisons are enzyme inhibitors. Activity is alsoeafed by temperature, chemical
environment (e.g. pH), and the concentration ofsgabe. Some enzymes are used
commercially, for example, in the synthesis of laiotics. In addition, some household
products use enzymes to speed up biomedical reac(®.g. enzymes in biological
washing powders break down protein or fat stains ctwthes; enzymes in meat

tenderizers break down proteins, making the mesieeto chew}??.

1.7.3. Chemotherapy

Chemotherapy is given to eradicate and stop thgress of the expansion of secondary
tumors resulting from outstanding and untraceablecer cells that often reside in the

body after surgery.

During chemotherapy many anticancer agents and acti@mical entities aim to apply
immune-stimulating effects on the cancer patientisnune system. Chemical agents

impressing toxic effects on the cancerous cell tifi@ most part cause interference with
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the cell's replicative mechanism and therefore viittiacellular nucleic acid synthesis
and the ultimate role played by the nuclear DNAmitosis. Whenever the target tissue
consists of rapidly dividing cells, as is generdlhe case in a malignant system, the
effectiveness of the anticancer drugs is generaltiipugh not exclusively, at an optimal
level. Nevertheless, the human body disposes a eurab compartments in which
normal, i.e. healthy cells are required to repécaita high rate for the accomplishment of
their physiological role, e.g. the bone marrow, lthangs of the gut and the urinary tract.
It is, indeed, in these compartments where moshefsystemically acting anticancer
drugs exert their most undesirable toxic side ¢$feas the rapidly proliferating cells do
not provide sufficiently long-time intervals duringhich normal repair mechanism,

mediated by selective repair enzymes, can remasratipe®® 24

1.7.4. Antimetabolites

The antimetabolites, as structural analogs of a#ifuoccurring compounds, interfere
with the production of nucleic acids and work thgbiwa variety of mechanisms, including
competition for binding sites on enzymes and inooapon into nucleic acids.
Antimetabolites are divided into three categoriesitifolates, purine analogs and
pyrimidine antimetabolites. They then operate toibit the development of the most
rapidly proliferating cells in the body (e.g. bonearrow, gastrointestinal tract, etc.).
Antifolate antimetabolites: They produce both tist fstriking remissions in leukem{&’

and the first cure of solid tumor, choriocarcinoma.
1.7.4.1. Methotrexate

History of clinical useMetotrexate (Scheme 1.1), a folate antimetabeltaghesized five
decades ago, has been in clinical use for more 3bayears. It has a long history of use
in treatment of various immunologic diseases. M Bgdn as a drug for cancer treatment,
particularly childhood leukemia, in the early 19485 In the 1960s it was used for the
treatment of rheumatoid arthritis and psoriasis. tme mid-1980s ®” many

rheumatologists reported their experiences with M@ige in studies of rheumatoid
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arthritis. Guidelines for MTX use were developedanidress dosing, liver biopsy and
monitoring strategies, which were aimed at redutiregincidence of adverse effet4.
Currently, methotrexate is indicated for the treatinof acute lymphocytic leukemia
(ALL), as well as for rheumatoid arthritis and pgasrs. The drug has also been found
efficacious in treatment of other diseases, inclgdiasthma,

systemic lupus

erythematosus, Crohn’s disease, myositis, vasgualitd ectopic pregnanty *°)

Mode of action The passive diffusion of MTX through cell membean limited, due to
its hydrophilic nature. Indeed, MTX is highly palaand owing to this polarity, at the
nearly neutral pH of biological fluids, it is preganainly in the doubly anionic species
form. This leads to inhibition of cell penetratioks a consequence, only a small portion
of MTX successfully enters the intracellular spagepassive diffusion while the major
portion enters by carrier-mediated mechanism. Thm pharmacological target of action
of MTX is the competitive inhibition of dihydrofdle-reductase (DHFR), an intracellular
enzyme which reduces folic acid to tetrahydrofoletéactors, which are in turn key
intermediates in several important biochemical watfs. Among these are tde novo
biosynthesis of purines and of thymidylate. Mathewsl.®Y, using Raman spectra of
the MTX-DHFR complex, showed that the inhibitioncacs as result of ionic binding
between the N-1 of the pterin portion and the ereyhack of reduced folates, purines
and thymine in actively proliferating cells, such those of the tumors, leads to a
blockage of DNA and RNA synthesis, and eventuallgéll death.

NH, (]”s — ‘OOH (c1)
N._ LCH—N— ——C—{NH—
N ‘/a 5 N W ”
~ N ’l ' -
1 / ®
H,N N
COOH (v)
Pterin portion Benzoyl portion Glutamic acid portion

Scheme 1.1: Structure of Methotrexate (MTX)
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1.7.4.2. Folic acid

Folic acid, or pteroylglutamic acid, consists ofpgeridine that is linked to para-
aminobenzoic acid (PABA) and glutamic acid (Schdn®).

Physiological role As a pharmaceutical product, folic acid (FA) isvaamin, a
nutritional supplement, and a diagnostic aid iratfeldeficienc;}sz). Folic acid, referring
to the folate form, is a well-known water-solubliéamin of the B-complex. It is mainly
evolved from natural sources, but as it is avadainl small quantities in biological
material, worldwide efforts are focused on its depment and synthesis. The
pharmaceutical product is chemically synthesizedd ahe L-enantiomer is the
biologically active form. Folic acid is involved many metabolic mechanisms leading to
the synthesis of DNA and normal erythropoiesisintestinal cell, FA is mostly reduced
to tetrahydrofolate (kolate), the active form of this vitamin in a twtep reaction,
which is catalyzed by the enzyme folate reducthsebitors of this enzyme, like MTX,
act as antifolate. Scheme 1.3 depicts the fatelwf &cid in the biological environment.

O = SOOH ()
= N | ALCH——NH— 7y N ———C—"'NH"*‘/
jf\ l \j’ L - ({,}
H,N N gt

COOH (y)

Glutamic acid

Pteridine para-aminobenzoic acid
N : J

Pteroyl (pteroic acid)
Scheme 1.2: Structure of folic acid

Hsfolate functions as a coenzyme, a carrier of variagtivated one-carbon units in
metabolic reactions. Folic acid and vitamin,Bnetabolic pathways intersect at the
conversion of homocysteine to methionine. FA isoalsroven to be completely
ineffective®® against any type of cancerous disease. Howevsraiso known to impact
deeply on cancer development. Indeed, folate @afoyi appears to play a crucial role in

early cervical carcinogenesis by facilitating génemmodification at a fragile
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chromosomal sit€®. Folic acid plays a crucial role in DNA synthesigere it enables

cells to replicate normally.

Mechanism of intracellular uptakd-olic acid is transported into cells either thghua
receptor-mediated endocyto&i? facilitated by the folate receptor, or with thephef
carrier proteins, such as the reduced folate caf(R&C). The membrane-associated
folate receptor is known to be overexpressed orstinace of a variety of human tumor
cells, including cancers of the ovary, colon, kighaterus, tests, brain, lung, breast, and

myelocytic blood cells, while it is highly restréet in most normal tissu€¥).

Folate . Dihydrofolate
reduclase ‘ reductase (DHIFR)

NADPH+H ' NADP " NADPH 4+ NaDP
\ by
FA ! Dihydrofolic acid —————> I—L’M{-u_-—-—--»'I'etmh}fdl‘nﬁ)!i(.: acid
Methotrexate

Scheme 1.3: Two-step conversion of folic acid to ¢hactive tetrahydrofolate by the
enzyme folate reductase and its inhibition by methicexate

1.7.5.Toxicity of Carbon nanotubes

Generally, the harmful effects of nanoparticlesarirom the combination of various
factors, two of which are particularly importang) (the high surface area, and (b) the
intrinsic toxicity of the surfacE”. In contrast with conventional particles of largeean
diameter, nanoparticles under 100 nm can poteptilmore toxic to the lung (portal of
entry), can redistribute from their site of depiosit can escape from the normal
phagocytic defences and can modify the structurprofeins. Therefore, nanoparticles
can activate inflammatory and immunological resgsrnend may affect the normal tissue
function®®. CNTs, in the context of toxicology, can be clfiedias ‘nanoparticles’ due
to their nanoscale dimensions, therefore unexpettbeidological effects upon contact

with biological systems may be induced. The nanemstale dimensions of CNTs make
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guantities of milligrams possess a large numbarybndrical, fibre-like particles, with a
concurrent very high total surface area. This tetaface area will also depend on their
degree of bundling and aggregation of nanotubesoiation. Note that the intrinsic
toxicity of CNTs does not depend on the degreeusfase functionalization and the
different toxicity of functional groups. Batches pfistine CNTs (non-purified and/or
non-functionalized) readily after synthesis contiampurities such as amorphous carbon

and metallic nanoparticles (catalysts: Co, Fe,rii &o).

1.7.6. Biocompatibility of carbon nanotubes

Despite the evidence of CNTs cytotoxicity, thereéhalso been a number of published
studies into CNT-based biomaterials, which supploet biocompatibility of CNTs and

CNT-based materials. This section gives a detailsdussion of investigations into
interactions between CNT-based materials, neutmlls,c osteoblasts, fibroblasts,

antibodies and the immune system, ion channelsalhdar membranes.

Functionalization of CNTs has been used to addtresproblem of CNTs insolubility in
agueous media and, in many cases, has permitidddinf biologically active peptides
and medicinal drugs to the CNTs side-wdlt *© These properties have generated
interest in using CNTs as drug or vaccine delivegiiicles and to this end there have
been several studies conducted on CNTs functicatadiz with vaccine or drug

moleculed*" 42
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CHAPTER 2
LITERATURE REVIEW
2.1. Polymers as Drug carriers

The control of drug release in cancer through thewtic systems is more advanced in
modern pharmaceutical technolo§y ¥, Rising interest in this ground sorts out, on the
one hand from the often unsuccessful researchffiecteve and non-toxic new drugs, and
on the other hand from new knowledge of the biodbalmevents around and inside
tumor tissues. In fact, the active agent is spoaast the entire body and reaches not only
the target cells or tissues but also interacts vi#althy cells. This results in the
peripheral toxicities and low therapeutic efficignand prompts the search for novel
therapeutic strategies. The enhancement of drugedglsystems has been necessary,
including drug-antibody conjugates (immunoconjuggteonjugates obtained by linking
drugs to natural or synthetic polymers (macromdbcprodrugs)*> *® vesicular or
particulate systems (liposom&8, nanoparticle$’®, microparticles for regional therapy
“9) and polymeric implant$®®. Unfortunately some of these systems have often
disappointed early expectations. In the case of umononjugates, the inefficacy was
mainly due to the limited access of these relagin®yj molecules into tumor mass, the
heterogeneity of tumor cells and the different htahe@esponse among patierftd.
Therefore, a strong interest was developed in thtenpially promising systems, and
water-soluble carriers covalently linked to the girihrough a biodegradable spacer
constitute one of them.

2.1.1.Requirements for polymeric drug carrier
There are two types of polymers to be used as chlugers: the natural and the synthetic

macromolecules. They must operate by aiming to mepe their potential as polymeric

drug carriers by decreasing the toxicity, and (ocyeasing the therapeutic index of the
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anticancer drug. Therefore they must meet certaggquirements including

hydrosolubility, biodegradability, biocompatibilitgnd chemical compaosition.

2.1.1.1. Hydrosolubility

Water solubility is an important requirement foryadrug carrier, either polymer or
carbon nanotubes intended to be used in the bimaetield. This will demand the
polymer to be linear and highly flexible. Workingtlwthe polymer the entropy of the
solution will increase, and therefore favour thesdiution process and the presence of
intra-or extrachain hydrophilic entities such adimxyl- and amino-terminals. These
hydrophilic entities are of excellent utility asethare capable of undergoing effective
hydration. The ability to incorporate charged spsdnto the polymer also leads to its
hydrosolubility property. In addition, the applicat of poly(ethylene oxide) (PEO) in the
polymer therapeutic field rose in interest, owilogits numerous properties such as the
solubility in both agueous and organic media, eaechemical modification, and
biocompatibility®®* °® which are also imparted once PEO is incorporateda polymer.

2.1.1.2. Biodegradability

The candidate carrier must be sufficiently lardps will be important for the hindrance
of rapid excretion by kidneys observed with low swllar weight. The biodegradation
and resultant catabolic elimination following drugjease, will be possible through the
composition of the backbone comprising segmentsabile to hydrolytic and enzymatic
cleavage. Most biodegradable polymers are desitmddgrade as a result of hydrolysis
of the polymer chains into biologically acceptabland progressively smaller,

compounds. In some cases—as, for example, polgkstipolyglycolides, and their

copolymers—the polymers will eventually break dotenlactic acid and glycolic acid,

enter the Kreb's cycle, and be further broken davwo carbon dioxide and water and
excreted through normal processes. Degradationtakayplace through bulk hydrolysis,
in which the polymer degrades in a fairly unifornrammer throughout the matrix. For

some degradable polymers, most notably the polydmigs and polyorthoesters, the
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degradation occurs only at the surface of the pelymesulting in a release rate that is
proportional to the surface area of the drug dejisystent>?.

In order to increase the biodegradability of a padyic carbon backbone, the equipment
of the latter with peptide, saccharide or nuclemtgbquences is required, as they are
recognized and biodegraded by numerous enzymesnpriesthe lysosomal compartment

of the cell.

All of the previously described systems are basegaymers that do not change their
chemical structure beyond what occurs during snglliHowever, a great deal of
attention and research effort are being concewtrate biodegradable polymers. These
materials degrade within the body as a result @imaabiological processes, eliminating
the need to remove a drug delivery system aftevassl of the active agent has been

completed.

2.1.1.3. Biocompatibility

The polymeric backbone must be non-toxic, non-imog&mic, and non-thrombogenic in
order to avoid any carrier-generated toxic, immwamog, and blood-clotting side effects.
When these requirements are unsuccessful it vslilten premature destruction of the
carrier through attack by the host defense systevhs;h renders the drug delivery
system ineffective. PEO is found to be a promoteretl fusion and hydratioff> as well

as a chemical entity for reducing or controllinge tlantigenicity of immunogenic
proteins®®. An earlier review articlé®” stressed the conjugation of PEO to protein or
liposome as an important tool for reducing the &twonings encountered in using these
therapeutic agents, namely the degradation by @sdie enzymes, thermal instability,
and immunogenicity. More recently it has been regabrthat the presence of PEO
segments in polyelectrolyte causes complexatioh pldsmids, reducing the side effects
and increases the lifetime of these complexesvia %' 9.
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2.1.1.4. Chemical composition

The carrier macromolecule must comprise reactivetfanal groups suitable for drug
anchoring and release. The separation of thesepgrehould be completed from the
principal chain by short side chains or spacere presence of spacers will serve to
diminish the steric inaccessibility due to the mogric backbone. By their nature, the
spacers should be stable in the bloodstr&&hbut susceptible to either enzymatically
catalyzed or pH-dependent hydrolysis in the lysaonompartment®. Polymeric
carrier should equally develop the aptitude toriiended for predetermined cell types.
This will be achieved by the incorporation of tamgg moieties such as cationic
functions and antibodi€§?. The presence of cationic function, includingigest amino
groups, is required in the carrier backbone as whiisfacilitate adsorptive pinocytotic
cell entry®® and therefore prevent problems related to poteictimicity or polarity of
the monomeric drug, and on the other hand, incrdasg selectivity for the transformed
cell, given that many types of cancer are chareg@rby negative surface charge. Also,
the macromolecular carrier should incorporate aerposition between the spacer-
bearing units, of subunits lacking drug-bindingliéibs along the principal chain. This

will prevent multifunctional drug binding by redag spacer density in the molecule.
2.1.2. Natural polymers as drug carriers

The preparation of natural polymers may be resiitty the need for several purification
steps, and their use is limited by their high imagenicity. Nevertheless they have the
advantage of easy availability and biocompatihilMany of them have been identified
and have been used as possible drug or possesiiasic anticancer activity. It has been
noticed that albumin, bovine serum albumin (BSA)ijtins, and dextran have been
successfully conjugated to doxorubiéifi °and mitomycind®®, respectively. In general,
these polymers being biodegradable owing to thaiunal origin, they will be excreted
from the bloodstream by natural catabolic mechaniSevertheless, their use as drug
carriers is often limited. Indeed, the substitutioh natural macromolecules with

covalently linked low-molecular-weight drug moleesil generally results in the
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hampering of the host’s ability to enzymaticallygcede the polymeric carrier effectively
®” The loss of biodegradation ability into easilymehated fragments causes the
resistance of elimination from the body. The adstmition of natural macromolecules
has been inefficacious due to the main problem sagtshort intravascular half-life,
immunogenicity, and sometimes poor solubffif}; In order to dramatically increase their

therapeutic effectiveness, their modification vgjfmthetic macromolecules is needed.
2.1.3. Synthetic polymers as drug carriers

The synthetic polymers operating as drug carriengstnrespond to the general
requirement to be fulfilled by any polymer in anteatpt to serve in biological
environment (section 1.7.1.1), especially theiirentnolecular-weight distribution must
be under the kidney threshold (30 000-50 000 KDhdy are not biodegradable. This
will have the advantage of minimizing storage. Radyic drug delivery systems are
attractive as a means of effectively controllinggliconcentration and targeting specific
regions in the body. Until recently, most polymersestigated for drug-delivery
applications were either linear (nonbranched) osslinked (highly branched in nature).
Current advances in polymers with highly branched aefined architectures have
opened new opportunities for developments withie thrug-delivery field. These
polymers are frequently referred to as being hyerthed or dendritic to emphasize the
role of branching in the polymer architecture. Aiety of intriguing systems are being
explored that exploit the potential of hyperbrartip@lymers for use as drug-delivery

agent$®?.

Controlled drug delivery occurs when a polymer, thke natural or synthetic, is
judiciously combined with a drug or other activeeagin such a way that the active agent
is released from the material in a predesigned eranthe release of the active agent
may be constant over a long period, it may be cyalier a long period, or it may be
triggered by the environment or other external &veim any case, the purpose behind
controlling the drug delivery is to achieve moréefive therapies while eliminating the

potential for both under- and overdosing. Otheraatigges of using controlled-delivery
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systems can include the maintenance of drug leviéhen a desired range, the need for
fewer administrations, optimal use of the drug inesfion, and increased patient
compliance. While these advantages can be signtficdne potential disadvantages
cannot be ignored: the possible toxicity or nonbrapatibility of the materials used,
undesirable by-products of degradation, any surgequired to implant or remove the
system, the chance of patient discomfort from tbkévdry device, and the higher cost of

controlled-release systems compared with traditipharmaceutical formulations.

Note that the synthetic polymers are categorizesbraling to the chemical nature (e.g.
polysaccharides, vinylic, acrylic polymers, polyfam acids), etc.), the stability of the
backbone, and the molecular weight. More intereas weveloped in the use of the
synthetic polymers as drug carriers since Rigsti8tproposed his model of water-
soluble macromolecule prodrugs in the mid-Seventieshe following text it has been
found out whether, and to what extent, these puesdgs are met in the structural
compositions of the three selected carrier typgsh@a,p-DL-polyaspartamides, (2) the
poly(amidoamines), and (3) the 2-hydroxypropyl-naetlylate polymers (HPMA). In

addition, polyamides obtained by polycondensatimt@sses will cursorily be discussed

because of their sporadic use as carriers.
2.1.3.1.a,p-DL-polyaspartamides

This carrier type has been exalted into recognitddnpolymer research some three
decades agd’ " It can be synthetically prepared by high-tempertcondensation
polymerization of DL-aspartic acid in orthophosphoacid medium, leading to a

polysuccinimide intermediate (Scheme 2.1).

S — HLPO, (85%) g
/L _O11 : — ™N—— =
210 - 180 °C =
Y N
w4
] e O x
DI -aspartic acid Poly-DI.-succinimide

Scheme 2.1: Synthesis of polysuccinimide (PSI)
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In the following polymer-homologous reactions shiyaperformed in a dipolar aprotic
solvent such as N,N-dimethylformamide, the interiagd polysuccinimide is treated
sequentially with amine nucleophiles (MR;, NH.-Ry); occasionally a third amine,
NH,-R3, may be employed in this operation, wherebydaming opening gives rise to
the generation of the ultimate polyaspartamifiés™ These linear polyamides are
composed of randomly distributed aspartamide repamits bearing N-attached
substituents (R Ry, etc.) as introduced by the amine nucleophilessehoScheme 2.2
depicts this sequence of ring opening stéps

Note that here and in subsequent polyaspartamigegentations, only the-peptidic
forms are shown for convenience, although the ismnfieforms, with two carbon atoms
(rather than one only) separating —CO and NH-atse present.

The structural arrangement in scheme 2.2 was madalistituting a solubilizing entitg
for NH-R;, a homing devicéd for NH-R,, and a drug-binding functional group for
NH-Rs3(Scheme 2.3).

It should certainly result from the thorough dissios in the previous structure-function
relationships that polyaspartamides complying whils schematic representation will be
able to provide an excellent “workhorse” servicalmg conjugation studies. Purposely,
the following hold (Schema 2.3): (i) The vital pequisite of water solubility will be
afforded by the numerous freely rotating aliphatigin-chain bonds and, in particular, by
the extrachainS units chosen so as to contain tert-amine, hydrory| perhaps,
oligo(ethylene oxide) groug&®. These functionalities will be prone to equatitvat is,
hydrogen bond formation with the aqueous solvamd/@ protonation with generation of
cationic sites. (ii) Steric accessibility of thechnring siteF is optimized by insertion of a
suitably long (say, 8-10 atomic constituents) daiph spacer link between F and
backbone, thus reducing any steric hindrance patBnprovided by the main chain
proper. (iii) The chain construction has been reedeontoxic through use of aspartic
acid as the principal molecular backbone source). {ihe chain is biodegradable
hydrolytically at the CO-NH link for catabolic fragent elimination through the globular
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system of the kidneys upon drug release. A vitabxigcation process in light of the fact
that, as mentioned before, large nondegradable amexdecules, such as vinyl-type
polymers and other carbochain macromolecules diyorggist excretion and tend to
induce toxicity. Such backbone degradation mustlbe and controlled, however, so as
to ensure stability during serum exposure, yet mragtation in the endosomal
compartment. In the polyaspartamide structure,etteditions are ideally met: in the
serum environment (pH~7.5) only minimal hydrolyti©dNH bond fission is observed,
whereas in the endosomal space (pH~5) such fragtien{&oceeds as expected, albeit
slowly. The superimposition on hydrolytic bond fssis the process of enzymatic bond
breaking effective both at main-chain NHCO sited,dn a variable extent, also at drug-
binding links. Whereas natural polypeptides arenprio rapid degradation (unzipping) as
a consequence afpeptidase activity in the serum, such unzippingrassly impeded by
the presence of D-configured CH groups fiqeeptide units in the chain that are inert to

a-peptidase attack”.

1L NH;~R,
- 2 NH;—Rg
3 HHi"Ra Q\E:‘
‘L[i;‘k+y+z DHFD-SH C {‘ D;}; Tﬁ :l’_"nj; h‘:j\
Scheme 2.2: Amide ring opening process for polgpartamide
5 H

Scheme 2.3: Substitution of a solubilizing entity Sa homing device H and a drug-
binding functional group F to polyaspartamide

F

2.1.3.2. Polyamidoamides

Poly(amidoamines) (PAAs) belong to the family ofymoers characterized by the regular
arrangement of amido groups and secondary (or/amdary) amines along the
macromolecular chain. Pioneered by Ferfiftj they are synthesized by polyaddition of
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primary monoamines or bis(secondary amines) tcchytemides. Since they bind tightly
to heparin, PAAs were introduced in biomedical agion; initially as a heparin-
adsorbing surface for medical devices (heparineethe device non-thrombogeni©).
PAAs were later proposed as particularly promiginggand DNA®® delivery carriers
owing to their water solubility, biodegradabililf’, conformation-changing ability with
changing pH®?, and potentially low cytotoxicity compared withhet synthetic
polymers, e.g. poly-L-lysine. Furthermore, PAAs atso known to possess structure-
cytotoxicity relatioships. They have both aminidamidic sites in their backbones, and
the polymers prepared are generally selected mrpocate several different variables to
reinforce the aforementioned physicochemical prisggrUsing the pKa values different
PAAs, Ferrutf® demonstrated the basicity of aminic nitrogen atarhsach repeating
unit to be independent of the degree of protonabibthe whole macromolecule. Thus,
the main influence on polymer basicity is goverri®dthe aminic moiety; therefore
several different monoamines were incorporated. Thwpose of monoamine
incorporation was to ensure firstly, higher bagicas the mechanism of macromolecule
cell entry, endocytosis, exposes the monoaminéitolanges, from pH 7.4 extracellular
to pH 5.5-6.5 within the endosomal-lysosomal sysfémand secondly, increased water
solubility. More recent review article from Ferratilaboratory cover the synthesis of
primary amine-functionalized PAA&®, the biomedical application€® and the

correlation between physicochemical and biologicaperties®”.
2.1.4. Polymer-drug conjugation

The drug systems investigated in this project hdwsen the conjugation of
copolyaspartamides as polymeric carribysvarying the molecule rate of solubilizing
group and anchoring drug respectively. Thus, thgugmtion is achieved by formation of
either ester or amide biocleavage bond. Since Faiid and methotrexate represent the
same chemical property, the investigation made aynpers-bound folic acid camsult

to the conclusion of polymers-bound methotrexate.

27



2.1.4.1. Polymer-MTX conjugation

Aiming to improve its therapeutic index, includitite site-specific targeting or proving
controlled release, MTX has been conjugated todiyopers like mono-and polyclonal
antibodies ® 8 serum albumins®® Y neoglycoproteins®?, chitosan ®®. The
conjugation of MTX to synthetic polymers has beatessively reported® %) These
reports include investigation from this laboratohydeed, following Ringsdorf’s model
of macromolecular prodrugs, MTX was conjugated widltious polymeric carriers. In
earlier project ®® polyaspartamides were conjugated with MTX througthers
containing an ester group as the biofissionable, sind in recent study” series of
related conjugates were prepared with biocleavagleoxamide links in the connecting

spacer.
2.1.4.2. Polymer-folic acid anchoring

The potential use of cellular nutrients for macrdéecalar and colloidal particle uptake is
appealing, since receptor-mediated endocytosis iseltular process designed for
transporting critical molecules across the plasmembrane into the cytoplasfi.
Rapidly-dividing cells express high affinities ffwlic acid because folate is an essential
factor in purine, nucleotide, and DNA synthesisnéte the possibility of utilizing this
pathway for promoting folate-linked molecules orll@odal particles to enter
gastrointestinal (Gl) epithelia. By virtue of itbikty to be taken up by folate receptor
overexpressed on certain tumor cells, folic acid Ih&en widely investigated as a
targeting molecule for active anticancer drug delyv Proper synthesis procedures have
been pointed out to link folic acid to drug carsigo produce targeting drug delivery
systems. The folic acid molecule possesses twooggrbgroups, termedr-and y-
carboxyl group, which can act as handles for conadgtachment. However, according to
literature, there is a stronger affinity of folatavard its receptor, when linked via the

carboxyl derivatives are not readily recogniZet
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Folate-induced receptor-mediated endocytosis has bgtensively exploited to facilitate
entry of anchoring drug§°, antibodies™®", imaging agents®® liposomes®®® or
macromolecules'® and proteins into cells. Folate-conjugated prstepresent the
advantages of conceivably contacting and bindingaltocells in a culture medium
simultaneously. This avoids a natural vitamin entlogis pathway. Unlike hormone- or
virus-mediated endocytosis, folate uptake occumlidividing cells, at reasonable rates,

and folate is deposited into cytosolic rather thywesmmal compartment$>.
2.2. Carbon nanotubes as Drug carriers

Nanotechnology is expected to influence all curredtstries including semiconductors,
manufacturing and biotechnology, and it may alseats several new ones. Major
challenges remain, before to take these opporésnito the realization. Some of
opportunities include the ability to assemble, eltarize and manipulate materials at the
nanoscale level. Nanomedicine is an area with qdati promise and may inspire the
construction of nanostructured carriers for thegdted delivery of small-molecule
‘passengers’ to a desired area. Nanosized delixamicles may also offer better or more
efficient use of an active molecule (i.e. drugstigams, proteins, enzymes and nucleic
acids) by controlling release rates, by protectirigpm unwanted metabolic processes or
through targeted delivery processes that can resideceffects. A drug delivery system
is usually designed to improve the pharmacologiaatl therapeutic properties of
conventional drugs and to overcome problems suchliraged solubility, poor
distribution, lack of selectivity and tissue dama@ell membranes act as barriers and
allow only certain structures with the right hydndeity to hydrophobicity ratio to pass.
Among the currently available delivery systems, alihinclude liposomes, emulsions,
polymers and microparticle§°®, carbon nanotubes (CNTs) have recently gained
popularity as potential drug carriers of therapeatients and diagnostic to&1&”. They
have nanoscale dimensions, and can be modifieddhroovalent bonding of functional
organic molecules. CNTs have been shown to pepedagily through cell membranes,

have been proposed as components for DNA and protesensors, ion channel blockers
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and as bioseparators and biocatal{8 CNTs have also been used as platforms to

detect antibodies associated with human auto-imndiseases.
2.2.1. Carbon nanotubes

Carbon nanotubes (CNTSs) are interesting new maedatms of carbon in the fullerene
family, discovered by lijima'°®. Due to unique electronic and mechanical propeuie
CNTs™9 and also their resistance to acid/basic m&dtathey have attracted a special
attention.

CNTs can be imaginatively produced by rolling ugsiagle layer of graphene sheet
(single-walled CNTs; SWNTS}'# **3) or by rolling up many layers to form concentric
cylinders (multi-walled CNTs; MWNTs'%. As-produduced CNTs, both SWNTs and
MWNTSs, are commercially available, with differerdtdils and degrees of purity. Pristine
CNTs are completely insoluble in all solvents, whibas generated some health
concerns; consequently, their biological propert@® being studied in terms of
toxicity “*®. The development of efficient methodologies fae tthemical modification

of CNTs has stimulated the preparation of solub\I€that can be employed in several
biological applications, among which drug delivegppears to be particularly

promising**6: 117 118, 119)

However, the hydrophobic and inert nature of thdase of as-prepared nanotubes is
unfavorable for these applicatioH8”. In order to improve the interaction of CNTs and
foreign molecules it is necessary to modify thdae of the nanotubes. This manner of

modifying the surface of nanotubes results in tireefionalization of carbon nanotubes.

2.2.1.1. Synthesis of Carbon nanotubes (CNTs) by €mical Vapor deposition
(CVD)

Chemical Vapor Deposition (CVD) is a versatile teigue often used in the

semiconductor industry for deposition of materiats various substrates. In the CVD
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process, a gas or vapor precursor is transformedswiids, such as thin films, powders,
or various structured materials, inside a reac@temical vapor deposition has also been
used for many years to produce carbon fibers, Blatisy and tubular carbon materials.
Recently, CVD has been used to synthesize a vaoétyanostructured materials,
including carbon nanotubes and nanowires compo$adrmus materials, as well as
graphene and thin films. It is an inherently scedahethod, providing an important path

from research to production.

The development of the Chemical Vapor DepositioWIE method used to produce
carbon nanotubes, has enabled the synthesis ofguiglity carbon nanotubes that grow
in specified locations and with greater purity. l@ar nanotubes can be grown by CVD
directly onto substrates or onto bulk-supportedlgats. The process typically consists of
flowing a carbon feedstock, over a catalyst-covesdustrate at elevated temperature; the
feedstock molecules decompose upon the catalyktasiag their carbon to form

nanotubes. Advantages of using the CVD processdnostructure synthesis include:
2.2.1.2. Comparison of CVD to Other Methods Used tblake Nanotubes

A CVD

Chemical vapor deposition (CVD) has been foundrtwviple a number of benefits over
other nanostructure synthesis methods. Nanotubes oatained at relatively low

temperatures with high quality and purity. The cangpively simple process can provide
nanotubes of long length and controllable diame@atalyst deposition on substrates
allows for formation of novel structures. In adaditj the CVD method is scalable to

industrial production levef&?Y),

B Arc Discharge
In the arc discharge method, nanotubes are fousdohproduced in arc discharge with
catalytic metals (e.g. Fe, Ni, Co). Two graphitdsoseparated by a few millimeters, are

connected to a power supply. At 100A, carbon vagsrand forms hot plasrité?.

31



Unlike CVD, in arc discharge, it is generally diffit to control the location and
alignment of nanotubes. The resultant nanotubepraduced in small quantities, often
short with random sizes and orientations, and #&lpictangled, making some
applications difficult. The method requires evapiora of carbon atoms from solid

targets at very high temperatures and the prodyestsrally require purificatioft®>.

C. HiPco (High Pressure Carbon Monoxide Conversion)
In the HiPco method, high pressure carbon monofd®) is heated with a volatile
catalyst precursor (e.g. Fe(GPat high temperature. The SWNT form in the gasspha

and are removed by filter from flowing, recircutagiCO*?%).

Unlike CVD, the HiPco method requires pressurizadbon monoxide, very high process

temperatures, and a metal catalyst that is difficutemove at the end of a proc&$s.

D. Laser Ablation or Vaporization
In the laser ablation method, nanotubes are pratioggulsed YAG laser ablation of a
graphite target in a furnace at temperatures n2@0°LC. The target is hit with intense

laser pulses, generating carbon gas from whichhéinetubes are formétf®.

Unlike CVD, in the laser ablation method, it isfiifilt to control the location and
alignment of the nanotubes produced. Small quastitif nanotubes result from this
process and they are generally tangled, making sppbcations difficult. The method
also requires evaporation of carbon atoms from dsdiargets at very high

temperature§?".

2.2.2. Functionalization of Carbon nanotubes for lmlogical applications

As produced, raw carbon nanotubes have highly Iphbbic surfaces, and are not
soluble in aqueous solutions. To overcome the probbf poor processabilty, the
functionalization and solubilization of CNTs haweceived much recent attention. For
biomedical applications, surface chemistry or fiorlization is required to solubilize
CNTs, and to render biocompatibility and low toggciThe functionalization generates

functional groups at the surfaces of CNTs. Thesetfanal groups could react with other
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chemicals, prepolymers and polymers, and give tasea homogeneous dispersion or
solubilization of CNTs. Surface functionalizatiohoarbon nanotubes may be covalent or
noncovalent. Chemical reactions form bonds on nd@tsidewalls resulting into
covalent functionalization, while noncovalent funoglization exploits favorable
interactions between the hydrophobic domain of mplaphilic molecule and the CNT

surface, affording aqueous nanotubes wrapped ligctant.

Thus chemical functionalization plays an essentig in tailoring the properties and
application versatility of CNTs. The requirement tisat the functionalized carbon
nanotubes have to exhibit: - high propensity, <brapatibility, -solubility, - excretion, -

little toxicity.
2.2.2.1. Covalent functionalization of carbon nanathes

The covalent functionalization of CNTs is the aleive and extremely promising
approach for applications in fields such as thdtuattional and composite materials and
that of biology. According to the location of thenttional groups, two main strategies
are used to covalently functionalize CNTs with badetules: (i) defect functionalization,

and (i) sidewall functionalizatiot®® 29

A. Defect functionalization

Various covalent reactions have been developedutstibnalize carbon nanotubes,
oxidation being one of the most common. CNT oxmlatis carried out with oxidizing
agents such as nitric acdtf® *** During the process, carboxyl groups are formetthet
ends of tubes as well as at the defects on thevaltte Zeng et al. observed®sgarbon

atoms on SWNTs after oxidation and further covatemjugation with amino acid&?.

(133 potassium

Permanganate is a well known oxidizer in organicencistry
permanganate has been used as the oxidant in #menme of sulfuric acid to
functionalize CNTS%, It is also used along with a phase transfer gst&*®. Other

oxidants used to functionalize CNTs are concerdrateic acid**® **”and concentrated
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sulfuric acid as the oxidaft®. This procedure of functionalization of CNTs geates
mainly the —OH and —COOH functional groups, morslgat the caps than at the walls.
By utilization of such functional groups, it is pise to attach CNTs to various
polymeric agents and then to make them solublegardc solvent§3® 140)

Chemical treatments, such as strong oxidizing awigtures of HNQ/H,SO, under
sonication, modify CNT surfaces with anchor groupsluding carboxylic, carbonyl and
hydroxyl functions, eventually used to covalentlpnnect molecules to the tubes
(Scheme 2.4). The carboxylic acid groups are alenmost common choice to connect
the CNTs with the amino-terminated sites presenthenbiomolecules. Before covalent
modification, the carboxylic acids are often adieh by thionyl or oxalyl chloride,
carbodiimides or active esters, to get highly readntermediate groups, to link different
types of biomolecules to CNTSs via stable covalanids. The carboxyl groups of CNTs
were activated, for example, in the presence ofytiktxysuccinimide and carbodiimide.
This can facilitate the conjugation of peptide miclacid (PNA, an uncharged DNA
analogue) to the end of CNTs via a stable amidelbBNAs were then hybridized with
complementary DNA sequences, showing the possilmfitrecognition-based assembly
and the potential use as biological sensors. Simikthods based on the amide linkage
were used to immobilize DNA*Y. In this research the carboxyl groups of CNTs were
activated in the presence of 2-(1H-benzotrial-1yl),3,3-tetramethylurium
hexafluorophosphate (HBTU). They showed that agsemlubility can be assured by a

covalent attachment of hydrophilic moieties.

Scheme 2.4: f-CNTs with Sulphuric acid and Nitric aid
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B. Sidewall Functionalization

This type of covalent functionalization is basedtba addition reactions to CNTs. By
exploiting the chemistry of fullerenes, 1,3-dipotaycloaddition of azomethine ylides,
aryl diazonium salt addition or reductive alkylatiasing lithium and alkyl halides have
been successfully employed to CN¥*§ 143 144. 145, 1465 chy direct sidewall modification
of CNTs permits the incorporation of different ftiooal groups on the nanotube which
could be further derivatizét?”. The covalent bond presents the advantage of learg
robust during manipulation and processing in comsparto the noncovalent dispersion.
Nevertheless, both covalent and noncovalent funativation of CNTs have been

exploited for application of such materials in fledd of drug delivery.
2.2.2.2. Noncovalent functionalization of carbon n@otubes

Compare to covalent functionalization, noncovalgmictionalization of CNTs can be
modified with amphiphilic surfactant molecules alymners. The noncovalent dispersion
of CNTs in a solution allows preservation of thamomatic structure and thus their
electronic characteristics. The dispersion procesiursually involving ultrasonication,
centrifugation and filtration are quick and easinc® the chemical structure of the
network of carbon nanotubes is not disrupted, extmpshortening of length due to the
sonication employed in the functionalization pra;dbe physical properties of CNTs are
essentially preserved by the noncovalent apprddgticophobic or-n interactions often
evoked as likely responsible for noncovalent sizdilon. Consequently, aqueous
solution of CNTSs, especially SWNTs, engineered byaovalent functionalization are
promising for multiple biomedical applications, limding imaging.

An ideal noncovalent functionalization coating ofNT3 for biological applications

should have the following characteristics. Firdte tcoating molecules should be
biocompatible and non-toxic. Second, the coatingukhbe sufficiently stable to resist
detachment from the nanotubes surface in biologstdilitions, especially in serum
having high salt and protein contents. The amphglkbating molecules should have
very low critical micelle concentrations (CMC) velso that the nanotubes coating is

stable, after removal of most of the excess coatnugecules from CNT suspension.
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Lastly, the coating molecules should have funciiagraups which are available for
bioconjugation with antibodies or other moleculescteate various functional CNT
conjugates for different biological applicationshel polyaromatic graphitic surface of
carbon nanotube is accessible to the binding ahatic molecules via-n stacking™*®
149 Chen et al. showed that proteins can be immobilere SWNTs by an amine-reactive
pyrene derivative®® Wu et al. also used pyrene conjugated glycoderatsinto

solubilize carbon nonotub&s?

Nowadays, three classes of molecules are mainlg feeCNTs dispersion. Surfactants
are used because they are easily available andcdstv-Polymers and biopolymers

(nucleic acids and peptides) are also very effiaethe dispersion process.

A. Surfactants

A series of anionic, cationic and nonionic surfattahave been proposed to disperse
nanotubes. Sodium dodecyl sulfate (SDS) and TixetDO were used to obtain CNTs
suspensions up to 0.1 and 0.5 mg/mL, respecti&®y However, the stability of this
suspension was not longer than one week. A betseldtrwas obtained by using sodium
dodecyl-benzene sulfonate (SDBS), which was ablerd@ide stability over one month
reaching 10 mg/mL concentration of the suspengibe. combination of-n interactions

of aromatic moieties between CNTs and SDBS andahe lipid chains of the SDBS
increases the stability of the complex. Atomic &oricroscopy (AFM) and electronic
transmission microscopy (TEM) studies of SDS/CNi&pérsions showed that CNT are

mainly present as individual tubes uniformly covkeby the surfactart®®.

Various amphiphiles have been used to suspend rcardaotubes in aqueous solutions,
with hydrophobic domains attached to the nanotuifase via van der Waals forces and

(1549 carbon nanotube

hydrophobic effects, and polar heads for water sbiy
solubilized by those amphiphiles with relativelyghi critical micelle concentrations

(CMCQC), are typically unstable without an excesswiffactant molecules in the solution.
Large amounts of surfactants may lyse cell memlsraamel denature proteins, and are

therefore not useful in biological environments.
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B. Polymers

Polymers are widely used, for example as moleaadaiers for drug deliver§®®. In the
solubilization of CNTs they represent a good akéxe to surfactants, although they do
not have a better dispersion efficieﬁjc%?). The mechanism of dispersion is based in this
case on wrapping of the polymer around the tubis. golymer wraps around ropes of
nanotubes (Figure 2.1). The driving force of themdmenon is likely to be the steric
repulsion of the polymer. Once the polymer is dtéacto the surface of the nanotubes, it
offers a sufficient repulsive potential stabilizinge dispersion™”. In the case of
nonionic polymers, based on poly(oxyethylene) cepears, the efficiency of the
dispersion is instead due to their hydrophilic degpart. For particularly high molecular
weight polymers, the suspendability is enhancetth@steric stabilization is increased by
a wider coverage of the surface. In a similar appiho CNTs were dispersed by using
cationic copolymer$'®®. The nanotubes were covered by the hydrophobikbuae of
the polymer while the positive tetraalkylammoninogps were exposed at the surface to
display water solubility. These types of fluoredgeolymers have also been employed to
study the interaction with mammalian cells. Polg@pyrrolidone) was conjugated with
various fluorescent dyes. CNTs were suspended in SID& and mixed with the
florescent polymers to form supramolecular comptexehich were found to have
potential applications as new molecular proﬁé@. With respect to have a polymer
which can easily present a peptide group after iogerng process by different amines,
polysuccinimide has been chosen in this researcpofsner coating of the carbon

nanotubes for noncovalent functionalization.

Figure 2.1: Coating of CNTs with polymer
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C. Biopolymers

The solubilization of CNTs with biological compongns certainly more appropriate
towards integration of this new type of materialthwliving systems. Self-assembly
processes similar te-r interactions typical of double-stranded DNA candxploited,
for example to disperse the nanotubes. Nucleicsaar@ certainly ideal candidates to
form supramolecular complexes basedtestacking between the aromatic bases and the
CNTs surface. Indeed, Zeng et % **Y have described an easy way to solubilize
carbon nanotubes by simple sonication in the presesf a single-strand DNA. A
molecular modeling study was perfomed to explaa fidrmation of the hybrids exerted
by DNA wrapping and subsequent CNTs debundling. DiNA-nanotube complexes
displayed solubility in the range of mg/ml, and ithgood stability permitted the
purification using ion-exchange chromatography. Aippilic peptides belong to another
class of biopolymers that efficiently disperse CNff8. The presence of amino acids like
tryptophan, phenylalanine, tyrosine and histidimi® ipeptide sequence plays a key role
on the solubilization process in water. These pegticould be selected from phase-
display peptide librarieS®® or by desigr'®* 1°) The design of highly specific peptides
to wrap around the nanotubes represent an integestay to assure solubility and may
even provide a useful tool for size-separation. écently, cyclic peptides were also

proven to have similar capabiliti€&®.
2.2.3. Application of CNTs in drug delivery
2.2.3.1. Peptide delivery by CNTs

The application of CNTs has been investigated asplae for presenting bioactive
peptides to the immune systétf’. For this purpose, a B-cell epitope of foot-andutho
disease virus (FMDV) was covalently attached to dh@ne groups present on CNTSs,
using a bifunctonal linker. The peptides around ®BNTs adopt the appropriate
secondary structure for recognition by specific n@anal and polyclonal antibodies.
The immunogenic features of peptide-CNTs conjugatese subsequently assessed in

vivo 8 Immunization of mice with FMDV peptide-nanotubenjugates elicited high

38



antibody responses as compared with the free meplidese antibodies were peptide-
specific since antibodies against CNTs were noedatetl. In addition, the antibodies
displayed virus-neutralizing ability. The use of TiNas potential novel vaccine delivery
tools was validated by interaction with the compgan*®®. The complement is that part
of the human immune system that is composed ofriassef proteins responsible for
recognizing, opsonising, clearing and killing pajéos, apoptotic or necrotic cells and
foreign materials. Salvador-Morales et &® showed that pristine CNTs activate the
complement following both the classical and theralhtive way by selective adsorption
of some of its proteins. Because complement aabivais also involved in immune

response to antigens, this might support the erdmaeit of antibody response following

immunization with peptide-CNTs conjugates.
2.2.3.2. Methotrexate delivery by CNTs

To maximize the efficacy of a drug, the choicelwd tlelivery system is of fundamental
importance. Conventional drug administration offails due to low drug solubility-

instability in biological medium, poor distributiammong the cells and lack of selectivity
and damage of healthy tissues. Drug delivery systame aimed to minimize the
degradation, to increase its bioavailability, togé it to specific cells and to reduce the
amount of drug need, deceasing toxicity and harrsfdé effects. CNTs possess an
enormous aspect ratio (between length and the déjmeompared to classical drug
delivery systems such as liposomes or polymer-baseders, and are becoming a
promising alternative in this field, since the fidemonstration of their capacity to
penetrate into cells. CNTs can be functionalizethantibiotics to deliver them into the

cells.

Note that methotrexate (MTX) is a well-known andgmb anti-cancer agent, used also to
cure autoimmune diseaSé". However, MTX suffers low bioavailability and taxside
effects 1", Therefore, an increased bioavailability and @yeted delivery are highly
desirable. Being a drug widely used against canlcigh concentrations of drug are

required due to its low cellular uptakeé® ¥ It has been found that MTX introduced

39



together with fluorescent probe around the CNTswidls*"®, can offer the possibility
for improving bioavailability and, in the presencé a targeting unit, to address
specifically cancer cells. Consequently MTX is dipiinternalized inside the cell by
carbon nanotubes. Preliminary results have shdvah MTX conjugated to carbon
nanotubes is as active as MTX alone in a cell cefti®. The stable amide bond between
the MTX and the tubes could be the reason for laicknhanced efficacy. Indeed, the
drug is probably released too slowly from the tulmgs the cytoplasm for an efficient
interaction with its receptor. One solution to tipsoblem could be to introduce a
cleavage linker or a more enzymatically sensitigadin the MTX conjugated CNTs, as

demonstrated for conjugates based on dendriftéts
2.2.3.3. Folic acid delivery by CNTs

Folic acid conjugated CNTs has been found necessargerate as receptor for targeting
moiety during the path uptake of drug delivery. dhas targeting approaches are limited
in their scope and thus, tremendous effort has deented towards the development of
active approaches for drug targeting. Active tangeemploys specific modification of
drug/drug-carrier nanosystems with “active” ageritaving selected affinity for
recognizing and interacting with a specific ceéstie or organ in the bod/®.Direct
coupling of drug to targeting ligand, restricts theupling capacity to a few drug
molecules. In contrast, coupling of drug carrienosystems to ligands allows import of

thousands of drug molecules by means of one rectptyeted ligand.

Drug targeting to specific cells has been exploutitizing the presence of various

receptors, antigens/proteins on the plasma memhofcells and also by virtue of the

lipid components of the cell membranes. The presa@&iaeceptors on cell membranes
potentiates active targeting by not only allowingedfic interaction of drug carrier

system with cells, but also facilitating its uptaka receptor mediated endocytosis.

Folic acid, a vitamin essential for de novo nudtisynthesis is taken up by cells via

receptor mediated endocytosis using membrane assdcifolate receptors. Folate
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receptors are expressed only on certain epitheélis in humans, but are differently
over-expressed in cells of cancers with epithaiain. It has been primarily used for
tumor specific drug delivery in many cancers inahgdbreast, ovary, brain and lung
malignancies. Significant over-expression of foleeeptors on a variety of tumor cells
allows targeting moety. Folate has been conjugtiecdiolabelled dendrimers and to
liposomes to affect preferential uptake and accatian of therapeutic agents in tumor
cells. Induction of folate receptors with retinotbmpounds followed by folate

conjugated liposomes, has been used successfullyhévapy of acute myelogenous
leukemia. This treatment modality was also foundoypass the p-glycoprotein (Pgp)
mediated drug efflux mechanisms. The applicatiofoli acid to MTX conjugated CNT

as targeting moiety can render more efficacious tha@slocation of MTX to the

cancerous cells.
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CHAPTER 3

EXPERIMENTAL SECTION

3.1. General Procedures

'H NMR spectra were obtained at 300MHZ and 400MHD®, solution. The chemical
shifts,d in ppm, were referenced against sodium 3-(trimsilyy-2, 2, 3, 3-d propionate.
The pH values of the sample in P€blution were adjusted to 10-11 by adding sodium
hydroxide in order to eliminate potential protooatieffect. Solid-state Infrared (IR)
spectra were recorded on KBr pellets over the regio4000-600cr. The attention was

turned only on the significant bands.

Dialysis was performed using cellulose membranectspe(Spectrum Industries, Los
Angeles, CA), with a molecular mass cut-off limft 12000-14000. Distilled water was
used for the dialysis phase. Freeze-drying of agsigmlymer and conjugate solutions
were performed in a VIRTIS bench-Top 3 Freeze-drjgerating at -30°C and 10-15Pa.
The freeze-dried polymers were routinely post-direde SARTORIUS Thermo Control
Infrared drying apparatus and kept in desiccat®esnples for analysis were dried using
the Abderhalden apparatus, and calcium chloride dase on a HITACHI 2000
spectrometer, at a scan speed of 400nm/min; batlytaoal methods were performed in
the school of chemistry of the University of Witwedrand. Flash chromatography was
performed using basic alumina as a solid suppotie Taprotic solvent, N,N-
dimethylformamide (DMF), was redistilled and keptomolecular sieves. Using the gel
permeation chromatography (GPC) with 2.5X60cm caolypacked with Sepharose 6 gel
by the principle of weight average molecular wei@ifitv), the polymer-drug conjugates

were separated from other products.
The carbon nanotubes (CNTs) were synthesized hyiché catalytic vapour deposition

(CCVD), and the following apparatus were used:igaltsilica plug, reactor, furnace,

temperature regulator, system of rotameters, pressentrollers, valves to control the
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flow of gases into the reactor, condenser, twovee)i cyclones. The transmission

electronic microscope (TEM) was used to chara@eZiTs samples.

3.2 Reagents and Solvents

The hydroxyamines and diamines were used as ret¢Agrich Chemie, Fluka AG).

These included: D,L aspartic acid, phosphoric a&dlimethylamino-1-propylamide
(DMP), diethylenetriamine (DET), 2-2- (ethylenedydxdiethylamine (EDDA), 1,3

diaminopropane (PDA), dicyclohexylcarbodiimide (DCQ2-(1H-benzotriazol-1-yl)-

1,1,3,3-tetramethyluronium fluorophosphates (HBTtgthylamine (TEA), ferrocene,

folic acid, methotrexate, sodium hygroxide, chladd acid, glacial acetic acid,
ammonium hydroxide, sulphuric acid and nitric acid.

Acetylene, hydrogen, nitrogen and argon were higfittypand used as received (AFROX,
South Africa).

Distiled water was used for preparative work. Theaction solvent, N,N-
dimethylformamide (DMF), was distilled under reddceressure, with a fore-runs of
around 10% being discarded, and was dried overaulslesieves A. Tetramethylurea
(TMU) was received as high purity (Fluka Chemie)l éther solvents, Diethyl ether
(Et0), hexane, acetone and toluene, were laborat@gegmreceived from commercial

sources.

3.3  Experimental Procedures

3.3.1. Macromolecular carrier

3.3.1.1. Preparation of polyaf3-DL-succinimide

A mixture of D.L. aspartic acid (25g) andsPD, (12.5g) was homogenized in a 2L

round- bottom flask. Then the flask was placed onod bath at 250°C. During the

polymerization, the expansion of the mixture wastaaled by nitrogen. The reaction
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was allowed to proceed at 250°C until the end gla@sion. Thereafter, the temperature
was reduced to 190°C for another 2 hours. Thisymbdas washed with water until the
pH was around 6. The product was then left in ander 72 hours. The yield was 14.82
g which was dissolved in 60 ml of DMF and stirred évernight (O/N). The brownish
solution obtained was stirred again for 1 hourcmhath, and 1.73 g of DCC added while
the solution was stirred for another 4 hours in begh. The solution was allowed to
continue at room temperature (RT) for overnightNJO/The solution was centrifuged off
to give a clear solution which was precipitatednwdistilled water. The precipitate was
filtered off and was kept in an oven for 48 howrgive a brittle solid which resulted to
the yield of 12.75g. Several experiments were dtre the values are shown in
Table 4.1.

3.3.1.2. Synthesis of homopolymers

A. PSI-DMP (X) EDDA (Y)

* PSI-DMP (80) EDDA (20)

To a solution of PSI (2.95g; 30mmol) in DMF (37mias added DMP (2.40g; 24mmol)
in DMF (7.5ml). The solution was flushed with Niggen gas and stirred for 24 hours at
room temperature (RT). With stirring, the resultaaiution was added dropwise to
EDDA (2.67 g; 18mmol) in DMF (8ml) cooled in an ibath. The solution was flushed
with Nitrogen gas and stirring continued for 20 i®in the ice bath and for another 5
hours at room temperature. The solution was the@cerdrated on the roti-evaporator at
60°C to reduce the volume to half. Polymer was ipitated out with a mixture of diethyl
ether-nexane (2:1). Precipitate was washed withtbloiene followed by hot acetone
several times. The precipitate was dissolved itilléid water. The pH solution was
adjusted to 7-8 and the solution was dialyzed u&2@00 membranes for 96 hours. For
the last 6 hours of dialyses, the pH of the solutias adjusted to pH 4 for 5 minutes
then re-adjusted to 9 with agueous ammonia to e&teiN protonation. The product was
freeze-dried to obtain the homopolymers of 4.1gysd. The same procedure was
observed for the preparation of all PSI-DMP (X) E®IY) where the quantity of
reagent was changing with the variation of molar@K/Y) as illustrated in the table 4.2.
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B. PSI-DMP(X) PDA (Y)

* PSI-DMP (80) PDA (20)

To a solution of PSI (2.95g; 30mmol) in DMF (37mias added DMP (2.40g; 24mmol)
in DMF (7.5ml). The solution was flushed with Niggen gas and stirred for 24 hours at
room temperature (RT). With stirring, the resultaolution was added dropwise to PDA
(2.33g; 18mmol) in DMF (8ml) cooled in an ice baifhe solution was flushed with
Nitrogen gas and stirring continued for 20 hourthmice bath and for another 5 hours at
room temperature. The solution was then concewtratethe roti-evaporator at 60°C to
reduce the volume to half. Polymer was precipitatedwith a mixture of diethyl ether-
hexane (2:1). Precipitate was washed with hot t@u®llowed by hot acetone several
times. The precipitate was dissolved in distilleatev. The pH solution was adjusted to 7-
8 and the solution was dialyzed using 12000 menazr&or 96 hours. For the last 6 hours
of dialyses, the pH of the solution was adjustedHio4 for 5 minutes then re-adjusted to
9 with agueous ammonia to eliminate N protonatibne product was freeze-dried to
obtain the homopolymers of 5.58g as yield. The sameedure was observed for the
preparation of all PSI-DMP (X) PDA (Y) where theamuity of reagent was changing

with the variation of mol ratio (X/Y) as illustraten Table 4.2.

3.3.2. Polymer-Folic acid conjugates

The conjugation of folic acid to amine-functionalzpolymeric carriers was achieved by
using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethgloium fluorophosphates (HBTU)
coupling agent. In addition, the experiment det&éldowed the standard procedure
adopted for the preparation of all polymer-foliedaconjugates herein investigated.

3.3.2.1. General procedure for Polyaspartamide-Faliacid conjugates

A. PSI-DMP(X)-PDA(Y)-FA.
Polymer carrier PSI-DMP(X)-PDA(Y) was dissolvedDMF. Folic acid was dissolved
in DMF at 50°C which was added to the polymer sotutand stirred. As stirring

continued, HBTU predissolved in DMF, was then addedpwise over 20 minutes,
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followed by the addition of triethylamine (TEA). &hresulting yellow solution was
saturated with Bland stirred at ambient temperature for 2 hours.gdigmeric conjugate
was precipitated with ED-hexane (2:1), isolated upon centrifugation arssalved in
H,O. The pH was adjusted to 10 using NaOH and foltbws size exclusion
chromatography on a 2.5x25cm column packed withh&dgx G25 and eluted with
distilled H,O. The pH of the solution was readjusted to 7 (glaacetic acid) to prevent
hydrolysis, and the solution was dialyzed for 48isan Spectre/Por 6 tubing. The pH of
the retentate was adjusted to 4 (HCI) to regendhstaunconjugated carboxyl group of
FA from its salt. The agqueous solution was stimedmbient temperature for 5 minutes,
then the pH re-adjusted to 6 (WPH), and the dialysis in the same tubing was coetih
for another 8 hours with numerous changes of thee@aags outer phase for complete
removal of inorganic salts. The retentate with pH w8s freeze-dried to afford z mg of

yellow, water-soluble conjugate of Polyaspartanftdéie acid.

B. PSI-DMP (95)-PDA (5)-FA

Quantity of compound and solvent needed.

Polymer (200 mg, 0.1 mmol) in DMF (7mL).

Folic acid (20.6 mg, 0.05 mmol) in DMF (3mL).

HBTU (15.93 mg, 0.04 mmol) in DMF (1mL)

TEA (10 mg, 0.1 mmol).

The results fofH NMR spectra (7) evaluation are reported in Tab%

3.3.2.2. Chemical kinetics of conjugates

A. PSI-DMP (85)-PDA (15)-FA

Quantity of compound and solvent needed.

Polymer (200mg, 0.1 mmol) in DMF (7mL); Folic aciiomg, 0.11 mmol) in DMF
(6mL); HBTU (40mg, 0.10mmol) in DMF (3mL); TEA (1&ng, 0.18 mmol).

To establish the chemical kinetics, the reactios stapped after an interval of time.

The data aftetH NMR spectra evaluation for reaction kinetic dhestrated in Table 4.5.
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B. PSI-DMP (80)-PDA (20)-FA

Quantity of compound and solvent needed.

Polymer (200mg, 0.1 mmol) in DMF (7mL)

Folic acid (108mg, 0.22 mmol) in DMF (6mL)

HBTU (86mg, 0.20 mmol) in DMF (3mL)

TEA (25mg, 0.24 mmol)

To establish the chemical kinetics, the reactios stapped after an interval of time.
The data aftelH NMR spectra evaluation for reaction kinetic dhestrated in Table 4.7.

3.3.3. Carbon nanotubes (CNTSs) carrier

3.3.3.1 Preparation of CNTs

A. Experimental Procedure

a) Precautions taken during the experiment

Caution should be taken when working with the famaince it operates under
higher temperature viz. 850-11500

* Always put on the dusk when handling nanotubesesithey can easily be

dispersed and can damage the eyes and lungs.

* Always put on the lab coat and hand gloves fortgafeeasures.

» Exit door should always be opened in case of ekphgswithin the system.

» Fire arresters are installed on the hydrogen aatyene flow lines.
b) Production Procedures
The furnace reactor and the furnace vessel aialipiheated to the desired temperatures
in the presence of nitrogen flow within pipelin®ghen the temperature is still rising, all
the leaks are checked within the system and géfieelc The leaks are usually noticed by
the presence of bubbles when spraying small amafn¢gms leak detector at the pipe
joints. Since nitrogen is flammable and dangerousigher temperatures, it is only
allowed to flow when the furnace temperature il &iver than 506C. Above this
temperature, nitrogen flow is stopped by closing itrogen gas cylinder (main valve),

followed by the pressure gauge on the cylinderrdgién is then allowed to drain from
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the pipelines and when it is drained the valvelenritrogen flow meter is closed. While
nitrogen drains, argon is allowed to flow withiretbipelines by opening the argon gas
cylinder and controlling the flow using the valva the flow meter. When the desired
furnace and ferrocene vessel temperatures areedtaa specific mass of ferrocene in its
powder form is added into the vessel (AB0while slowly opening the valves for
hydrogen at 90 and acetylene at 10%D to the desired specifications, thereby
allowing the flow of these gases together with argod the catalyst within the pipelines.
The system is then given enough time until thetr@acommences. The product formed
remains in the reaction tube and is collected whleaning the equipment. During
production, the gas sample is collected from thpelpie exit of the gas mixture. The
system is stopped and allowed to cool for aboub@$ when there is no production of
nanotubes anymore in the system or when blockageasuntered within the system.

In order to eliminate the amorphous carbon, tratdt 80% HNGQ the products collected
in the cyclones, and stir the solution for 2 haatrsoom temperature. Then filter the solid
products and wash the solid products to achieve& pHnally, dry the solid products at
120°C in hot air for 24 hours, and analyze the purifiedducts with TEM, TGA, EDX,
and Raman spectroscopy.

Guidelines used when stopping the system at thefpabduction

* Switch off the power source for all the temperatdevices
* Close the main valves from cylinders for acet@emd hydrogen gas
* Allow all the gases to drain from the pipelines

* Finally close all the valves on the flow meters.

B. TEM Procedures

The Samples collected will be analyzed throughThensmission Electron Microscope
(TEM) by checking for the presence of long carbbaics.

1) Before operating TEM machines, mix each repradime sample with methanol and
small droplet of each sample was dropped on tHsocagrid.

2) Feed a carbon grid covered with the sampleddl'ttM for analysis.

3) Search the good spot of high purity nanotuldess tonger length, by using the knobs
indicated on TEM machine as depicted below.
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4) Vary the magnification using magnification kn&doto achieve a clear picture.

5) After photographing the desired picture, disgeathe carbon grid from the machine
and analyze the next sample by following the sarequlure.

6) Collect the micrographs as result.

7) Scan and print to get microscopic images.

The total yield of multiwalled carbon nanotubes (IM@WTs) prepared was 8.56g. After
TEM analysis, the microscopic image was capturdd miagnification 100000. This has
led to evaluate the outer diameteg)(df 20nm and the inner diameter)(df 10nm
(Figure 4.16).

3.3.3.2. Functionalization of CNTs

A MWCNTSs with sulphuric acid and nitric acid

a) Procedures:

Treatment 1: The pristine MWCNTs were treated wigldrochloric acid, to remove

impurities. One gram of MWCNTSs was placed in a 5Dfand-bottom flask and 200ml

of HCI (32%) was added. The mixture was stirrechgsnagnetic stirrer for 2 hours, then
diluted in water, filtered, washed with deionisedter and then dried overnight in a
vacuum at 40°C.

Treatment 2: 0.1g of the purified MWCNTs were diseel in 200ml of acid (mixture of

sulphuric acid 95% and nitric acid 55% (3:1)) im@0ml round bottom flask equipped
with a condenser. The dispersion was kept difféydat:

1) 4 hours working with 100°C

2) 24 hours working with 50°C

3) 96 hours working at room temperature

After that, the resulting dispersion was dilutedwater and filtered. Then the resulting
solid was washed up to neutral pH and the sample dveed in a vacuum at 40°C
overnight.

The modified CNTs material was quantitatively amaly by titration to determine the
COOH concentrations on the surface of treated CNfsa typical experiment, the

carboxylated CNTs were added into a 25ml 0.04 M NaOlution and stirred for 48h to
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allow the solid CNT material to equilibrate withettNaOH solution. The mixture was
titrated with a 0.04M HCI solution to determine #secess NaOH in the solution and the
concentration of the carboxylates on CNTSs.

b) TEM analysis:

1) -CNTs: MWCNTs + HSO, + HNOz at 100°C: ¢=20nm & d-12nm (Figure 4.17).
2)f-CNTs: MWCNTs + HSO, + HNOz at 50°C ¢=30nm (Figure 4.18).

3) f-CNTs: MWCNTs + BSO,+ HNOs at RT ¢=80nm & d=40nm (Figure 4.19).

c) *H NMR evaluation

1) '"H NMR SPECTRA (26): f-CNTs: MWCNTSs +4$0, + HNOzat 100°C

A: -CH,-COOH & B: CH,-OH. For 1Mol of COOH adsorbed on the surface of
MWCNTSs, correspond to 7.54 Moles of OH.

2)*H NMR SPECTRA (27): f-CNTs: MWCNTs+$0,+HNO;z at 50°C

A: -CH>-COOH & B: CH»-OH. For 1 Mol of COOH adsorbed on the surface of
MWCNTSs, correspond to 2.27 Moles of OH.

3)'H NMR SPECTRA (28): f-CNTs: MWCNTs+$0,+HNOzat RT

A: -CH,-COOH & B: CH,-OH. For 1Mol of COOH adsorbed on the surface of
MWCNTSs, correspond to 0.08 Mol of OH.

d) The results obtained from the NMR spectra (26, 27 and 28) were used to evaluate
the mol ratio incorporation of COOH and OH on theface of CNTs by using the
titration formula Y= 1 - 0.04X with Y: mmol of COOBIn the surface of CNTs and X the
volume of HCI in ml. The table 4.10 shows the impmation of COOH and OH at

variable temperatures.

B. Aspartic acid
a) Procedures:
0.15g of MWCNTSs were dispersed in a mixture of 8@\spartic acid and 15ml of DMF

in a round-bottom flask of 250ml equipped with ahndenser, and the reaction was
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controlled to 220°C for 6 hours. After filtratiothe solid was washed with water until
neutral pH. The yield was 183mg.

Using titration formula Y= 1 - 0.04X with Y: mmolf €OOH on the surface of CNTs
and X the volume of HCI in ml, see section 4.3(814) for results.

b) *H NMR (29) Analysis with BO +NaOH has show8H,-COOH pick at the chemical
shift (3-2.3) expected.

c) TEM Analysis according to microscopic image aed in Figure 4.24 has shown the

nanotubes structure withy d 60nm.

C. Poysuccinimide (PSI)

a) Procedures

PSI (1g) was dissolved in 15ml of DMF in a roundtbm flask of 250ml occupied with
the condenser, and 150mg of CNTs were disperséieisame flask where the reaction
was controlled to 160°C after 48 hours, the pH wkest to 7. The solid was collected
after filtering, dried and then washed with DMHanwv temperature using the ice bath to
remove free PSI and with acetone to remove DMHdSwhs collected, dried and kept in

desiccators. The yield was 216mg

b) The'H NMR spectra (30) analysis with,D+NaOH has shown the expected picks
(see Appendix) —C@H;(3.030-2.650)CH-N (4.5-4.45)H aromatic (7.940)

c) The TEM analysis
The micrograph image in figure 4.26 was evaluatied: 60nm and & 40nm.
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3.3.4. Functionalized carbon nanotubes (f-CNTs)-fa acid conjugates

3.3.4.1. f-CNTs (HSO;+HNO3zat 100°C) bound folic acid

A. Procedures

100mg of f-CNTs (prepared at 100°C) representi®$ Gnmol COOH was dispersed in
5ml of DMF, and 11.6mg (0.114 mmol) of 3-dimethylapr1-propylamine (DMP)
representing 30% of molecular rate, was dissolvediml| of DMF. After Nitrogen
flashing, the dispersion and the solution were whis@gether in a round bottom flask,
stirred at 50°C. While solution was still stirring5mg (0.32 mmol) of 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium flophosphates (HBTU was added, and
the pH was controlled to 7 using the triethylam{ii&A) dropwise. After 24 hours of
reaction, a solution of 141mg (0.32mmol) 20% exeddwlic acid in 10ml of DMF was
prepared for 1 hour and was added in the mainisolustirring continued during 6 hours
while the pH was kept to 7 with TEA. The solid wadlected by filtration and washed
several times with tetramethylurea (TMU) to remdwve excess of folic acid and acetone
to remove the TMU. The solid was dried and keghadesiccators.

The yield was 163mg.

B. '"HNMR spectra (31)analysis shows the expected picks as evaluatedbie®.11.

C. TEM analysis according to the microscopic image was evaluateHigure 4.28 to

do=50nm & d= 20nm as nanotubes structure size.

3.3.4.2. -CNTs (Aspartic acidpound folic acid (f-CNTs-DMP (40)-FA (60))

A. Procedures

100mg of f-CNTs representing 40mg (0.88 mmol) of@Dwas dispersed in 5ml of
DMF, and 36mg (0.352 mmol) of 3-dimethylamino-14pytamine (DMP) (40%) was
dissolved in 4ml of DMF. After Nitrogen flashind)e dispersion and the solution were

mixed together in a round-bottom flask, stirred58tC. During stirring, 206mg (0.88
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mmol) of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramgironium  fluorophosphates

(HBTU) predissolved in 3ml DMF was added dropwiged the pH was controlled at 7
using the triethylamine (TEA). After 24 hours ohotion, a solution of 303mg (0.7mmol)
of folic acid in 15ml of DMF was prepared for 1 lmoand was added into the main
solution. Stirring continued for 6 hours while thie was kept at 7 with TEA. The solid
was collected by filtration and washed several tiwieh tetramethylurea (TMU) to

remove the excess of folic acid and acetone to vertiee TMU. The solid was dried and
kept in the desiccators.

The yield was 231mg.

B.'H NMR (32) shows different expected picks: A, B, C, D, E, fid & represented in
the Table 4.12

In order to evaluate the incorporation of folicdich pick has been taken as reference
pick where nH expected was 4H, and the aromatiksp(&, F, G) was calculated to
15.2H over 15H expected. This resulted to the faticl incorporation of 101.3%.

C. TEM Analysis according to microscopic image (Figure 4 29) haswsh the

nanotubes structure witlyd 170nm.

3.3.4.3. f-CNTs (PSlpound folic acid (f-CNTs-DMP (40)-PDA (60)-FA)

A. Procedures

The solid f-CNTs (200mg) were dispersed in 10mDdF in a round flask of 250ml.
23mg of DMP dissolved in 5ml of DMF, was added ¢tuon. Solution was stirred for
24 hours at room temperature. Then 50mg PDA dissbla 5ml of DMF was added
dropwise in an ice bath for 24 hours. Filtered dsalias collected and washed several
times with hot toluene and acetone and filteredraghied and dispersed in DMF. Folic
acid 230mg dissolved in DMF was added to the smutHBTU 134mg pre-dissolved in
DMF was added dropwise while the solution was a#ldwo stay at pH of 7 using TEA.
After 2 hours, the solid was collected, filteredlamashed using TMU with the acetone.
The yield: 356mg.
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B. The 'H NM spectra (33) analysis with DO+NaOH has shown the expected picks
(see Appendix) with A: -CHCH,-CH,, B: CH,-N(CH,)3;, C: CH-COONH, D:
COCHNH, (E, F, G, H): H aromatic.

C. The TEM analysiswas done (Figure 4.30)
The micrograph image in the Figure 4.30 was evatiat = 80nm and & 40nm.

54



CHAPTER 4

RESULTS AND DISCUSSION

4.1. Polymeric Drug Carriers

With the objective to accommodate the anticancegdnodels only to the cancerous
cells, an attempt was made to afford tailor-madegdrarriers through the design and
derivation of several synthetic polymeric structur@his possibly will prevent the
destruction of normal cells and provide an adeqiiagzation of the drug without any
deposition to the kidney which could raise certsinte effects due to the toxicity of the
agents. Note that the synthesis by bioreversibigugation of selected anticancer drug
models with water-soluble macromolecule carriensl the biological activity evaluation
of the resulting conjugates, is two objectives t fhlfilled in respect of necessary
prerequisites for any macromolecule intended toesen the biomedical field. The
polymeric carriers used for the anchoring of thiected drug models fell into the wide
aliphatic polyamide type (schematized below) witibunits randomly distributed along

the chain.

_JECONH@% feonm—(gH—

Scheme 4.1: Structure of polyamide-type carrier

In this schemesS represents an extra-or intra-chain hydrosolubidjzgmoup required to
impart water—solubility to the ultimate polymer-greonjugateS is a tertiary amine,
hydroxyl or methoxy functionalityF stands for extra-or intra-chain functional group
capable of reversible-drug anchoring. In this sfudyprovide access to the polymer-drug
binding via amide bond formation, the choice waslenan a primary amino group. The
most important point is that the amide bond perfotire ability to develop biofission,
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which results in the enzymatic activity in the adellular lysosomal compartment, and
causes the drug release from the cytoplasmic spiEuoe.incorporation of additional
subunits of the preset structures, if necessaril, e granted to afford tailor-made
polymers that are equipped with all required fumtéli This allows efficacious

administration and enhanced pharmacokinetics oatitieancer drug.

The drug used being hydrophobic, the polymericieesrwere designed to provide a
balance between the load of these inherently hydrojc drugs and the solubilizing
moieties on the polymer, because hydrophobic palyaneg conjugates are required at
varying concentrations. The side chains were tgramine. The choice of the structures
was based on the following considerations:
(a) The weight-average molecular weight, generallyhimtange of 20 000-30 000, is
sufficiently low to suppress (chain length-depeng@rherent polymer toxicity,
but still high enough to retard renal clearancee Thnjugates, therefore, enter

cells easily owing to the enhanced permeabilitgnmgon (EPR) effect.

(b) The intrachain amide groups assist in gradual b@awkbcleavage for ease of
catabolic elimination of the polymer in the “sperdtate. The stereoisomeric
“scrambling” of any peptide units in the backbomaio impedes unduly rapig
peptidase-mediated *“unzipping”, ensuring this fragmtion to be an

appropriately retarded process.

(c) Property selected polyamides are essentially ngig;t@nd immunogenicity of
these synthetic polymers is expected to be apfngciewer in comparison with
that commonly occurring with high-molecular-weiginbteinaceous biopolymers.

(d) The S-modified subunits can easily be introduced as ntgjecomponents (x>Yy),
thus ensuring effective insulation of tlkemodified subunits from each other.
This will reduce the risk of intramolecular intetiaa of adjacent conjugated drug

species.

(e) Tertiary amine functions can be introduced as gieips to provide the special

functions of adsorptive pinocytotic cell entry aadget cell affinity.
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() While inherently water-soluble, wit& comprising selected amine or hydroxyl
functions, the polyamides can be made to acquirditiadal solubility in
methanolic medium. This can be achieved by incafpam of poly(ethylene
oxide) (PEO) side chains as additional solubilizgrgups. This added solubility

feature will be advantageous in follow-up reactionalcoholic media.

(g) When synthesized from amino acid monomers, thegpoige carrier will provide
vitally required nutrients for the rapidly growirggll tissue, and hence may be

preferentially taken up by the cancerous cell.

The polyamide conforming to the basic carrimodel (Scheme 2.2), namely
Polyaspartamide (PAsA) was used for drug conjugatly amide bond formation
between the carriers and the carboxylic acid-fmetized drugs. The primary amine
functional groups of these polymers were introduaederminals in componeht The
subunits incorporating this binding site form 52@ mol-% of the tert-amine for 80mol-
% of S-labeled subunits of the tert-amine for hydrosdimation. With recognition of the
incorporation of drug fromF-labeled subunits of the primary-amine, the carrier
containing larger mole percentagedefabeled subunits will be needed for utilization of
an unduly large excess of drug to provide compiietey incorporation. In addition, the
coupling products so obtained had displayed a gpedition for branching and
crosslinking with concurrently decreasing solupildnce they had been isolated in the
solid state. The purification of polymeric carrievas completed by dialysis to remove

constituents with molecular weight substantialljolae12 000.
4.1.1. Polyaspartamide carriers (PAsA)

The Polyaspartamides containing the backbone beéairtle solubilizing group at one

side and anchoring drug at the other side weregpeedrom polysuccinimide.
4.1.1.1. Synthesis of polysuccinimide (PSI)

Two different methods for the synthesis of polysnicgide (PSI) have been set in the
literature, including the polymerization of N-ca”yanhydride ofa-amino acid in
general (NCA method}’® and the thermal phosphoric acid-catalyzed polyeagdtion
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of aspartic acid (Neri metho®®. The NCA method was found to be disadvantageous
both in cost and production as the pendent reagtiveps carried by the amino acid had
to be protected before polymerization, and discdaseder harsh considerations to give
poly (amino acid). Specially to organize the lasgeounts of phosgene, diphosgene or
triphosgene, a reagent widely used for the syrghesiN-carboxyanhydride, raised
complex safety problems in a large-scale plant. tkn contrary, the Neri method is
reported to deliver high molecular weight PSI ireateg'®". Because of this advantage,
this approach was adopted for the synthesis of-pahsuccinimide (PSI) from DL-
aspartic acid as shown in Scheme 4.2. The crudgmesl was treated with
dicyclohexylcarbodiimide (DCC) coupling agent farther chain extension purposes. A
representative polymer had a relative viscosity3éfmL g' in DMF at 30°C, which

corresponds to a weight-average molecular weigB2600.

/z B -
S S H,PO, (85%) ,4
/[\ _OH L /[ N—]—=
0 - oC h
HLN (o 210 - 180 °C ) \<
L O X
DI -aspartic acid Poly-DI.-succinimide

Scheme 4.2: Synthesis of polysuccinimide (PSI)

A. Results of Synthesis of polysuccinimide (PSI)

The 'H NMR spectrum of PSI in DMSOscshowed a large resonance at 5.2 ppm
corresponding to the methine proton (NCO-CH). Thethylene protons (Ci€H) are
seen as two peaks of the roughly equal intensi8yaaand 2.6 ppm.

In addition, several experiments were performediepare the poly-DL-succinimide
(PSI-DCC) as shown in Table 4.1.
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Table 4.1: Quantitative values of PSI synthesis

Aspartic. pgja PSI
Exp. NO Acid (9) P/'lgisdp(hg‘;“c Yield [()r'x'l)': D(;I)C Yleold
g (%) g (%)

L ws E% e o 23
2 75 32.5 (ggzgé) 130 531 (géjég)
I T
4 100 50 (5?_ '5?0) 150 683 (gg:g%)
5 50 25 (g;gg) 126 3.67 (ggjgg)
6 80 40 (22:%) 150. 584 (géii‘;)
7 80 40 (22:22) 150  6.20 (g;:éi)
8 70 35 (gézgg) 150 478 (gg:gg)

2psi: Before treatment with DCC coupling agent.
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B. Discussion of Results of Synthesis of polysuctimide (PSI)

The yield for the synthesis of polysuccinimide wasying in the range of (58-67%)
before treatment with DCC coupling agent and (8%PXfter treatment with DCC
(Table 4.1). This shows that the loss was moreopad in the first stage of treatment
(PSI) than in the second stage (PSI after DCC treafméifter investigation, the

following options can be the cause of droppingiefdyin the first stage of treatment:

1. A big quantity of free aspartic acid did notaeduring the polycondensation and was

liberated when the product was washed to adjugpithto 7.

2. During the operation of adjusting the pH to 7wgshing the product several times
with the distilled water, the loss of polymer igwitable. This, because some product can

be hydraulically involved by the water and otheingdractionated by hydrolysis.

The yield of PSI was in the range of (83-91%) afteatment with DCC coupling agent
while the expected yield should be 100%.

4.1.1.2. Preparation of homopolyd, p-DL-aspartamides)

Referring to Scheme 4.2 which reveals the structdirhe X repeat units giving poly-
DL-succinimide, the opening of the ring will be vaégd to provide a long chain with
subunits partly displaying in one hand the soltjilon the other hand the anchoring
drug. Note that polyaspartamides are readily pegp&om poly DL-succinimide by an
aminolytic ring-opening process in anhydrous, dapahprotic medium, such as N,N
dimethylformamide (DMF) at 0-2&. The product is racemic and possesses dathd
B-peptidic repeat units. Scheme 4.3 shows the paéipar of homopoly, B-DL-
aspartamides) by the poly-DL-succinimide aminolyiieg-opening process using one

type of amine reactant.
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- CONH—R S e
R—NH,
I NH-— e _‘ o
~ DMPF, 0-25 0C CONH— ON
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Scheme 4.3: Preparation of homopoly, g-DL-aspartamides)
While D-type polymers are resistant to enzymateaehge, L-type polymers are more
prone to rapid enzymatic degradation. Therefotgackbone structure of the DL-racemic
mixture will ensure retarded enzymatic cleavage @hohate backbone degradation as a
result of hydrolytic cleavage.

4.1.1.3 Preparation of copolyaspartamides (PAsA)

Respecting a stepwise process which involves thigatiion of two or more different
amine reactants in a given stoichiometric feedratminolytic ring-opening can lead to
the generation of copolyaspartamides. By using esetiplly HbN-R and HN-R’-NH; to
form polyaspartamides, in which subunits featureah® R’-NH in predetermined ratios
along the chain. Varying R and R’, a series of mnaopolyaspartamides were prepared

as drug carriers.

When working with 3-(N, N-dimethylamino)propylamif®MP) which R: -(CH)3-N-

(CHs),2, and 1,3-propylenediamine (PDA) which R’: -(@k reaction parameters should
be considered to lead the reaction to the expgmteducts. DMP, being tertiary amine
group, acts as both hydrosolubilizing and cell-statg group. Many considerations

supporting the choice of this group from all thaseestigated in this laboratof{#?.

Note that the DMP is a strong base which meansthlegprotonation will be evident even
under weak basic conditions. The protonation, dagrymore cationic, will cause the
amino group to be positively charged, this willfgrentially approach surfaces of certain
types of cancer cells that are negatively chargdds will promote the adsorptive

pinocytotic cellular uptake of the macromoleculsseported by Shét),
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The challenge was to solve the problem of competitietween NKER (DMP), and NH-
R’-NH, (PDA) which could take place during the reactidhe first reactant to be used
was found to be less reactive than the secondwasdused as major reactant (X > Y) in
the two-step preparative process of these polymkrsaccordance with chemical
reactivity, NH-R’-NH, (PDA) due to both two extremes -MHs more reactive than
NH2-R (DMP) presenting —Nkin one extreme only. Then, the first step is #ection in
anhydrous conditions between a given amount ofguamginimide and its corresponding
R-NH, counterpart. This reaction, based on the desiretl f¥éd ratio, is performed at
room temperature. With respect to achieve the el@gercentage incorporation with
complete ring opening and substitution of the renmg succinimide units of the
substrate polymer without causing crosslinking tigto involvement of the terminal
amino group, the following conditions were respédataring the reaction:

1. Considering that —NH-R’-NK(after reaction) is less reactive than NRI-NH,,
excess of PDA was needed to prevent —NH-R’zHcontinue to react in another
step. For the activity of -NH-R’-NHin reaction is conditioned by the absence of

NH,-R’-NH» in the same reaction.

2. The diminution of the temperature to minimize tlotivaty of PDA, thus the use

of an ice bath was required to bring the tempeeadiomn.
3. The polymer solution was released dropwise in DA Bolution.

4. In addition, DMP and PDA steps were performed unsiictly anhydrous
conditions in order to avoid unwanted hydrolytingiopening, resulting in the

generation of free carboxylic side group.

The polymeric products were isolated as completedyer-soluble solids by a series of
operations which involved precipitation with adetguaon-solvents, aqueous dialysis (in
tubing with 12000 molecular weight cut-off-limit)and freeze-drying. As the
consequence of the crude fractionation achievedhisy dialysis step, yields did not
exceed 85%, generally ranging from 85% to 70%. ihherent viscositiesy(y,) ranged
from 11 to 22mLg. The *HNMR spectra of polymers (P1) measured igOD and

recorded at pH 10-11 for elimination of protonatigffiects, showed characteristic band
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groups, some containing overlapping signals. Thus,CH (methine) signal of aspartic
appeared in the region of 4.75-4.5 ppm; ;&M (methylene) and CH-OH (methine)
signals were grouped in the region of 3.7-3.6 pphe methylene protons of CONH-GH
were found in the region of 3.5-3.0 ppm. Protomalg of CO-CH CH,-N(CHa),, CH,-
NH, and CH-NH; were found in the region of 2.9-2.0 ppm. Methylgmetons of
CHCH,CH,were found in the 1.8-1.5 ppm region.

A. PSI-DMP(X)-EDDA(Y)
a) PSI-DMP (90)-EDDA (10)

Using 2.95g (30mmol) of PSI as reference, 2.76gn{Rdl) of DMP and 1.33g (9mmol)
of EDDA were required to prepare the polymeric iearPSI-DMP (90)-EDDA (10). The
results are presented in Tables 4.2, 4.3 and 4.4.

The evaluation ofH NMR Spectra 1 (Appendix) calculated in Table gave 98%
incorporation of EDDA in the Homopolymer.

b) PSI-DMP (80)-EDDA (20)

Using 2.95g (30mmol) of PSI as reference, 2.45¢mf2ol) of DMP and 2.67g
(18mmol) of EDDA were required to prepare the payim carrier PSI-DMP (80)-
EDDA (20). The results are presented in Tables4i2and 4.4.

The evaluation ofH NMR Spectra 2 (Appendix) calculated in Table gave 95%
incorporation of EDDA in the Homopolymer.

B. PSI-DMP (X) PDA (Y)

a) PSI-DMP (95)-PDA (5)

Using 2.95g (30mmol) of PSI as reference, 2.91g.5(2&wol) of DMP and
0.33g (4.5mmol) of PDA were required to prepare tpelymeric -carrier
PSI-DMP (95)-PDA (5). The results are presentetlables 4.2, 4.3 and 4.4.

The evaluation ofH NMR Spectra 3 (Appendix) calculated in Table gave 94%
incorporation of PDA in the Homopolymer.
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b) PSI-DMP (90)-PDA (10)

Using 2.95g (30mmol) of PSI as reference, 2.76gn{Rdl) of DMP and 0.67g (9mmol)
of PDA were required to prepare the polymeric earPSI-DMP (90)-PDA (10).
The results are presented in Tables 4.2, 4.3 a&hd 4.

The evaluation'H NMR Spectra 4 (Appendix) calculated in Table 4dve 98%

incorporation of PDA in the Homopolymer.

c) PSI-DMP (85)-PDA (15)

Using 2.95g (30mmol) of PSI as reference, 2.60g5¢2&ol) of DMP and 0.63g
(8.5mmol) of PDA were required to prepare the pdayim carrier PSI-DMP (85)-PDA
(15). The results are presented in Tables 4.2add34.4.

The evaluation ofH NMR Spectra 5 (Appendix) calculated in the Tadbké gave 102%
incorporation of PDA in the Homopolymer.

d) PSI-DMP (80)-PDA (20)
Using 2.95g (30mmol) of PSI as reference, 2.45gn{24l) of DMP and 1.33 (18mmol)
of PDA were required to prepare the polymeric earRSI-DMP (80)-PDA (20). The

results are presented in Tables 4.2, 4.3,4.4.

The evaluation of HNMR SPECTRA 6 (Appendix) calculated in the Tabld gave

101% incorporation of PDA in the Homopolymer.
C. Results of Preparation of copolyaspartamides @sA)

The results related to the preparation of differenpolyaspartamides achieved by
varying the solubilising groups and the mol ratifY Xare presented in Tables 4.2, 4.3
and 4.4. The corresponding inherent viscosify,X versus mol ratio (X/Y) plot is shown

in Figure 4.1.
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Table 4.2: Quantitative values of PSI-DMP (X) —PDAY) /EDDA (Y) synthesis

Chemical compound Mass (9)
mol
(mol) Yield
X Y XY @
PDA J
PSI DMP
EDDA
2.95 2.40 1.33
80 20 41 (5 (24) (1s) 558
2.95 2.55 0.63
PSI-DMP (X)-PDA (Y) 85 15 173 (40’ o05) (135 402
2.95 2.70 0.67
90 10 9/1
(30) (27 (o) 386
2.95 2.91 0.33
95 5 191 50" (g5 (45 380
2.95 2.40 2.67
PSI-DMP (X)-EDDA () 80 20 41 55y 2y g 41
2.95 2.70 1.33
90 10 9/1 3.87
(30) (27) 9)
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Table 4.3: Inherent Viscosity, base molecular weidglrand yield for PSI-DMP (X)-
PDA / EDDA(Y).

. o d ;
Chemical compound X Y XYY BMwS Minh Yield
(mLg?) (9)

80 20 41 968.21 18.38 3.39
85 15 17/3 3900.89 16.62 3.42
90 10 10/1 1964.47 12.23 3.86
95 5 19/1 3956.99 10.13 3.68

PSI-DMP (X)- PDA (Y)

80 20 4/1 104229 187 413
PSI-DMP (X)-EDDA(Y) g5 10 o1 203855 1131 452

20
18 *

14

/
¢

AR

(= N - =]

Inherent viscosity (mL/g)

0 5 10 15 20

Mol ratio (X/Y)

Figure 4.1: Inherent viscosity of PSI-DMP (X)-PDA ) versus Mol Ratio (X/Y).

® X/Y: Mole ratio of hydrosolubilizing to drug-ancting groups
° BMw: Base molecular weight of simple recur
4 ninn: INherent viscosity
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Table 4.4:'H NMR spectra analysis of PSI-DMP (X)-PDA /EDDA (Y)

Chemical shift §/ppm)

HNMR Calculated (expected) %
Chemical X Y X/Y spectra A contch _CO-CH, CO-CH., o PD Y(IS;d
s
compoune 4.75 4p5 3.7-35 © CHaNH:  CHN(CHa): is 125 2 -
R T 3.5-3.0 2.82.0 o EDDA
80 20 4/1 6 5 (5) 10.1(10) 11.1(12) 33.3(32) 10 (10) 104  3.39
85 15 19/1 5 20 (20) 40.8 (40) 45.6 (46) 140.8 (136) 20 (20) 104  3.42
PSI-
DMP(X)- 90 10 9/1 4  10.2(10) 20 (20) 23.2 (22) 70.4(72) 20 (20) 98  3.86
PDA (Y)
95 5 19/1 3  20.4(20) 40.8 (40) 44.4(42) 144 (154) 40 (40) 94  3.68
PSI- 80 20 4/1 2 5 (5) 7.3 (8) 10.3(10)  41.7 (44) 8 (8) 95 4.52
DMP(X)-
EDDA(Y) 90 10 9/1 1 10.3(10) 9 (8) 20.7 (21) 92 (94) 18 (18) 98 4.13
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D. Discussion of Results of Preparation of copolypartamides (PAsA)

The minimum molecular weight of carriers was eqaalabove 12000 due to the
application of cellulose tubing with weight-averagwlecular weight cut-off limits of
12000. Since the weight-average molecular weiglohis of biomedical requirements to
determine the quality of the polymeric carrier, lwihe estimated minimum value of
12000, though this value is not comprised in 2080000 range as stipulated in section
2.1, it is possible to have most of the averageemdér weight in the range
aforementioned; this should be sufficiently low goppress inherent polymer toxicity,
unless the maximum molecular weight gives acceptedaige. However, it will be high

enough to retard renal clearance.

The inherent viscosity revealed large differencas the stiffness of these
copolyapastamides. The relation between inherestosgity and the mole ratio of
hydrosolubilizing to a drug-anchoring group as datdable 4.3, showed in figure 4.1
the decreasing afinn when the mol ratio (X/Y) increased. The inherestwsity {inn) Of
copolyaspartamide as water soluble found in thgeasf 10 to 19mL ¢(Table 4.3) was
less than the inherent viscosity (36m[')f the polysuccinimide which is water
insoluble (Section 4.1.1.1Jhis shows how much the presence of solubilizingugras
one of two subunits in the backbone displayed am ittherent viscosity. Since the
inherent viscosity of the polysuccinimide withoutbsinits is higher than the one for
water soluble polymeric carrier, this confirms the increasing of the quantity of
solubilizing in the polymeric carrier relative toohratio X/Y (Fig. 4.1), involves the
decreasing of inherent viscosity. When the quartityamine used to solubilize the
polymer decreases, the solubility of the carriem ba affected. Thus the solubility of
macromolelar carriers is linked to the mol ratioiebhconditions the viscosity as shown
in Figure 4.1.

4.2. Polymer Drug Conjugation

Varying the type of Polyaspartamide carrier, mamyymer drug conjugations were

prepared. The most important in this research iprtve the existence of the covalent
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reversible attachment of the carrier through antided formation with the drug. Note
that methotrexate and folic acid with both two @yl groups from their structures can
be attached to the polymeric carrier through thenargroup of the anchoring drug unit
to form an amide group able to develop biofissibhe investigation of folic acid will
lead to the same conclusion when investigating otetkate as agent. The rate
incorporation of drug in the polymeric carrier adiited from'H NMR integration, even
in an acceptable range, could not confirm at aldbvalent reversible attachment of the
carrier with the drug. Nevertheless the chemicaétcs investigation through the change
of fraction incorporation of the drug with the réan time can assert the reversible
attachment when the purification methods such asriiegation, chromatography and

dialysis are reliable.
4.2.1. Polymer-folic acid conjugates

The coupling was prepared in anhydrous medium (DMF}he presence of HBTU
coupling agent. HBTU was added to activate thetr@adetween the amine group of
carrier and the carboxylic acid group of folic aclthe presence of bi-functionally active
drug molecule can cause gradual crosslinking amalte conjugate especially when the
coupling agent (HBTU) is used in higher mol rafltnere the use of HBTU in solution
was done dropwise with an acceptable rate. To @aitihe reaction pH between 6 and 7,

an organic base triethylamine (TEA) was added dregwo the solution.
4.2.1.1. Results of Polymer-folic acid conjugates

In order to achieve the chemical kinetics invegiayg all reactions performed with mol
ratio 17/3 and 4/1 for PSI-DMP (X)-PDA (Y)-FA weranning in the same condition
while the time was varying in the range of 10 t® b3nutes. Different data of fraction of
incorporation of folic acid in the polymeric camiwere calculated through the evaluation
of different'H NMR Spectra integration frofH NMR Spectra 8 to 25 as shown in the
appendix. Both the fraction of incorporation ofiéohcid and the coupling yield in terms

of reaction time have made possibtgough the base molecular weight (BMw) the
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calculation of fractions of the retained polymeasmoved polymer and folic acid in the

coupling as shown in Tables 4.5, 4.6, 4.7 andE@&mn these Tables, the different graphs

were plotted in terms of the reaction time leadmghe following figures:

Figure 4.2 and 4.9 related to fraction incorporatiaf folic acid versus the
reaction time in the polymeric carrier (PSI-DMP {RIDA (Y)) for mol ratio
(X/Y) 17/3 and 4/1 respectively.

Figure 4.3 and 4.10 related to the fraction of dimgpyield of PSI-DMP (X)-PDA
(Y)-FA with mol ratio (X/Y) 17/3 and 4/1 respectiyeversus the reaction time.
Figure 4.4 and 4.11 related to the fraction of inetd polymer with mol ratio
(X/Y) 17/3 and 4/1 respectively, versus the timeeztction.

Figure 4.5 and 4.12 related to the fraction of seed polymer with mol ratio
(X/Y) 17/3 and 4/1 respectively, versus the timeeztction.

Figure 4.6 and 4.13 related to the fraction ofdacid in the coupling with mol
ratio (X/Y) 17/3 and 4/1 respectively, versus tineet of reaction.

Figure 4.7 and 4.14 related to the combining ofralttions versus the time with
mol ratio (X/Y) 17/3 and 4/1 respectively, vershe time of reaction.

Figure 4.8 and 4.15 related to the inherent visgasi PSI-DMP (X)-PDA (Y)-
FA with mol ratio (X/Y) 17/3 and 4/1 respectivelygrsus the reaction time.
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Table 4.5: Incorporation FA data in terms of time or PSI-DMP (85)-PDA (15)-FA

conjugate reaction.

Chemical shif/ppm

Reaction  'HNMR nH counted % FA
time SPECTRA (nH expected) incorporation
(minutes) (X) 8.7-6.75  1.7-1.6
10 8 1.2 (15) 40 (40) 8
20 9 3.2 (15) 40 (40) 21.3
30 10 4 (15) 40 (40) 26.7
40 11 4.4 (15) 40 (40) 29.3
50 12 4.8 (15) 40 (40) 32
60 13 5.2 (15) 40 (40) 34.7
70 14 7.2 (15) 40 (40) 48
80 15 8 (15) 40 (40) 53.3
90 16 9.2 (15) 40 (40) 61.3
100 17 12.4 (15) 40 (40) 82.7
110 18 12.8 (15) 40 (40) 85.3
120 19 13.6 (15) 40 (40) 90.6
130 20 14.4 (15) 40 (40) 96
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Table 4.6: Coupling Yield, FA incorporation and visosity data in terms of time for
PSI-DMP (85)-PDA (15)-FA conjugates reaction.

Reaction % FA Yield Carrierin  Removed FA in Ninh
time incorpor. Coupling coupling carrier coupling  (mLg?)

(minutes) (*HNMR)

mg % mg % mg % mg %

0 0 200 75.44 200 100 O 0 0 0 16.62
10 8 203 7657 198 99 2 1 54 2.7 17.02
20 21.3 204 7698 190 95 10 5 138 6.8 17.95
30 26.7 206 77.70 189 945 11 55 171 83 18.83
40 29.3 207 78.08 188 94 12 6 187 9 18.34
50 32 209 7883 188 94 12 20.5 9.8 19.06
60 34.7 209 7883 187 935 13 65 221 10.6 19.27
70 48 215 81.10. 185 925 15 7.5 30.2 14 19.58
80 53.3 219 8260 18 925 15 75 335 153 19.93
90 61.3 223 8260 184 92 16 8 383 17.2 20.49
100 82.7 225 8487 176 88 24 12 495 22  20.65
110 85.3 225 8487 174 87 26 13 505 224 21.58
120 90.6 223 84.11 170. 85 30 15 524 235 21.78
130 96 220 8398 166 83 34 17 541 246 22.07
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Table 4.7: Incorporation FA data in terms of time for PSI-DMP (80)-PDA (20)-FA

conjugates reaction.

Reaction 'HNMR  Chemical shifé/ppm
time SPECTRA nH counted
(minutes) X) (nH expected)
8.7-6.75 1.7-1.6
10 21 0.6 (5) 10 (10)
25 22 1.2 (5) 10 (10)
50 23 2.4 (5) 10 (10)
60 24 2.7 (5) 10 (10)
120 25 5 (5) 10 (10)

Table 4.8: Coupling Yield, FA incorporation and visosity data with the reaction

time.
Reaction % FA Yield Carrierin  Removed FAIn Ninh
time incorpor.  Coupling coupling carrier coupling  (mLg?)
(minutes) (*H NMR)
mg % mg % mg % mg %
0 0 200 69.6 200 100 O 0 0 0 18.38
10 12 205 71.3 194 97 10.6 5.2 18.86
25 24 215 748 194 97 6 21.2 9.9 19.47
50 48 226 786 185 925 15 75 406 18 20.08
60 54 231 80 185 925 15 75 456 19.8 20.74
120 100 238 82.8 163 815 37 185 745 313 23.02
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4.2.1.2. Discussion of Results of Polymer-folic acconjugates

In a chemical reaction, the concentration of reastdecreases with reaction time, while
the concentration of products increases when thetion is irreversible. Figure 4.2
shows that the fraction of incorporation of folicidhin the polymer was increasing with
reaction time and the rate of the reaction was falee dependent. Thus, working with
the minutes as time, the rate with incorporationgeaof 21.3-34.7% within the time
range of 20-60 minutes is 0.335% mMinThe approximated rate of 0.443% fhivas
found with FA incorporation range of 82.7-96% wiiththe time range 100-130 minutes.
With FA incorporation range of 0-21.3% within themé range of 0-20 minutes, the rate
was 1.065%mirfiand the same rate was approximately 1.2 %miith FA incorporation
range of 34.7-82.7% within the time range of 60-b@@utes. Hence, the rate was low
within the time range of 0-20 minutes and 100-13Qutes, and high within the time
range of 0-20 minutes and 60-100 minutes. The draitate incorporation of folic acid
(drug) in the polymer involves the growth of thevalent reversible attachment of the
carrier through amide bond formation with the fo#icid (drug). Thus, the covalent
reversible attachment of carrier will keep incregsuntil to reach, if possible, the
maximum rate incorporation of folic acid in the yroleric carrier. Consequently, the
coupling yield will always increase when the cowdleeversible attachment is occurring
as fast as the cleavage of polymer occurs. Dealitlyirreversible reaction, the reaction
between folic acid and the polymeric carrier sha@lsult to the growth of the coupling
yield in terms of time as the rate of incorporatadrfolic acid in the polymeric carrier is
increasing. However the consideration of the FeguB shows that the fraction of yield
was moderately increasing in the time range of G¥80utes and became accentuated
until to reach the maximum in the time range of1®0 minutes, unlikely decreasing in
the range of 100-130 minutes. The contrast isttiefraction of yield was not increasing
all the time of reaction with the fraction of inparation of folic acid as intended. To
investigate the cause of the contrasting behawduhe fraction of yield, it was found
that the polymer with high molecular weight could subject to cleavage during the
reaction. Water-soluble polymers, mostly cationatyplectrolytes, are widely used as

flocculants. Mineral processing, water clarificaticand paper manufacture are some
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areas where these polymeric flocculants are extelysised'®* 18 The cleavage of the
intramolecular bonds may be classified in threeegsaa) the scission can occur in any
bonds, b) the cleavage of the main chain occuaninbonds, after pendant groups break
first, ¢) the main chain carbons with the pendaoug break in any bonds of the main
chain. The hydrolytic cleavage, however can oceuing the dialysis, can not affect the
change of yield while both the processes of chrography and dialysis were observed

in the same condition of work for every reactiondi

The use of 2-(1H-benzotrial-1-yl)-1,1,3,3-tetranydinum hexafluorophosphate

(HBTU) as coupling agent could dispose the polytoghe cleavage of the main chain in
any bond. This reduces the length of certain Idmyres, as well as the molecular weight
respectively. Therefore, during a chromatographgcess, all chains with molecular
weight under 5000 can be removed from the soluéind further, fewer than 12000
during the dialysis process. It resulted in bdik tlecrease of fraction of polymeric
carrier (Fig. 4.4) and the growth of the fractionremoved polymeric carrier (Fig. 4.5)

during the reaction time.

Figure 4.7 (series 1 and 2) as combination of lEigu2 and Figure 4.3, shows that in the
same range time of 60-100 minutes the growth ofrén&ion incorporation of folic (34.7
82.7%) was more pronounced and the fraction of wogipyield (78.83-84.87%) was
accentually increasing. Hence, the incorporatibfiotic acid in the polymeric carrier
was a decisive factor to involve the yield of ocedrcoupling. Though the fraction of
remaining polymers due to the cleavage was decrgds§ig. 4.4), this did not involve
more the yield of coupling as long as the incorporaof folic acid was growing so fast
than the polymer available for the coupling wasrdasing. It is intending that the sites
available for the covalent reversible attachmentthed carrier through amide bond
formation with the folic acid (drug) are limited 1®0% of folic acid incorporation. Since
the goal is to reach 100% of folic acid incorparatin the polymer, the coupling yield
will be the result of the optimum reaction time uwgqd to reach the maximum
incorporation. Accordingly, in order to reach theximum incorporation of folic acid in

the polymeric carrier, the reaction was kept rugnaver 100 minutes, time related to
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85% as maximum coupling vyield (Fig 4.3). Then, makithe reaction to 96%
incorporation of folic acid needed 30 minutes m@@0-130) within which the yield was
decreasing. As the incorporation of folic acid vpaegressing fast than the cleavage of
polymer until 100 minutes, this caused a rapid cada of available site capable to
receive the folic acid into the polymer. Conseqlyenh the range of time of 100-130
minutes the fraction of retained polymer decreasexdte (Fig. 4.4 and Fig. 4.7) and
relatively the fraction of removed polymers incredsn the same way (Fig. 4.5 and Fig.
4.7). In the time range of 0-60 minutes the frattd incorporation moderately increased
because the activity of the coupling agent in thiatgn increases with the reaction time.
The activity of HBTU in the reaction was more effee after 60 minutes of reaction due
to the fact that the incorporation of folic acid smeapidly increasing within the range
reaction time of 60-100 minutes where the sitesilahi@ for reversible covalent
attachment were reduced. Because HBTU as coupliegtehas to assure the reaction
between polymer and drug, the reduction of sitesilavie for the binding after 100
minutes of reaction has limited the action of couplgent. Therefore, the incorporation
of folic acid was moderately increasing. In orderatoid more dropping coupling yield
due to the polymer cleavage through the over aaiobRiIBTU as coupling agent, the
reaction was asserted to be stopped within theeramigutes (120-130) where the rate

incorporation of folic acid was in the range (9086

The inherent viscosity was increasing with the tieactime (Fig. 4.8 and 4.15) because
of the incorporation of folic acid (drug) while dleaging the solubility of the carrier,

could make the compound more viscous (Fig. 4.1).

The variation of mol ratio (X/Y) from 17/3 to 4/% dlustrated in Table 4.9 has led to the
settlement of different figures. Figure 4.9 confahthe increase of fraction incorporation
with the reaction time. The fraction of couplingeld has kept increasing even while
changing the ratio, and did not decrease anywhecause the range time (60-120) was
so large, and could not show exactly the reactime when the coupling yield was

decreasing (Fig. 4.10). In Figure 4.11, the frattid remaining polymers was decreasing

while the fraction of lost polymers was relativéhgreasing with the reaction time (Fig.
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4.11). When compare Figure 4.2 to Figure 4.9, tivestigation showed that the carrier
with mol ratio (4/1) has reached the maximum of fitaetion of incorporation of folic

acid at the record time than the carrier with nadilor (17/3). The less the mol ratio (X/Y)
is, the more anchoring drug quantity equivalenttiie drug quantity is needed to
complete the available site. As the reaction kasetis generally dependent on
concentration, temperature and catalyses; the sxoésthe drug, increasing the

concentration, can have more effect on the readiiogtics.

The comparison of Figure 4.15 to Figure 4.8 shdvas the viscosity when working with
PSI-DMP (80)-PDA (20)-FA (mol ratio 4/1) is highttran when working with PSI-DMP
(85)-PDA (15)-FA (mol ratio 17/3). This, because tless mol ratio (X/Y) will need
more folic acid which being water insoluble, inges the viscosity of the coupling.
When the mol ratio X/Y decreases, the mol of aniclgodrug unit increases, and more
site for drug incorporation will be available fanv@lent reversible attachment. Thus, the

more the compound is insoluble the more its viggasihigher.
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Figure 4.2: Fraction FA incorporation versus reacton time (Mol ratio 17/3)
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4.2.1.3. Comparative study of PSI-DMP(X)-PDA(Y)-FAconjugates

After the optimization of the reaction time at 12@d 130 minutes, the coupling obtained
by varying the mol ratio at 19/1, 17/3 and 4/1,v8bthe decreasing of yield respectively
(Table 4.9). The more the mol ratio is big, the entbre anchoring drug need for folic acid
is less. Since the mol of HBTU coupling agent isteoring drug dependent, the small
guantity of HBTU need for a big mol ratio (X/Y) wilead to the minimization of the

polymer cleavage. This corroborates the option tifiatcoupling agent in the reaction of
polymeric carrier drug conjugate is one of factoepable to promote the polymer

cleavage.
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Table 4.9: HNMR spectra data for PSI-DMP (X)-PDA (Y)-FA conjugates

Chemical shif/ppm

Calculated (expected)

% FA

Chemical compound HNMR Yield

X Y XY 87675 1716 Incorp BMw Ninh

Spectra S e (mLg™)
Aromatic &  CH,CH2CH, %
heteroaromatic
CH

95 5 191 7 5.2 (5) 40 (40) 104 4380.4 15.81 88.53
PSI-DMP (X)-PDA (Y)-FA 85 15 17/3 20 14.4 (15) 40 (40) 96 5171.1 22.07 83.98
80 20 4/1 25 5 (5) 10 (10) 100 1391.6 23.02 82.80
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4.3. Carbon nanotubes drug carriers

4.3.1. Synthesis of Carbon nanotubes

The CNTs used in this study are multiwall carbomatabes (MWNTs) which are
prepared by chemical vapour deposition (CVD). is thethod, source of Fe catalyst was
ferrocene which is dissolved in acetylene as acgason source and this gas was carried
to a synthetic reactor by argon. During synthes@cess, amorphous carbon is also
produced and was removed through the oxidatioménpresence of the air. The CNTs
obtained were refluxed in HNQo eliminate the metal catalysis. The results iokth
after TEM analysis, are illustrated in Figure 4.16.

4.3.1.1. Results of Synthesis of Carbon nanotubes

The total yield of multiwall carbon nanotubes (MWTH prepared after 25 experiments
was 8.56g with the mean yield of 345mg per expemim&he microscopic image from
the TEM analysis as shown in Figure 4.16, captuvegd magnification 100000, shows

tubes with average outer diametey) @ 20nm and inner diameter;Y@f 10nm.

Figure 4.16: MWCNTS microscopic image (TEM)

4.3.1.2. Discussion of Results of Synthesis of Carbnanotubes

The CNTs found could have a variety of applicatitbesause of their novel structure,
especially the small size and remarkable mechanieatmal and electrical properties.

Small-diameter MWCNTs have ability to display enteh reactivity relative to larger-
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diameter nanotubes, due to increased curvaturm.stiawever, because of their novel
structure of elemental carbon, CNTs are insolublalli organic solvents. In addition, the
CNTs found got a very high surface energy withradémcy to aggregate together. This
makes them difficult to be dispersed.

Thus, the carbon nanotubes found could be usednfany applications. Their
compatibility with aqueous environments was madessgde by chemical
functionalization of their surface. The functioz&d carbon nanotubes, in respect of
certain requirements such as pH and peptide av#yabond, can easily interact with

biological components including mammalian cells.

4.3.2. Functionalization of carbon nanotubes

4.3.2.1. Covalent functionalization of carbon nanatbes

A. Functionalizationof CNTs with concentrated nitric acid and sulfuric acid
a). Results of Functionalization of CNTs with comitated nitric acid and sulfuric acid
In this study, CNTs were functionalized with$O/HNO3 in mol ratio 3:1differently at
100°C, 50°C and room temperature respectively (Rfter TEM analysis the following

results were recorded:

With the variation of temperature, at 100°C thesodliameter (g =20nm and the inner
diameter (¢) = 12nm (Fig. 4.17) while at 50°C,d 30nm (Fig. 4.18) and at room
temperature (RT) g 80nm and @= 40 (Fig.4.19). In order to evaluate the variatadn
the size of f-CNTs in terms of temperature, a grapbdiameter versus temperature was
plotted as shown in Figure 4.20.

The water solubility of -CNTs was decreasing fra60°C to RT especially from pH =9
and above.
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Figure 4.19: f-CNTs (bSO/HNO3at RT) microscopic image
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Figure 4.20: Size of CNTs versus temperature

The analysis ofH NMR Spectra 26, 27, 28 (in appendix) done forNI@ obtained at
different temperatures including 100°C, 50°C, R3pextively shows peaks A and B in
chemical shifté/ppm (1.5-2.5) for EH,COOH and (2.7-3.7) forGH,OH. In order to
calculate the quantity of COOH and OH, the intagratof peak A (€H,COOH)
corresponding to 1 mol was used as reference taeathe peak B GH,OH). After
calculation, the following results were obtained:

1) The integration of peaks A and Bidf NMR Spectra (26) for f-CNTs (100°C) shows
after evaluation that 1 mol of COOH adsorbed on $hweface of MWCNTS,
corresponded to 7.54 moles of OH.

2) The integration of peaks A and BYiH NMR Spectra (27) for f-CNTs (50°C) shows
after evaluation that 1mol of COOH absorbed on #wsface of MWCNTS,
corresponded to 2.27 mol of OH.

3) The integration of peaks A and BiH NMR Spectra (28) for f-CNTs (RT) shows
after evaluation that 1 mol of COOH absorbed on $weface of MWCNTS,
corresponded to 0.08 mol of OH.

A sample of 200mg of f-CNTs was used for titratiorevaluate the quantity of COOH in
mmol incorporated on the surface of f-CNTs whiclhotlyh the mol ratio COOH/OH
calculated from differentH NMR spectra integration was used to calculateqintity

of OH in mmol incorporated on the surface of f-CNT$e experimental data from
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titration was used through the formula Y= 1-0.64% complete the Table 4.10 shown
below. The graphs include the data from the Table) 3vere plotted to show the

evolution of both the fraction of incorporation GOOH and OH versus the temperature
as shown in Figure 4.22 and the mol ratio COOH/@¥sus the temperature as shown in
the figure 4.23.

Different peaks including A, B, C, D and E were whan the infrared (IR) investigation
as presented in Figure 4.21(a) and (b).

A: O-H stretch, (3331.44 cm & 3334.86 cm) internooilar hydrogen bonded
B: C-H stretch; (2892.90cm & 2902.20 cm)

C: C=0, stretch; (1693.04 cm & 1716.56 cm)

D: C-O (1158.92 cit 1028.01 crit) & (1156.39 cr-1030.67 crit), stretch

E: Ring C=C, bend, (663.67 ¢h574.56 cr), this confirm the CNTs the graphene

structure with sp-bond carbon.

Y is the quantity of COOH in mmol incorporatedtbr surface of f-CNTs and X is the volume of HCl in
mi
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Table 4.10:Fraction incorporation of COOH and OH on the surfae of CNTs with

variable temperature

T°C 25°C (RT) 50°C 100°C
Mass of f-CNTs 200mg 200mg 200mg
nH: COOH 1 1 1
nH: OH 0.08 2.27 7.54
X ml 16ml 13ml eml
Y mmol 0.36mmol 0.48mmol 0.76mmol
% COOH incorp. 8.1% 10.8.% 17.1%
% OH incorp. 0.25% 9.9% 48.7%

nH: number of Hydrogen atom
X: the volume of HCI in mi

Y: the quantity of COOH in mmol incorporated on theface of f-CNTs

89



‘80

Transmittance [%]
’ 70
i

60
]
e

¥

40
i

1693.04 ————
- 1158.92 ——
1103.49

3331.44 ——————
2892.90
1028.01

i 4 [ | "
3500 3000 2500 2000 1500
Wavenumber cm-1

—_
S
=1

Figure 4.21(a): Infrared Peaks off-CNTs (H,SO4/HNO3) at 50°C

90

500



a "
o

Siadscey
000000094
rEEFEreees e

LR
0
-
N

o Z9oLT

oz'ZzoseZ.

o6 .

T 08 oL

I24] @souepuusuEa gy

o B 0

Wavenumber cm-1

3000 2500

3500

Figure 4.22(b): Infrared Peaks off-CNTs (H,SO4/HNO3) at 100°C

91



b) Discussion of Results of Functionalization of T¥\with concentrated nitric acid and

sulfuric acid

Figure 4.20 elaborated from the TEM results (Fidl74 4.18 and 4.19), shows the
increase of the size of nanotubes when the temperatas decreasing. This is because
self-diffusion of guest molecules inside of CNT# ds possible. The carbon nanotubes
(CNTSs) can be aligned to form a well-ordered namops membran&®® 8 which can

be incorporated in a macroscopic structtit@ for separation devices. The study of self-
diffusivity can explain well the influence of nanbe sizes and temperature. Yashonath
and co-workers had examined this effect in moraibér diffusion zeolites™8 19
using molecular dynamics simulations. They termbi$ tbehaviour the “Levitation
effect”. If the guest molecule fits perfectly inethwindow of the zeolite, the molecule
appears to be “floating”; increasing or decreadimg diameter of the guest molecules
causes the diffusion coefficient to decrease. Effisct is temperature dependéiit). A

similar effect has been observed by Bride et #.for carbon nanotubes.

With regard to Figure 4.20, the self-diffusivity sva&ubsequently increasing with the
decreasing of temperature. Since the self-diffug&plains the incorporation of guest
molecule in CNTs through nanoporous membrane, ifm@eater of CNTs has to increase
in the tendency where the self-diffusion will ingse. It results in the increase of
diameter with the decrease of temperature as shawiigure 4.20. Regarding the
objective to develop the surface of CNTs for furthélization, more importance was
given to the trend where the adsorption (surfacnpmenon) was possible, rather than
where absorption was evident. The increase of temye, causing the diameter to
decrease, led to higher collision frequencies duefaster motion. In addition, the
probability to find a particle close to the porellws enhanced (higher collision
probability). In order to have the drug (folic dcbonded on the surface of CNTSs, the
functionalized carbon nanotubes (CNTs) made at@Q@&re selected, due to their small

size and the adsorption developed on their surface.
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The 'H NMR Spectra 26, 27 and 27 were obtained wi#Das solvent. Therefore
COOH group and OH group directly attached on thdasa of CNTs were shifted in
d/ppm (4.5-5.5) for RO peaks. Expecting to get f-CNTs covered on susfacdy with
COOH and OH groups as shown in Scheme 2.4#h8IMR analysis for all f-CNTs
made at different temperatures (100°C, 50°C and Ve shown the presence of
CH,COOH and CHOH. This has guided to set the structure as shom®cheme 4.4.
More investigation was needed to disclose the catiske presence of GEOOH and
CH,OH on the surface as well as COOH and OH as shownel scheme 4.4. When the
purification stage is not reliable, there is positjbto have the amorphous carbon mixed
with carbon nanotubes. The purification of pristmade using HCI (32%) and further the
presence of HN®(55%)in the operation of functionalization were enoughlidmove the
amorphous carbon. Dravid et &%®, however, suggested an alternative model described
as ‘paper roll where nanotubes are composed afalsgicrolls of graphene sheets.
Amelinckx ®*¥ has proposed an intermediate model where the ra@®toonsist of
cylindrical sheets, with scrolls of constant hajiciinterspersed between them.
This structure as presented, grants to CNTs an pé&ro@al mechanical property
that their high degree of stiffness combines witksilrence, and the ability to
buckle and collapse in a reversible manner. evegelg distorted configurations
(axially compressed, twisted) can be due to elaformations with virtually no atomic
defects involved!®> 19 197. 198)

The motion of dislocation edges in a strained stmgcis a well-known phenomenon in
the theory of dislocations. This can cause as thellcrack of some hexagonal symmetry
C-C in order to have simple carbon attached tordtlegagonal, keeping the nanotubes
structure. Indeed, the presence of strong aci€lrs functionalization can cut the tubes
in shorter pieces and generate carboxylic functatnthe tips and around the sidewalls

where the curvatures of the tubes present a highan.

In addition, the infrared analysis from Figure 4&®1and (b), and thtH NMR Spectra
26, 27 and 28, have confirmed that the producetT<was constituted of MWNTs
covered on the surface with @H and CHCOOH and with OH and COOH as shown

in Scheme 4.4.
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Scheme 4.4: f-CNTs (HSO4/HNO3) structure.

In comparison with the result from Figure 4.22wds found that both fractions of OH
and COOH incorporation in f-CNTs were increasinghwhe increase of temperature.
At room temperature, the fraction of OH group impmoation was much neglected and the
mol ratio COOH/OH was 32.4, this was rapidly redu¢e 1.1 at 50°C until dropping
down to 0.35 at 100°C. It means that though thekvpeasence of OH in f-CNTs at room
temperature, this increased very rapidly when tbmperature started increasing.
This shows that when working at room temperaturdo@ow there is possibility of
getting f-CNTs covered only with COOH.

The OH (phenol group) is a polar group, and playsgortant role for water solubility
of the functionalized carbon nanotubes. It was grpentally proved that the f-CNTs
obtained at 100°C, having more mol of OH on thdag4, was more soluble in water
than those obtained below 100°C. Thus, the abuedah©H and COOH groups on the
surface will facilitate more covalent attachmentptadymers or drugs according to their
different electronegativities. This granted theN-G made at 100°C to be more useful
than those made at low temperatures. The scophisofréaction was very broad and
produces f-CNTs that possess high solubility in idewrange of different solvents.
This was preferentially selected for the next pha$ethe drug binding to carbon

nanotubes.
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Figure 4.24: Mol rate COOH/OH versus temperature

B. Functionalization of CNTs with Aspartic acid

The functionalized carbon nanotubes (f-CNTs) wdse abtained by heating MWNTs
with aspartic acid as amino acid in DMF at 220°GisTresulted to the structure as shown
in Scheme 4.5.

a) Resultof f-CNTsby Aspartic acid

After collecting a yield of 183mg soluble in watieom pH 10, different analysis were
performed to investigate the sample obtained.

The microscopic image obtained after TEM analysisficmed the nanotube structure
with the diameter of 60nm as shown in Figure 4.24.
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Figure 4.25: f-CNTs (MWNTs +Aspartic acid in DMF at 22(°C)

The'H NMR Spectra 29 (in appendix) showed peaks A ienuical shift §/ppm) 3.050-
2.200 for €H,COOH and B in chemical shifto/fppm) 4.40-4.70 for =NGH CH,
(COOH); as expected.

Different peaks including A, B, C, D, E, F and Greveshown in the infrared (IR)
investigation as presented in Figure 4.25.

A: N-H stretch, at 3331.44 cin

B: C-H stretch in the region 3015.95-2902.20cm

C: Overtone region usually contains a prominentharthe region 2337.23-2119.11¢m
D: C=0 bond stretch, at 1738.63¢m

E: C-N stretch, at 1436.30¢m

F: C-O (acetate) stretch, in the region 1228.936121 cm*

G: O-H out of plane bend, 1011.82-912.05%tm
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Figure 4.26: IR f-CNTs (aspartic acid)

Using titration formula Y= 1-0.04%when working with 200mg of f-CNTs 0.88 mmol of
COONH corresponding to 20% of COOH was incorporatedhe surface of CNTs after
the neutralization of excess NaOH with 3ml of HGhe carboxyl group incorporated in
the f-CNTs was intended to be bound with the stikibg group and the drug. Then the
guantity of solubilising group and drug will be &wated in terms of 20% of fraction of
COOH in f-CNTs. The test of solubility showed thihe f-CNTs obtained were water
soluble at pH =10. The attachment to a solubiligingup was beneficial to increase the

solubility.

"Y is the quantity of COOH in mmol incorporatedtbe surface of f-CNTs and X is the volume of HCl in
mi
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b) Discussion of Resultsf f-CNTsby Aspartic acid

The diameter of f-CNTs obtained from MWNTs heatée®2(’C in aspartic acid with
DMF was 60nm. This was bigger than the diameteainbt for MWNTSs in sulfuric and
nitric acids at 100°C and 50°C, and lesser than M&M sulfuric and nitric acids at RT.
According to the findings from Figure 4.20, the rdeter was decreasing with the
increase of temperature. At 220°C as a very highpezature, the diameter should be
very small. To explain this contrast, Derouane aadvorkers®®® 2°were the first to
mention an enhanced mobility for cases where theedsions of guest particles match
closely the host structure dimensions. They callad effect the “floating molecule”.
When the temperatureses to very high, the dimension of the diamefethe guest can
increase or decrease and affects the diffusionficmeft. The diameter of f-CNTs
obtained differently when varying molecules at @iéint temperatures, was attributed to
the phenomena of guest molecules inside CNTs imildey means of molecular

dynamics simulation.

The investigation of peaks ifH NMR Spectra 29 and infrared (IR) as shown in
Figure 4.25 confirmed the structure elaborateddnese 4.5.

- o
, bCOOH/ DMF
-,

COOH

220°C

Scheme 4.5: f-CNTs (aspartic acid) structure

Overall, the use of strong acid and amino aciduactionalize the carbon nanotubes
generates carboxylic groups (Schemes 4.4 andwtigh increase their dispersibility in
aqueous solutioné"™. Solubility under physiological conditions is aykprerequisite to
make CNT biocompatible. In addition, functionaliseatbon nanotubes (f-CNTs) can be
linked to a wide variety of active molecules, imdihg peptides, proteins, nucleic acids

and other therapeutic agents.
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4.3.2.2. Noncovalent functionalization of carbon naotubes

The poly-DL-succinimide, due to the ability to prd® ring-opening process when
applying one type of amine reactant, was selecte¢padymer to make noncovalent
functionalization of carbon nanotubes. The opeming-through the application of both
solubilizing group and drug anchoring site wereessary to provide long side chains.
Consequently, the coating molecules could presanttional groups available for
bioconjugation with peptides or other moleculeshs&s amines, to create various

functional CNT conjugates for different biologicgplications.

A. Results of Noncovalent functionalization of carbn nanotubes

The functionalization of carbon nanotubes (schen®) was done at 160°C via the
dissolution of poly-DL-succinimide in DMF, the stilbn wherein CTNs were dispersed.
The yield was 216mg. The product was partially watduble at pH=10. The sample was
submitted to different analysis to investigate diality of f-CNTSs.

The TEM analysis recorded in Figure 4.26 showed @&Ts were covered with poly

D.L. succinimide to make f-CNTs with outer diamedéid,= 60nm and inner diameter of
din=40Nnm.

Figure 4.27: f-CNTs (Polysuccinimide) microscopicnage
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Three peaks were shown in the NMR Spectra 30 which corresponds to f-CNTs
(Polysuccinimide), and the chemical shifégppm) related to those peaks were analysed
as follow:

A: (3.030-2.650) confirmed the expected group ba@®-CH- with 2H expected.

B: (4.5-4.45) confirmed the expected group bandNCith 0.82 H calculated while 1H
was expected.

C: 7.940, showed H in aromatic region.

Different characteristic peaks were shown in thfeaned (IR) analysis as presented in
Figure 4.27.

a) The characteristic absorption peaks appear at.894m"*, due to C-H vibration,
and at 1707.82 ci) due to C=0 vibration of poly-DL-succinimide.

b) The characteristic peaks at 1654.53'ckiue to C=C on the end cap.

c) The peaks at 1387.39 crare due to C-N stretch.

d) The characteristic peaks “at 1211.25"crand at 1164.00 ch due to C-C
stretching vibration.

e) The peaks at 694.79 ¢and 633.12 ci, due to C=C of carbon nanotubes with

graphene structure.

B. Discussion of results of Noncovalent functionaation of carbon nanotubes

The dark part in Figure 4.26 related to TEM analy=infirmed the coating molecule on
the carbon nanotubes surface.

The H of aromatic group of peak C showrtthNMR Spectra 30 was not expected to be
appeared though the number of H calculated is gietgi (0.05H). It was defined in
section 4.3.2.1 that the CNTs were structurallystituned of graphene (graphite-ene) and
the rupture of nanotubes started to occur at tkdecap which after dislocating the C-C of
some hexagonal. To achieve the electronic configuraan H should be attached to
carbon (C=C) stayed in hexagonal. In addition,rtheotubes are very vulnerable at the
cape more than anywhere else. The use of an uticabath to disperse f-CNTs could

sometimes be the cause of a rupture of some lirk i@-hexagonal on the end cap.
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Definitively, the peaks A, B as illustrated i NMR Spectra 30 confirm the structure
detailed in the Scheme 4.6.
The infrared (IR) in Figure 4.27 has shown all #aeected peaks as the structure

illustrated in Scheme 4.6.
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Scheme 4.6: f-CNTs (Polysuccinimide)
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Figure 4.28: IR f-CNTs (Polysuccinimide)
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4.3.3. Functionalized carbon nanotubes (f-CNTs) baw Folic acid conjugates

The carboxyl group found after developing the cemalfunctionalization of carbon

nanotubes (Schemes 4.4 and 4.5) was attached tantives to generate the peptide
group for further use. The tertiary amine was &iacthrough carboxyl group at a certain
mol ratio to enhance the solubility of the f-CNTEith respect to cover the total ratio to
100%., the folic acid was added to complete thetedaic configuration. The choice was
made on 3-dimethylamino-1-propylamine (DMP) asrarg} base; this can render the
amino group positively charged by carrying moreiazat, and will preferentially

approach surfaces of certain types of cancer telsare negatively charged.

Since the noncovalent functionalization was devetbpy coating CNTs with poly-DL-
succinimide (Scheme 4.6), the opening of the rings wequired to enhance water-
solubility and provide available site for anchorwigthe drug. This was completed by the
application of 3-dimethylamino-1-propylamine (DMRB3 solubilizing group and 1, 3-
propylenediamine (PDA) as drug anchoring site.

4.3.3.1. f-CNTs (HSO4#+HNOszat 100°C) bound folic acid conjugates

Given that the estimation of the percentage of —E@®a quantity of -CNTs was done
by the titration, the assessment of the quantityp®P and folic acid was rendered
possible. In fact, the reversible covalent attaahimeas achieved by the reaction between
—COOH and NH via the coupling agent O0-benzotiazol-1-yl-tetramy&irorium
hexafluorophosphate (HBTU). With the objective atse the water solubility of f-CNTSs,
30% of —COOH was evaluated to be attached to DMBoasbilizing group. Therefore
the folic acid was used in excess with the objectiv complete all the 70% of -COOH
that did not react with DMP. The removal of excésd&c acid was made possible by
washing the solid obtained with tetramethylurea (Mlissolving free folic acid. Thus,
the achievement of this reaction has led to thelycbwith the yield of 163mg, and the
chemical structure is presented in Scheme 4.7.r8etests were performed including

water-solubility, TEM andH NMR analysis.
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A. Results of f-CNTs (HSO;+HNO3zat 100°C) bound folic acid conjugates

The water-solubility was successful at pH 6-7, wtithe TEM analysis of Figure 4.28
gave g=50nm and g=20nm andH NMR Spectra 31 confirmed the expected peaks with
chemical shift shown in Scheme 4.7 as illustrate@iable 4.11.
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Figure 4.29: f-CNTs (H:SO4/HNO3)-FA
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Table 4.11: HNMR spectra off-CNTs (H,SO/HNO3)-FA

1
Chemical Shift | NMR |
3/ppm ~ peacks Assignment
identification
8.60-6.75 G, F E CH Aromatic
4.85 -4.28 C CH Asp,CH Folic
acid andCH,OH
3.25-2.75 D -CONHCHj NHCHj,
"CHoNH
2.25-1.8 B -CH,COOH,
CH>CONH,
NH(CH3)2
1.8-1.7 A COOHCHCHCH,
CHZCHZCHZ

B. Discussion of results of f-CNTs (bSO;+HNO3 at 100°C) bound folic acid

conjugates

The coupling obtained after conjugation of folicidado f-CNTs (Scheme 4.7) has
completed the nanotubes shape as shown in Fig2& fhe micrograph image showed
the dark color at the end cap of the nanotubes;ishdue to the attachment through the
amide formation of the covalent reversible attachinod the f-CNTs with the drug. With
the size of 50nm as outer diameter and 20nm ag iiaeneter the conjugate can be

easily tracked into the cytoplasm and the nucleus.
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With regard to théH NMR Spectra (31), the fraction of incorporatiohfalic acid was
calculated by using the integration of A that iarld the sum of integration of aromatic
group E, F and G which is 1.64. With 30% of DMP &8s of folic acid, the mol ratio
was 3/7 and the number of H expected was 20H fand35H for the sum of E, F, and G
as it is shown in the structure (Scheme 4.7). Riefgrto A as 20H calculated with
integration 1, the sum of E, F and G with integnatof 1.64 gave 32.8H calculated which

corresponded to 94% incorporation.

< CNH GOOH

CHOH '/_J\ —
1 1-TH
Zarhon nanotubes T,
° I

Folic add

Scheme 4.7: f-CNTs (HSO4/HNO3)-DMP (30)-FA (70) Structure

4.3.3.2. f-CNTs (Aspartic acid) bound folic acid agugates

In this case, the estimation of the percentageC@©H in a quantity of f-CNTs was also
evaluated by the titration; and it was possiblessess the necessary quantity of DMP
and folic acid. In fact, the reversible covalertbahment was achieved by the reaction
between —COOH and NHvia the coupling agent 2-(1H-benzotriazol-1-yl});B,3-
tetramethyluronium fluorophosphates (HBTU). Witre tbbjective to raise the water
solubility of f-CNTs, 40% of —COOH was evaluated be attached to DMP as
solubilizing group. Thus, the fraction of soluhitig group was bigger than that attached
in section 4.3.3.1, because the previous f-CNTeweore soluble than the later f-CNTs
when both considered in their initial condition. eféfore the folic acid was used in
excess with the objective to complete all the 60%C®OH that did not react with DMP.
The removal of excess of folic acid was made pdsdily washing the solid obtained

with tetramethylurea (TMU) which could dissolve fa#te folic acid in the solution.
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A. Results of f-CNTs (Aspartic acid) bound folic aiwl conjugates

This reaction gave a product with the yield of 2glmand the chemical structure is
presented in Scheme 4.8. Several tests were pextbimcluding water-solubility, TEM
and'H NMR analysis. The water-solubility was succesafypH 6-7.

After TEM analysis, the average diameter of nanesuin Figure 4.29 was evaluated to
170nm.

Figure 4.30: f-CNTS (Aspartic acid)-DMP (40)-FA (60 microscopic image

The 'H NMR Spectra (32) showed all expected chemicaldbaas illustrated in

Table 4.12. Thus, this confirms that the reversditachment between f-CNTs with DMP
and folic acid was possible via the formation ofidgengroup. To calculate the fraction
incorporation of folic acid, the integration of jpe& evaluated to 1 was chosen as
reference and corresponded to 4H as expected, henthtegration of aromatic peaks
(E, F, G) evaluated to 3.8 was calculated 15.2Hemfie expected was 15H as shown
in Scheme 4.8, and then the fraction incorporatain folic acid was 101.3%.

The error was 1.3%.
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& arborn nanotubes

Fuolic asid

Scheme 4.8: f-CNTs (Aspartic acid)-DMP (40)-FA (60%tructure

Table 4.12: HNMR data f-CNTs (aspatrtic acid)-DMP (9)-FA (60)

, , "HNMR
Chemical Shift _
peaks Assignment
&/ppm S
identification
8.7-6.8 G FE CH Aromatic
4.7-4.25 D CH Asp,
CH Folic acid
3.2-2.9 C -CONHCH2 NHCHj,
CH3;NH(CH3),
-CH,COOH,
2.3-1.8 B
CH,CONH,
COOHCHCH,CH
1.8-1.7 A CH,CH,CH,
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B. Discussion of results of f-CNTs (Aspartic acidpound folic acid conjugates

With small size of 170nm, the f-CNTs-drug conjugdieing biocompatible, can easily
penetrate the cells until the delocalisation ofcesaus cells for the release of the drug to
the target. The f-CNTs-drug conjugate from aspaatic (Fig. 4.29) showed the dark
spot spread along the nanotubes while Figure Z4eR8ed to the f-CNTs of conjugate
made from HSOJ/HNOs; at 100°C has shown more dark spot at the end cap
comparatively. Since in section 4.3.2.1 the incampon of COOH (17.1%) in f-CNTs
with H,SOYHNO;z at 100°C (Table 4.10) was lesser than the one (20%CNTs with
aspartic acid, more quantity of DMP and folic awidl be needed in total to cover all the

carboxyl group, and this can result to a structwith nanotube more dark.
4.3.3.3. f-CNTs (Poly-DL- succinimide) bound foli@acid conjugates

The f-CNTs for this case was obtained by coatirgNMtWCNTs with the polymer poly-
DL-succinimide whose opening of the ring requirkd attachment of DMP and PDA in
a certain proportion. The attachment of both DMPs@alsibilising group and PDA drug
anchoring site led to the formation peptide groapte to reinforce the antibody. The
challenge was to evaluate the quantity of polymeated to the MWCNTs for
functionalization, accordingly to determine the ity of DMP and PDA. In order to
ensure more space for the anchoring drug the ntiol weas 40% for solubilising group
(DMP) and 60% for drug anchoring site (PDA). Thaateon was running at below room
temperature while PDA was added in excess and wis@- This could prevent the
crosslinking capable to occur during the reactisiter elimination of excess of PDA by
washing with hot toluene and then hot acetoneg fadid was added in excess relative to
the quantity of PDA.

A. Results of f-CNTs (Poly-DL- succinimide) bounddlic acid conjugates

After the collection of a product with a yield ob8g, different tests were performed
including water-solubility, TEM and'H NMR analysis. The water-solubility was
successful at pH 6-7.while the TEM analysis gavgufé 4.30 with outer diameter
(do) of 80nm and inner diameter,YdOnm, andH NMR Spectra 33.
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After TEM analysis, the evaluation of micrographame (Figure 4.30) confirmed the
nanotubes structure of 80nm as outer diameter @neh4as inner diameter, with the

presence of lines in transversal of nanotubes.

Figure 4.31: f-CNTs (PSI)-DMP (40)-PDA (60)-FA micoscopic image

The'H NMR Spectra (33) showed different peaks as fodtow

A: - CHxyCH2xCH, B: CHxN (CHg); NH.CH,; CONHCH,; C: CH,CONH;

D: COCHNH and E, F, GH aromatic.

To calculate the fraction incorporation of folid@che integration of pick A evaluated to
1 was chosen as reference and corresponded to d@Xpacted, and the integration of
aromatic peaks (E, F, G) evaluated to 1.58 wasulzbkd 15.8H while 15H was expected
according to the Scheme 4.10. This has resultédetéraction incorporation of folic acid
of 105.3% with the error of 5.8%.
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B. Discussion of results of f-CNTs (Poly-DL- succimide) bound folic acid
conjugates

The presence of lines in transversal of nanotulaassshown that MWCNTs have been
coated with polymer bound folic acid (drug). Than@irms the theoretical structure that
was previously illustrated in Figure 2.1. When takiin to account both the average
weight of polymer which can prevent the layer & tirug in the kidney, and the small
size of nanotubes which can facilitate the traretioo of the drug in the cell, the
synthetic polymer bound folic acid (methotrexateating the CNTs are more beneficial
in therapy to improve the condition of drug uptakethe cells. All chemical bands
shown in Scheme 4.9 were illustrated in tHeNMR Spectra (33).

¢ I MH+
(0] HMH (0] MNH = =
T con Leom e
e M
CONH CONH H
Hj
o
HH

§N §NHCU
2 -
T e NH C04®7 3

CoOOH

Scheme 4.9: f-CNT (PSI-DMP (40)-PDA (60))-FA structre
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CHAPITER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The current research was undertaken to investtbatéormation of biofissionable amide
in polymer and carbon nanotubes bound folic acid arethotrexate. Considering the
structural approach of MTX (Schemes 1.1) as companefolic acid (Schemes 1.2)
which is very expensive, folic acid was used agydrnd the results were comparable to
MTX drug. In order to prove the formation of bioegsible bond (CONH) between the
polymer and the drug, the kinetics study was fonadessary. This was achieved since

the incorporation of folic acid in polymeric carievolved the time of reaction.

The polymer has been chosen as drug carrier dus tmolecular weight capable of
preventing high concentration of drug in the kidn€grbon nanotubes, taking advantage
of its small size capable of penetrating the cedhmbrane, has also been utilized as drug
carrier to reach the target. Especially when thhbaananotube is covered on the surface
by a polymer bound to the drug, more advantagebeameld up relating to the small size
and molecular weight. Therefore, the primary olyecof this research was the use of

carbon nanotubes as drug carrier as compared ympdkt drug carrier.

The completion of this research was possible tHmotlge functionalization of both
polymeric and carbon nanotubes carriers in respecertain requirements, capable of

rendering the drug conjugates bioactive throughant attachment.

To realize the total functionalization, X% of Pabpartamide was covered with
3-dimethylamino-1-propylamide (DMP) and Y% as oamsling available site was
covered with 1,3 diaminopropane (PDA). This waselby varying the mol ratio X/Y

(19/1, 9/1, 17/3 and 4/1) which led to 94%, 98%®%0and 101% incorporation of PDA
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in the polymer respectively after NMR analysis.abidition, a variety of polymers were
chosen to be conjugated to folic acid. This was enaasible by using an ester, 2-(1H-
benzotrial-1-yl)-1,1,3,3-tetramethylurium hexaflaphosphate (HBTU), as coupling
agent. The challenge is that the long chain carsuigected to cleavage during the
reaction. The kinetic study was found necessargptiimize the time of reaction for a
minimum cleavage with a maximum incorporation didacid giving an optimum yield.
Thus, the time of reaction was set within the raaj@20 to 130 minutes. In this time,
the incorporation of folic acid varyied between 9@#d 104% for a yield within the
range of 80 to 85%.

The carbon nanotubes, due to its small size, wiseewsed as drug carrier to the target.
Two methods have been developed to functionaliee cirbon nanotubes, and these
included covalent and noncovalent functionalizatibhe covalent functionalization was
developed on the surface of CNT the carboxyl grthat was able to react through
HBTU as coupling agent with the amines of DMP i gart and folic acid in other part.
The formation of CONH as bioreversible bond betw#en f-CNTs and folic acid has
been investigated by the use'Bf NMR and IR analysis. This was successful, esfigcia
when after the enhancement of water solubility nbaotube shape of the structure has
been conserved within the diameter range of 50nrh7tnm after TEM investigation.
Particular attention was to f-CNT prepared with CNiBpersed in the mixture of
sulphuric acid and nitric acid at variable temperes. The phenol (OH) and carboxyl
(COOH) groups were attached on the surface of CNikimg the rate COOH/OH to
decrease with increasing temperature. Hence, @NT-covered on the surface with OH
and COOH was more water soluble than the f-CNT avith COOH.

In order to achieve the noncovalent functionalaatithe polysuccinimide was added to
the carbon nanotubes and thereafter DMP as sdingligroup and PDA as drug
anchoring site were both used for the polymer opgning. The f-CNT obtained was
subjected tdH NMR, IR and TEM analysis. After analysis, selecteCNTs were bound
to folic acid through HBTU. This led to the folicid carrier conjugation with formation
of CONH as biofissionable bond investigated altérNMR analysis. The TEM result
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has illustrated the conservation of nanostructuth the diameter of 80nm. The f-CNTs
functionalized with polymer can be more benefiaaldrug carrier due to the small size

and the high average molecular weight.

5.2 Recommendation

There are many recommendations which can be mattetbamprove the current work

and to extend it somewhat further into new areassdarch.

5.2.1. Recommendation for the current work

These recommendations are necessary for the impeawveof this work:

* The polymer carrier has to be water soluble at ptHivthe range 6 and 7.

* In order to provide a maximum incorporation of ¢oéicid, the polymeric carrier
has to be conserved in the anhydrous desiccators.

* The required quantity of HBTU as coupling agent tres in the ratio of 1:1.1
(carrier:HTBU) because a large quantity can causeroleavage of polymer.

* The sonication was useful for the dispersion oboarnanotubes in the solvent,
but it must be observed in a short time, approxa@hyat5 minutes to prevent the
carbon nanotubes from being brittle.

* To prevent destruction of nanotubes, the functiaaibn of carbon nanotubes
using the mixture of sulphuric acid and nitric aondist not go beyond 4 hours

when working at 100C.

5.2.2. Recommendation for further work

This was not sufficient to conclude that the prgdrobtained using polymer or carbon
nanotubes as carriers, could easily penetrate éthanembrane and release the drug to
the target because no biomedical evaluation has tie@ee. Therefore it is recommended
that future work be focused on investigating thdotxic performance of carbon

nanotubes carrier drug conjugates.
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The phenol group and carboxyl group generated erstinface of -CNTs made with the
mixture of sulphuric acid and nitric acid can bsubject of selection of drugs due to their
different electronegativities. Hence the applicatod different drugs for a good selection
is recommended for future work.

114



REFERENCES

(). Shaw, G.M.; Schaffer; D.; Velie, E.M.; MorlanK.; Harris, J.A. (1995).
Periconceptional vitamin use, dietary folate, amel dccurrence of neutral tube defects.
Epidemiology6: 219-26.

(2). Zittoun, J. (1993). Anemias due to disorder folate, vitamin B12 and
transcobalamin metabolisia Revue du praticied3 (11): 1358-63.

(3). Smith, C.; Lieberman, M.; Marks, D.B.; Marks,D. (2007). Marks’ essential
medical biochemistty Hagerstown, MD: Lippincott Willams & Wilkins.
Clinical:Malaria, 1-7

(4). Jennings E. (1995). Folic acid as a cancevgiréng agentMed Hypothesedl5 (3):
297-3083.

(5). Johnston, A.; Gudjonsson, J.E.; Sigmundsdottt.; Ludviksson, B.R.;
Valdimarsson, H. (2005). The anti-inflammatory aotiof methotrexate is not mediated
by lymphocyte apoptosis, but by the suppressionctivation and adhesion molecules.
Clin Immuno] 114 (2): 154-163.

(6). Ma, Z.; and Taylor, J.S. (2001). Nucleic atifygered catalytic drug and probe
release: A new concept for the design of chemogeertsac and diagnostic agents.

Bioorganic & Medicinal Chemistryd: 2501-2510.

(7) Chu, B.C.F.; Whiteley, J.M. (1977). High moléou weight derivatives of

methotrexate as chemotherapeutic agevitd. Pharmacal 13: 80-88

(8) Ringsdorf, H.J.; et. al. (1973h Site-specific drug delivery?olym. Sci Polym. Sym,
51: 135.

115



(9) Maeda, H. (1989). Tumoritropic and lymphotroganciples of macromolecular
drugs.Crit. Revs. Therapeubrug Carrier Systems: 193.

(10) Christie, R.J.; Grainger, D.W. (2003). Desigtrategies to improve soluble
macromolecular delivery constructsdv. Drug Delivery Rey$5: 421-437.

(11) Allen, T.M.; Cullis, P.R. (2004) Drug delivegystems;entering the mainstream
Science303 1818-1822.

(12) Kostarelos, K. (2003). Rational design andimegying of delivery systems for
therapeutics: biomedical exercises in colloid andage scienceAdv Colloid Interface
Sci 106 147-168.

(13)Pouton, C.W. ; Seymour, L.\VY2000). Key issues in non-viral gene delivefylv.
Drug. Deliv. Rey46: 187-203.

(14) Pantarotto, D.; Briand, J.P.; Prato, M.; B@nA. (2004).Translocation of bioactive

peptides across cell membranes by carbon nanst@em Commun (Cami)6-17.

(15) Shi; Kam, N.W.; Jessop, T.C.; Wender, P.A.i,Ba (2004). Nanotube Molecular
transporters: internalization of carbon nanotubmeggin conjugates into mammalian
cells.J Am Chem Sod26. 6850-6851.

(16) Ferrari, M. (2005). Cancer nanotechnologypafunities and challengellat Rev
Cancer 5: 161-171.

(17) Wu, W.; Wieckowski, S.; Klumpp, C.; Beninca$4,; Briand, J.P.; Gennaro, R.;
Prato, M.; Bianco, A. (2005). Targeted delivery amphotericin B to clls using
functionalized carbon nanotubésgew Chem Int Ed Engl; in press, dbd: 1002anie.
200501613

(18) World Health Organisation (WHO). Fact sheet297, February 2009.
116



(19) Health 24-Cancer facts and figures (2001); €Ty Cancer prevalent in South
Africa.

(20) Louie, J.K.; Hsu, L.C.; Osmond, D.H.; Katz,H\. Schwarcz, S.K(2002). Trends
in causes of deathl] Infect Dis, 186. 1023-1027.

(21) Grisham, C.M.; Reginald, H.G. (1999). Enzyni&iochemistry Philadelphia:
Saunders College Pud26-427

(22) Koshland D. E. (1958). Application of a ThearyEnzyme Specificity to Protein
SynthesisProc. Natl. Acad. Sc#4 (2): 98—-104.

(23) Chabner, B. A. (1982). Methotrexate. Pharmacologic Principles of Cancer
Treatment. B. A. Chabner, editor. W. B. Saunders Rluladelphia 229-255.

(24) Foye, W.D. (1995 In cancer Chemotherapeutic AgenEd., Am. Chem. Soc.,
Washington, DC, 9-45

(25) Embleton, M.J.; and Garnett, M.C. (198B). Monoclonal antibodies for cancer
detection and therapyR.W. Baldwin, and V.S. Byers, Eds.). Academics8rd_ondon,

317-344.

(26) Diamond, L.K.; Mercer, R.D.; et al. (1948).mgorary remission in acute leukaemia
in children produced by folic acid antagonigtis.Engl. IMed,238 787-793.

(27) Ward, J.R. (1985). Historical perspective ¢ tuse of methotrexate for the

treatment of rheumatoid arthritis. Rheumatoll2: 3-6

(28) Kremer, J.M. (1996). Historical overview ofettreatment of rheumatoid arthritis
with emphasis on methotrexafe Rheumatold4: 34-37.

117



(29) Moss, R.B. (1995). Alternative pharmacothezapior steroid-dependent asthma.
Chest, 107. 817-825.

(30) Leeman, L.M.; Wendland, C.L. (2000). Cervieatopic pregnancyArch. Fam.
Med 9: 72-77.

(31) Mathews, D.A.; Alden, R.A.; Bolin, J.T.; Free3.T; et al (1977). In Molecular
basis of differential resistance to cycloguanil apgrimethamine in Plasmodium

falciparum malariaScience197: 452-455.
(32) Reynolds, J.E.F.; Parfitt, K.; Parsons, ASweetman, S.C. (1996). The protective
role of folic acid and vitamin E against toxi€he royal pharmaceutical Society9:

1361-1362.

(33) Lewisohn, R.; Leuchtenberger, C.; LeuchtenberB.; and Keresztezy, J.C. (1946).

The influence of Liver L. casei factor on spontameBreast.Sciencel04: 436-437.

(34) Butterworth, C.E. Jr.(1992). Effect of folada cervical cancer. Synergism among
risk factors Ann NYAcad Sci669 293-299.

(35) Anderson, R.G.W.; Kamen, B.A.; Rothberg, K.@992). Caveolin, a protein
component of caveolac membrane co&tsence255 410-411.

(36) Ross, J.F.; Chaudhuri, P.K.; Ratham, M. (19®4jferential regulation of folate
receptorCancer,73: 2432-2443.

(37) Donaldson, K.; Stone, V.; Tran, C.L.; Kreylin§V. and Borm, P.J. (2004).
Nanotoxicology, OccugEnviron. Med 61: 727-728.

118



(38) Donaldson, K.; Stone, V.; Tran, C.L.; Kreylin§V. and Borm, P.J. (2004).
Nanotoxicology, Occu@Environ. Med61: 727-728.

(39) Georgakilas, V.; Tagmatarchis, N.; PantaroRlg, Bianco, A.; Briand, J.P.; Prato,
M. (2002). Amino acid functionalization of waterlgble carbon nanotube£hem
Commun24: 3050-3051.

(40) Pantaroto, D.; Briand, J.P.; Prato, M.; Albe. (2004). Translocation of bioactive
peptides across cell membranes by carbon nanotGhesa commuyri:16-17.

(41) Pantarotto, D.; Partidos, C.D.; Graff, R.; Heke, J.; Briad, J.P.; Prato, M.; et al.
(2003). Synthesis, structural characterisation,immunological properties of carbon
nanotubes functionalized with peptid@sAM Chem Sqd 25(20): 6160-4.

(42) Lu, G.; Moore, J.M.; Huang, G.; Mount, A.S.ad&® A.M.; Larcom, L.L.; et al.
(2004) RNA polymer translocation with single-walledrbon nanotubedNano Lett

4(12): 2473-2477.

(43) Dumitriu, S.; and Dumitriu, M. (1994). Polynee drug carrier.In Polymeric
Biomaterials.(S. Dumitriu, Ed.) marcel Dekker, New York, 435472

(44) Dunn, L.; and Ottenbrite, R. M.; Eds (199h)Polymeric drug and Drug Delivery
SystemsACS Symp.: Sed69 3-10.

(45) Takakura, Y.; and Hashida, M. (1995). Drugyéting: Organ-specific strategies.
Crit. Rev.Oncol. Hematql18: 207-231.

(46) Ouchi, T.; and Ohya, Y. (1995). Macromolecytandrugs. Prog. Polyntci 20:
211-257.

119



(47) Gabisson, A.; In: Roerdink, F.H.D.; and A.NEgls. (1989). Drug carrier systems.
John Wiley, New Yorl: 185-212.

(48) Brannon Peppas, L.; Int. J. (1995). Recentaades on the use of biodegradable.
Pharm 116 1-9.

(49) Kerr, D.J.; and kaye, S.B. (1991). Chemoensinolin cancer chemotherap§RC
Crit. Rev Ther. Drug Carrier Sys3: 19-39.

(50) Yang, M.B.; Tamargo, R.J.; and Brem, H. (19&0)ntrolled delivery of 1,3-bis (2-
choroethyl)-1-nitrosoure&ancer Res49: 5103-5107.

(51) Springer, C.J.; Bagshawe, K.D.; Sharma, S3earle, F.; Sherwood, R.F.; and
Melton, R.G. (1991). Ablation of human choriocanmnma xenografts in nude micgur.
J. Cancer27: 1361-1366.

(52) Harris, J.M.J. (1985). Laboratory SynthesidPotyethylene Glycol Derivativesn
Macromol Sci. Rev. Macromol. Chem. Phy25: 325-373.

(53) Davidson, R.L.; O'Malley, K.A.; and Wheeler,Bl (1976).Polyethylene glycol-
induced mammalian cell hybridization: Effect of yethylene glycol molecular weight
and concentratiaromatic Cell Genetic®; 271-280.

(54) Peppas, L.B. (1997)Polymer in Controlled Drug DeliveryMedical Plastics and
Biolmaterials Magazin€15 191-201.

(55) Abuchowski, A.; Van Es, T.; Plozuk, N.C.; abavis, F.F. (1977). Alteration of
immunological properties of bovine serum albumin bgvalent attachment of
polyethylene glycolJ. Biol. Chem252 3578-3581.

120



(56) Lee, R.J.; and Low, P.S. (1994). Delivery iposomes to cultured KB cells via
folate receptor mediated endocytosis.Biol. Chem269 (5): 3198-3204.

(57) Hirano, T.; Klesse, W.; Ringsdorf, H. (197®plymeric derivatives of activated.
Cyclophosphamide as drug delivery systems in amtiet chemotherapyMakromol.
Chem 180 1125-1131.

(58) Ohaya, Y.; Nakao, T.; Ouchi, T.; et al. (2Q0Bjeparation and characterization of
Polypseudorotaxanes Based on Biodegradable Pagtide)/Poly(ethyleneglycol)
Triblock CopolymersMacromol, 36(25) :9313-9318.

(59) Katayose, S.; Kataoka, K. (1998). Polyion CamMicells with reaction Aldehyde
Groups.J. Pharm. Sci97: 160-163.

(60) Rejmanova, P.; Kopecek, J.; Duncan, R.; Llay8, (1985).Stability in rat plasma

and serumBiomaterial,6: 45-48.

(61) Kopecek, J. (1984). Controlled biodegradaptiit polymers-a key to drug delivery

systemsBiomaterials,5:19-25.

(62) Krinick, N.L.; Rihova, B.; Ulbrich, K.; Strola, J.; Kopecek, J. (1990). Targetable
photoactivatable drugs.Rlakromol. Chem191: 839-856.

(63) McCormick, L.A.; Seymour, L.C.W.; Duncan, Kppecek, J. (1986). Polymer

conjugates as anticancer nanomedecihddaact. Comp. Polyni: 467-497.

(64) Ohkawa, K.; Hatano, T.; Tsukada, Y.; Matsubla,(1993). In Chemotherapeutic
efficacy. Br. J. Cancer67. 274-278.

121



(65) Song, Y.; Onishi, H.; Nagai, T. (1993). Phacolanetic characteristics and
antitumor.Biol. Pharm Bull, 16: 48-54.

(66) Sezaki, H., and Hashida, M. (1984). Macromalecdrug conjugates in targeted
cancer chemotherap@RC Crit. Rev.Ther. Drug Carrier Sy4t,1-38.

(67) Goddard, P.; Petrak, K. (1989). Biodegradatbrlrug-modified polymers in drug
delivery-a critical analysisl. Bioaact. Compat. Polym: 372-402.

(68) Thomas, H. (1992). New horizons in cancerahgrDrugs of today28: 311-331.

(69) Dept of Chemistry, Wright-Rieman Laboratori€jtgers University, Piscataway,
NJ 08854-8087, ETATS-UNIS.

(70) Ringsdorf, H. (1975). Structure and propertiels pharmacologically active
polymers.J. Polym.SciPolym. Sympb1: 135-153.

(71) Neri, P.; Antoni, G.; Benvenuti, F.; Cocola; 6azzei, G. (1973). Synthesis f-
poly[(2-hydroxyethyl)-DL-aspartamide], a new plasmgander.Journal of Medicinal
Chemistry 16(8): 893-897.

(72) Kalal, J.; Drobnik, J.; Kopecek, J.; Exner,(1978) Water soluble polymers for
medicine British Polymer Journall0 (2): 111-114.

(73) Neri, P.; Antoni, G. (1982). a,p-poly(2-Hydroxyethyl)-DL-aspartamide.
Macromolecular Synthesg& 25-28.

(74) Machado, Mdel; Neuse, E.W.; Perlwitz, A.G. 429 Water-soluble polyamides as

potential drug carriers, V. Caboxy-functionalized olyaspartamides and
copolyaspartamidegsngewandte Makromolekulare Cheni®51): 35-56.

122



(75) Neuse, E.W. (2008). Synthetic Polymers as EDaljvery Vehicles in Medicine.
Met. Based Drugg;19

(76) Caldwell, G.; Neuse, E.W.; Perwitz, A.G. (199Water soluble polyamides as
potential drug carriers. IX. Polyaspartamides @aft with amine-terminated
poly(ethylene oxide) chaindournal of Applied Polymer Scien&§(5): 911-919.

(77) Pytela, J.; Saudek, V.; Drobnik, J.; Rypacek, (1989). Poly(N5-
hydroxyalkylglutamines). IV. Enzymatic degradationf n5-(2-hydroxyethyl)-L-
glutamine homopolymers and copolymelsurnal of Controlled releasd.0(1): 17-25.

(78) Danusso, F.; Ferruti, P. (1970). Synthesitedfary amino polymers?olymer,11:
88-113.

(79) Ferruti, P.; Marchisio, M.A.; Barbucci, R. @%). Synthesis and physicochemical
charaterization of a hydrophiliolymer 26: 1336-1348.

(80) Hill, I.R.C.; Garnett, M.C.; Bignotti, F.; D&/ S.S. (1999). In vivo cytotoxicity of
poly(amidoamine)s: Relevance to DNBiochem. BiophysActa, 1427 161-174.

(81) Ranucci, E.; Ferruti, P.; et. al. (1994). Receesults on functional polymers and
macromonomers of interest as biomaterial or fomaiterial modificationJ. Biomat. Sci.

Polym 15: 1235-1241.

(82) Ferruti, P.; Barbucci, R. (1984). Linear AmiRolymers-Synthesis, Protonation and
Complex-Formation Adv. Polym. S¢b8: 55-92.

(83) Ferruti, P.; Maria, A.; Marchisio; Duncan, R002). Poly(amido-amine)s :
Biomedical applicationgvlacromol.Rapid Commun, 23: 332-335

123



(84) Cadwell, G.; Neuse, E. W. (1992). PreparatbiNanocomposite Ply(allylamine)-
Poly(ethylene).S. Afr. Chen¥5: 93-102.

(85) Malgesini, B.; Verpilio, L; Duncan, R.; FerutP. (2003). Formulation of new
bioactive polymeric materials for applications isstie engineeringlacromol. Biosci
3: 59-66.

(86) Ferruti, P.; Marchchisio, M.A.; Duncan, R. (). Poly(amido-amine)s carrying
primary.Macromol Rapid commu®3: 332-335.

(87) Ferruti, P.; et al. (2000). Amphoteric lingaoly(amido-amine)s as endosomolytic
polymers: correlation between physicochemical andological properties.
Macromolecules 33 (21): 7793-7800.

(88) Kulkarni, P.N.; Blair, A.H.; and Ghose, T.11981). Covalent binding of
methotrexate to immunogenobulins and the effecamibody-linked drug on tumor
growth in vivo.Cancer Res41: 2700-2706.

(89) Upeslacis, J.; Hinman, L. (1988). Annual répom Medical Chemistry (N.
Saltzman, Ed.)Academic Press, New Yoi51-160.

(90) Garnett, M.C.; Baldwin, R.W. (1986). An impexl synthesis of a methotrexate —
albumin -791T/36 monoclonal antibody-conjugate tyt@ to osteogenic sarcoma cell
lines.Cancer Res46:2407-2412.

(91) Bures, 1.; Lichy, A.; Bostik, J. (1990). Theeuof protein as a acrrier of methotrexate

for experimental cancer chemotherapy V. Alternativethod of serum albumin-

methotrexate derivativ&pundova, M.;Neoplasmay: 225-231.

124



(92) Chakraborty, P.; Bhaduri, A.N; Das, P.K. (1p9eoglycoproteins as carriers for
receptor-mediated drug targeting in the treatméeiperimental visceral Leishmaniasis.
Biochem. Biophys. Res. Commw&6 404-410.

(93) Sanzgiri, Y.; Blaton, C.D.; Gallo, J.M. (1990)argeting tumors using magnetic
drug deliveryPharm. Res7: 418-421.

(94) Caldwell, G.; Meirim, M.G.; Neuse, E. W. (1998Vater-soluble polymer-ferrocene
conjugates based on polyamide carriers containmgadhain-type secondary amine
functions as binding sites. Journal of Inorganid @rganic Polymers(4): 225-236.

(95) Meirim, M.G.; Neuse, E.W.; N'Da, D.D. (2001Garrier-bound methotrexate I.
water-soluble polyaspartamide-methotrexate congggatith Ester links in the polymer-
drug spacerJ. Appl. PolymSc,82: 1844-1849.

(96) Kono, K.; Liu, M.; Fréchet, J.M.J. (1999). s of dendritic macromolecules
containing folate or methotrexate residug®conjugate Chepi0: 1115-1121.

(97) Okamoto, C.T. (1998). Endocytosis and traressigtAdv. Drug Del. Rev29: 215-
228.

(98) Okamoto, C. T. (1998). Endocytosis and tratessyg. Adv. Drug Del. Rev;29: 215-
228.

(99) Wang, S.; Luo, J.; Lantrip, D.A.; Waters, Dlow, P.S.; et. al. (1997). Efficient
syntheses of pyrofolic acid and pteroyl azide, esds for the production of carboxyl-

differentiated derivatives of folic aci@ioconjugate Chen8: 673-679.

(100) Sudimack, J.; Lee, R.J. (2000). Targeted dlivery via the folate receptdkdv.
Drug Delivery Rev41: 147-162.

125



(101) Coney, L.R.; Tomasetti, A.; Carayannopoulosfrasca, V.; Kamen, B.A.; et. al.
(1991). Cloning of a tumor-associated antigéancer Res51: 6125-6132.

(102) Leamon, C.P.; Parker, M.A.; Vlahov, ILR.; XuC.; Reddy, J.A.; Vetzel, M;
Douglas, N. (2002).Synthesis and Biological Evaluation of EC20: A Né&wlate-
Derived 99mTc-Based RadiopharmaceutiBabconjugate Cheni3: 1200-1210.

(103) Anderson, K.E., Stevenson, B.R., Rogers, §1899).In Targeted delivery of
proteins by nanosized carrieds Controlled Releasé0: 189-198.

(104) Caliceti, P.; Salmaso, S.; Semenzato, A.pfigio, T.; Fornasier, R.; Fermeglia,
M.; et. al. (2003). Synthesis and physicochemibalracterization of folate-cyclodextrin.
Bioconjugate Cheni4: 899-908.

(105) David Dago N’Da (2004). Synthesis of methaodite and ferrocene conjugates as

potential anticancer agens thesis submitted to the faculty of science, Ui, 34-46.

(106) Allen, T.M.; and Cullis, P.R. (2004). Drugldery Systems: Entering the
MainstreamScience Magazine 19 March 2004, 1818-1822

(107) Varde, N.K.; and Pack, D.W. (2004Mlicrospheres for controlled-release drug
delivery. ExpertOpinion in Biological Therapy4, 35-51

(108) Chen J.M.; et al. (2001). Mutational scregrofthe cationic trypsinogen gene in a
large cohort of subjects with idiopathic chroniapeatitis.Mar, 593):189-93.

(209) lijima, S. (1991). Helical microtubules ofaghitic carbonNature 354 56-58

126



(110) Chem, S; She, W.; Wu, G.; Chen, D.; andglidh (2005). A new approach to the
functionalization of single-walled carbon nanotubeth both alkyl and carboxyl groups.
Chemical Physics Letterd02 312-317.

(111) Serp, P.; Corrias, M.; and Kalck, P. (2003arbon nanotubes and nanofibers in
catalysisApplied Catalysis A: General53 337-358.

(112) lijima, S. and Ichihashi, T. (1993). Singleel carbon nanotubes of 1-nm diameter.
Nature,363 603-605.

(113) Bethune, D.S.; Klang, C.H.; de Vries, M.Sagr@an, G.; Savoy, R.; Vazquez J.;
and Beyers, R. (1993). Cobalt-catalysed growthasban nanotubes with single-atomic-
layer walls.Nature,363 605-607.

(114) lijima, S.; Brabec, C.; Maiti, A.; BernleplJd. (1996). Structural flexibility of
carbon nanotubes. J. Chem, PHy&(5) : 2089-2092.

(115) Colvin, V.L. (2003). The potential environni@n impact of engineered
nanomaterialdNat Biotechnol21: 1166-1170.

(116) Lin, Y.; Taylor, S.; Li, H.; Fernando, K. QA,; Wang, L.; Gu, L.; Zhou B. and.
Sun, Y.P (2004). Advances toward bioapplicationgabon nanotubed. Mater Chem
14: 527-541.

(117) Bianco, A.; Kostarelos, K.; Partidos C.D.;daRrato, M. (2005). Biomedical
applications of functionalized carbon nanotuli&isem Commurb71-577.

(118) Kostarelos, K.; Lacerda, L.; Partidos, C.Brato, M.; and Bianco, A. (2005).

Carbon nanotubes mediated delivery of peptides gedes to cells: translating
nanobiotechnology to therapeutidDrug Deliv Sci Technpl5: 41-47.

127



(119) Bianco, A. (2004). Carbon nanotubes for teévdry of therapeutic molecules.
Expt opin Drug Deliy1: 57-65.

(120) Xia, W.; Wang, Y.; Bergstra, R.; Kundu, SndaMuhler, M. (2007). Surface
characterization of oxygen-functionalized multi-ledl carbon nanotubes by high-
resolution X-ray photoelectron spectroscopy andpemature-programmed desorption.
Applied Surface Sciencgs4 247-250.

(121) Che, G.; Lakshmi, B.B.; Martin, C.R.; andHiés E.R. (1998). Chemical Vapor
Deposition Based Synthesis of Carbon Nanotubes Idadofibers. Chem. Mater
10: 260-267.

(122) lidima, S. (1991). Helical microtubules o&ghitic carbonNature 354 56-58.

(123) Collins, Philip G. (2000). Nanotubes for ¢tenics.Scientific American67-69.

(124) Statishkumar, B.C.; Govindaraj, A.; Sen, RAnd Rao, C.N.R. 1998). In
Organometallic precursor route to carbon nanotubbeem. Phys. Leit293 47-52.

(125) Nikolaev, P.; Bronikowski, M.J.; Bradley,KE; Rohmund, F.; Colbert, D.T.;
Smith, K.A.; and Smalley, R.E (1999hem. Phys. Le{t313 91-97.

(126) Guo T, Nikolaev P., Rinzler D. Tomanek D.Qqlbert D.T., Smalley R.E. (1995).
Self- Assembly of Tubular Fullerenek.Phys. Chem99: 10694-10697.

(127) Guo T., Nikolaev P., Thess A., Colbert D.Bmalley R.E. (1995). Catalytic
growth of Single-Walled nanotubes by laser vapoioraChem. Phys. Left243 49-54.

128



(128) Zieggler, K.J.; Gu, Z.; Peng, H.; Flor, E.Hauge, R.H.; Smalley, R.E (2005).
Controlled oxidative cuting of single-walled carboanotubesJ. Am. Chem. Sod27:
1541-1547.

(129) Heald, C.G.R.; Wildgoose, G.G.; Compton, Ritang, L.; Jones, T.G.J. (2004)
Chemical derivatisation of multiwalled carbon nam®s using diazonium salShem.
Phys. Chenb: 1794-1799.

(130) Niyogi, S.; Hamon, M. A.; Hu, H.; Zhao, B.h8wmik, P.; Sen, R.; ltkis, M.E.;
Haddon, R. C. (2002) Chemistry of single-walledocar nanotubesAcc. Chem. Res35:
1105-1113.

(131) Rosca, I. D.; Watari, F.; Uo, M.; Akasaka, (2005). Oxidation of multiwalled
carbon nanotubes by nitric acidarbon,43: 3124-3131.

(132) Zeng, L.; Alemany, L. B.; Edwards, C. L.; Bar, A. R. (2008). Demonstration of
covalent sidewall functionalization of single wattarbon nanotubes by NMR
spectroscopy: Side chain length dependence on ltservation of the sidewall sp3
carbonsNano Res.1: 72-88.

(133) Siegrist, R.L.; Urynowicz, M.A.; West, O.FCyimi, M.L. and Lowe, K.S. (2001)
Principles and Practices of In Situ Chemical OxalatUsing Permanganat@ournal of
Environmental Engineering.2811): 1068-1079.

(134) Hiura, H.; Ebbesen, T.W.; and Tanigaki, K99%). Opening and purification of
carbon nanotubes in high yieldsdv. Mater 7: 275-6.

(135) Zhang, N.; Xie, J.; and Vadaran, V.K. (20(0R)nctionalization of carbon
nanotubes by potassium permanganate assisted matepgransfer catalyst Smart Mater.

Struct,11: 962-5.

129



(136) Tshang, S.C.; Chem, Y.K.; Harris, P.J.F.; &réen, M.L.H. (1994). A simple
chemical method of opening and filling carbon nabes Nature,372 159.

(137) Lago, R.M.; Tsang, S.C.; Lu, K.L.; Chem, Y,.land Green, M.L.H. (1995). In
Fullerene-based materials as new support mediaterdgeneous]. Chem. Soc. Chem.
Commun 1355

(138) Liu, J.; et al. (1998). Fullerene pip8sience280 1253-6.

(139) Satishkumar, B.C; Govindaraj, A.; Mofokeng,Subbama, G.N.; and Rao, C.N.R.
(1996). Novel experiments with carbon nanotubesenop, filling, closing and
functionalizing nanotubes. Phys. B: At. Mol. Opt. Phy29: 4925-34

(140) Xie, J.; Zang, N.; Guers, M.; and VaradanK.V(2002). Ultraviolet-curable
polymers with chemically bonded carbon nanotubesriwroelectromechanical system
applications Smart Matet1: 575-80

(141) Nguyen, G.; Delarue, F.; Burcklé, C.; Bouzhir, Giller, T.; Sraer, J.D. (2002).
Pivotal role of the renin/prorenin receptor in angnsin Il.Institut National de la Santé
et de la Recherche Médicale (INSERM) U4RSh, 109(11):1417-27.

(142) Dyke, C.A.; Stewart, M.P.; Tour, J.M. (2005gparation of single-walled carbon
nanotubes on silica gel. Materials morphology aathan excitation wavelength affect

data interpretationl. Am. Chem. Sqcl27:4497-45009.

(143) Tagmatarchis, N.; Prato, M. (2004). Fundiaation of carbon nanotubes via 1,3-
dipolar cycloadditions]. Mater. Chem.]4: 437-439.

(144) Hudson, J.L.; Casavant, M.J.; Tour, J.M. @00Water-soluble, exfoliated,
nonroping single-wall carbon nanotubé&sAm. Chem. Sqd 26 11158-11159.

130



(145) Heald, C.G.R.; Wilgoose, G.G.; Compton, R.Giang, L.; Jones, T.G.J. (2004).
Chemical derivatisation of multiwalled carbon naro@s using diazonium salthem.
Phys. Chem5: 1794-1799.

(146) Liang, F.; Sadana, A.K.; Peera, A.; Chattdpyag, J.; Gu, Z.; Hauge, R.H.;
Billups, W.E. (2004). A convenient route to functaédized carbon nanotubes.
Nano Lett.4: 1257-1260.

(147) Lee, K.M.; Li, L.; Dai L. (2005). Asymmetriend-functionalization of multiwalled
carbon nanotubesd. Am. Chem. Sod27: 4122-4123.

(148) Chen, R. J.; Zhang, Y. G.; Wang, D. W.; D4i,J. 2001, Noncovalent sidewall
functionalization of single-walled carbon nanotulfes protein immobilizationJ. Am.
Chem. Socl23: 3838-3839.

(149) Chen, J.; Liu, H. Y.; Weimer, W. A.; Halld. d.; Waldeck, D. H.; Walker, G. C.
(2009). Noncovalent engineering of carbon nanotshéaces by rigid, functional
conjugatedl12 Mar 2009.

(150) Chen, R. J.; Zhang, Y. G.; Wang, D. W.; D4i,J. (2001). Noncovalent sidewall
functionalization of single-walled carbon nanotulfes protein immobilizationJ. Am.
Chem. So¢123 3838-3839.

(151) Wu, P.; Chem, X.; Hu, N.; Tam, U. C.; BIiQ,; Zettl, A.; Bertozzi, C. R. (2008).
Biocompatible carbon nanotubes generated by fumaliwation with glycodendrimers.
Angew. Chem. Int. E#7: 5022-5025.

(152) Islam, M.F.; Rojas, E.; Bergey, D.M.; Johnsaurl.; Yodh, A.G. (2003). High
weight fction surfactant solubilization of singleallvcarbon nanotubes in watédano

Lett, 3: 269-273.

131



(153) Moore, V.C.; Strano, M.S. Haroz, E.H.; HauBe. Smalley, R.E.; Schmidt, J.;
Talmon, Y. (2003). Individually suspended singlefa carbon nanotubes in various
surfactantsNano Lett, 3: 1379-1382.

(154) Richard, C.; Balavoine, F.; Schultz, P.; Eawe T. W.; Mioskowski, C(2003)
Supramolecular self-assembly of lipid derivativesn ocarbon nanotubes.
Science300 775-778.

(155) Minko, T. (2005). Soluble polymer conjugaties drug delivery.Curr. Drug
Discov. Technol2: 15-20.

(156) Moore, V.C.; Strano, M.S. Haroz, E.H.; HauBe.; Smalley, R.E.; Schmidt, J.;
Talmon, Y. (2003). Individually suspended singlefa carbon nanotubes in various
surfactantsNano Lett.3: 1379-1382.

(157) Shvartzman-Cohen, R.; Nativ-Roth, E.; Yerusit&kozen, R.; Baskaran, E.;
Szleifer, 1.; Levi-Kalisman, Y. (2004). Selectivaspersion of single-walled carbon
nanotubes in the presence of polymers: the rolaaécular and colloidal length scales.
J. Am. Chem. Sqd 26:14850-14857.

(158) Sinani, V.A.; Kotov, N.A.; Yaroslavov, A.ARakhnyanskaya, A.A.; Gheith, M.K,;
Wicksted, J.P.; Sun, K.; Mamedov, A.A. Aqueous dispns of single-wall and
multiwall carbon nanotubes with designed amphiptpblycations. (2005)1. Am. Chem.
S0c.127:3463-3472.

(159) Didenko, V.V.; Moore, V.C.; Baskin, D.S.; Slleg, R.E. (2005). Visualization of

individual single-walled carbon nanotubes by flsment polymer wrappindNano Lett,
5: 1563-1567.

132



(160) Zheng, M.; Jagota, A.; Semke, E.D.; DinerA.B.McLean, R.S.; Lustig, S.R.
Richardson, R.E.; Tassi, N.G. (2003). DNA-assistesgersion and separation of carbon
nanotubesNat. Mater 2: 338-342.

(161) Zheng, M.; Jagota, A.; Diner, B.A.; McLean,SR Onoa, G.B.; Semke, E.D,;
Watts, D.J.; Strano, M.S. arone, P.; Usrey, M. t&nA.P.; Chou, S.G.; Dresselhaus,
M.S.; Samsonidze, G.G2003). Structure-based carbon nanotubes sortingeyence-
dependent DNA assembli$cience302 1548-1548.

(162) Dieckmann, G.R.; Razal, J.; Giordano, G.Mysselman, I.H.; Baughman, R.H.;
Dalton. A.B.; Munoz, E.; Johnson, P.A.; Draper, R.IChen, J. (2003). Controlled
assembly of carbon nanotubes by designed amplupbeéptide helices). Am. Chem.

Soc, 125 1770-1777.

(163) Wang, S.; Delduco, D.F.; Lustig, S.R.; Wahty; Parker, K.N.; Rizzo, N.W,;
Subramonet, S.; Jagota, A.; Humphreys, E.S.; Chand;hiang, Y.-M. (2003) Peptides
with selective affinity for carbon nanotubé$at. Mater 2: 196-200.

(164) Dieckmann, G.R.; Razal, J.; Giordano, G.M.skkiman, I.H. Baughman, R.H.
Dalton. A.B. Munoz, E. Johnson, P.A. Draper, R.Ke€, J. (2003). Controlled assembly
of carbon nanotubes by designed amphiphilic peptieleces.J. Am. Chem. Socl25
1770-1777.

(165) Dalton, A.B.; Razal, J.M.; Draper, R.K.; Mabran, |.H.; Dieckmann, G.R.; Ortiz-
Acevedo, A.; Zorbas, V.; Brunner, E.; Sampson, W.®@bllins, S.; Yosshida, M.M.;
Jose-Yacaman, M. (2004). Hierarchical self-assembfy peptide-coated carbon
nanotubesAdv. Funct. Materl4: 1147-1151.

(166) Ortiz-Acevedo, A.; Xie, H.; Zorbas, V.; Samps W.M.; Dalton, A.B,;
Baughman, R.H.; Draper, R.K.; Mussiman, I.H.; Dmeelan, G.R. (2005). Diameter-

133



selective solubilization of single walled carbomatubes by reversible cyclic peptidke.
Am. Chem. Socl27: 9512-9517.

(167) Pantarotto, D.; Partidos, C.D.; Graff. Rlpebeke, J.; Briand J.P.; and Prato M.;
and Bianco, A. (2003). Synthesis, Structural charamation and immunological
properties of carbon nanotubes functionalized w#ptidesJ Am Chem Sot25 6160-
6164.

(168) Pantarotto, D.; Partidos, C.D.; HoebekeBdown, F.; Kramer, E.; Briand, J.P.;
Muller, S.; Prato M.; and Bianco, A. (2003). Immzetion with peptide-functionalized
carbon nanotubes enhances virus-specific neutngliantibody response€hem Biol,
10: 961-966.

(169) Salvador-Morales, C.; Flahaut, E.; Sim, Boa8, J.; Green, M.L.H. and Sim, R.B.
(2006) Complement activation and protein adsorptlon carbon nanotube$fol.
Immunol.43193-201

(170) Salvador-Morales, C.; Flahaut, E.; Sloan,Green, M.L.H.; Sim, R.B. (2005).
Complement activation and protein adsorption byp@arnanotubesMol immuno) in
press,288: 354-365

(171) Wong, J.M. (2005). Methotrexate in systemicgpus erythematosus.
Lupus 14: 101-105.

(172) Pignatello, R; Guccione, S; Forte, S: Di Gmo, C.; Sorrenti, V.; Vicari, L.;
Uccello Barretta, G.; Balzano. F.; Puglisi, G. (2RO0 Lipophilic conjugates of
methotrexate with short-chain alkylamino acids RHFR inhibitors. Synthesis,

biological evaluation, and molecular modellijoorg. Med. Chem.12: 2951-2964.

134



(173) Sirotnak, F.M.; Moccio, D.M.; Kellcher, L.EGoutas, L.I. (1981). Relative
frequency and kinetic properties of transport-défecphenotypes among methotrexate-
resistant LI 210 Clonal cell lines derived in viv@ancer Res41l : 4447-4454

(174) Pignatello, R.; Toth, T.; Pugliss, G. (200%)ructural effects of lipolphilic
methotrexate conjugates on model phospholipid biobranesThermochim. Acta380:
255-264.

(175) Pastorin, G. ; Wu, W. ; et al. (2006). Douhiactionalization of carbon nanotubes
for multimodal deliveryChem. Commuyril: 1182-1184.

(176) Prato, M.; Kostarelos, K.; Bianco, A. (200Bunctionalized carbon nanotubes in

drug design and discovercc. Chem. Resél : 60-68.

(177) Quintara, A.; Raczika, E.; Piehler, L.; Lée,Myc. A.; Majoros, I.; Patri, A. K,;
Thomas, T.; Mule, J.; Baker, J.R. (2002). Desigd &mction of a dendrimer-based
therapeutic nanodevice target to tumor cells thinoihg folate receptoPharm. Res.19:
1310-1316.

(178) Jaspreet, K.V.; Maram, K.R.; and Vinod, D(2005). Nanosystems in drug
targeting: opportunities and challeng€siurrent Nanosciencé.: 47-64.

(179) Kricheldorf, H.R. (1987). Inm-amino acid N-carboxyanhydride and related
heterocyclesSpringer-verlag 3-58.

(180) Neri, P.; Antoni, G.; Benvenutti, F.; Cocdr; and Gazzei, G. (1973). Synthesis of

a,B-poly[(2-hydroxyethyl)-DL-aspartamide], a new plasmxpanderd. Med. Cheml6:
893-897.

135



(181) Tomida, M.; Nakato, T.; Matshunami, S.; Keli) T. (1997).In Convenient
synthesis of high molecular weight polymEolymer 38: 4733-4736.

(182) Machado, M.; De L.; Neuse, E.W.; Perlwitz, GA. (1992). Water-soluble
polyamides as potential drug carrieBie Angewandte Makromolekulare Cheni@s
35-56.

(183) Shen, W.C.; Ballou, B.; Ryser, H. J.P.; Hakall.R. (1986). Targeting,
Internalization, and Cytotoxicity of Methotrexateshbclonal Anti-Stage-specific
Embryonic Antigen-1 Antibody Conjugates in Cultur€d9 Teratocarcinoma Cells.
Cancer Res46 (8): 3912-3916.

(184) Dickinson, E.; and Eriksson, L. (1991). Raeti flocculation by adsorbing
polymers.Adv. Colloid Interface SC84: 1-29.

(185) Moudgil, B.M.; and Somasundaran, P. (Eds9B6). Flocculation, Sedimentation
and ConsolidationAm. Inst. Chem. Eng., New York. 229-248.

(186) Hinds, B.J.; Chopra, N.; Rantell, T.; Andrew.; Gavalas, V.; Bachas, L.G.
(2004). Aligned multiwalled carbon nanotube membgaScience303 62-65.

(187) Casavant, M.J.; Walters, D.A.; Schmidt, Baalley, R.E. (2003). In Temperature
and Size Effects on Diffusion in Carbon Nanotub&sAppl. Phys.93, 2153-2156.

(188) Srivastava, A.; Srivastava, O.N.; Talapafa, Vajtai, R.; Ajayan, P. (2004).

In Enhanced Fluid Flow through Nanoscale Carbon Pipé¢sno LettersNat. Mater 3:
610-614.

136



(189) Yashoanath, S.; Santikary, P.J. (19®fjtusion of Sorbates in Zeolites Y and A:
Novel Dependence on Sorbate Size and Strength dfaeZeolite InteractionPhys.
Chem, 98: 6368-6376.

(190) Yashonath, S.; Rajappa, C. (1997). In Neu8oattering and Molecular Dynamics
Evidence for Levitation Effect in Nanoporésaraday Discussl06 105-118.

(191) Yashonath, S.; Rajappa, C. (1997). In Neu8oattering and Molecular Dynamics
Evidence for Levitation Effect in Nanoporésaraday Discussl06 105-118.

(192) Derouane, E.G.; André, J.M.; Lucas, A.A. @P8n Temperature and Size Effects
on Diffusion in Carbon Nanotubes. Catal, 110: 58-73.

(193) Dravid, V. P.; Lin, X.; Wang, Y.; Yee A.; arthang, R.P.H. (1993). Buckytubes
and Derivatives: Their Growth and Implications Buckyball FormationScience 259
1601- 1604.

(194) Amelinckx, S.; Bernaerts, D.; Zhang, X. BenBleloo, G. and Landuyt, J. (1995).
Electron microscopy of carbon nanotubules and edlatructuresScience 267. 1334-
1338.

(195) lijima,S.; Brabec, C.; Maiti, A.; and Bernbpl). (1996). Structural flexibility of
carbon nanotubes. Chem. Phys104: 2089-2092.

(196) Yakobson, B.Il.; Brabec, C.J.; and Bernhald1996).In High strain rate fracture
and C-chain unraveling in carbon nanotulbdsys. Rev. Leit76: 2511-2514.

(197) Falvo, M.R.; Clary, G.J.; Taylor Il, R.M.; CWV.; Brooks, F.P.; Washburn, S.; and
Superfine, R. (1997)In situ resistance measurements of strained carfzmotubes

Nature (LondonB89 582-584.

137



(198) Despres, J.; Daguerre, E. ; and Lafdi, KR98). In Nanomechanics of Carbon
Tubes: Instabilities beyond Linear Resporidarbon,33: 87-92.

(199) Derouane, E.G.; André, J.M. (198If).Temperature and size effects on diffusion
in carbon nanotube€hem. Phys. Leftl37: 336-340.

(200) Hunger, B. ; Heuchel, M. ; Louis, A.C. ; dRdndall, Q.S. (2002). Characterization
of Acidic OH Groups in Zeolites of Different Type#&n Interpretation of NgtTPD
Results in the Light of Confinement EffeclsPhys. Chem.,B06(15): 3882-3889.

(201) Liu, J.; Rinzler, A.G.; Dai, H.; Hafner, J;HBradley, R.K.; Boul, P.J.; Lu, A.;

Iverson, T.; Shelimov, K.; Huffman, C.B.; et al.9@B). Fullerene pipesScience 280
1253-1256.

138



APPENDIX:

'H NMR SPECTRA
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'H NMR SPECTRA (1): PSI-DMP (90)-EDDA (10)
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'H NMR SPECTRA (2): PSI-DMP (80)-EDDA (20)
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'H NMR SPECTRA (3): PSI-DMP (95)-PDA (5)
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'H NMR SPECTRA (5): PSI-DMP (85)-PDA (15)
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'H NMR SPECTRA (6): PSI-DMP (80)-PDA (20)
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'H NMR SPECTRA (7): PSI-DMP (95)-PDA (5)-FA
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'H NMR SPECTRA (8): PSI-DMP (85)-PDA (15)-FA
(After 10 minutes of reaction) (8% FA incorporation)
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'H NMR SPECTRA (9): PSI-DMP (85)-PDA (15)-FA
After 20 minutes of reaction (21.3% FA incorporatian)
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'H NMR SPECTRA (10): PSI-DMP (85)-PDA (15)-FA
After 30 minutes of reaction (26.7% FA incorporatian)
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'H NMR SPECTRA (11): PSI-DMP (85)-PDA (15)-FA
(After 40 minutes of reaction) (29.3% FA incorporaton)
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'H NMR SPECTRA (12): PSI-DMP (85)-PDA (15)-FA
After 50 minutes of reaction (32% FA incorporation)
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'H NMR SPECTRA (13): PSI-DMP (85)-PDA (15)-FA
After 60 minutes of reaction (34.7% FA incorporatian)
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'H NMR SPECTRA (14): PSI-DMP (85)-PDA (15)-FA
(After 70 minutes of reaction) (48% FA incorporation)
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'H NMR SPECTRA (15): PSI-DMP (85)-PDA (15)-FA
(After 80 minutes of reaction) (53.3% FA incorporaton)
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'H NMR SPECTRA (16): PSI-DMP (85)-PDA (15)-FA
(After 90 minutes of reaction) (61.3% FA incorporaton)
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'H NMR SPECTRA (17): PSI-DMP (85)-PDA (15)-FA
(After 100 minutes of reaction) (82.7% FA incorpordion)
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'H NMR SPECTRA (18): PSI-DMP (85)-PDA (15)-FA
(After 110 minutes of reaction) (85.3% FA incorpordion)
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'H NMR SPECTRA (19): PSI-DMP (85)-PDA (15)-FA
(After 120 minutes of reaction) (90.6% FA incorpordion)
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'H NMR SPECTRA (20): PSI-DMP (85)-PDA (15)-FA
(After 130 minutes of reaction) (96% FA incorporation)
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'H NMR SPECTRA (21): PSI-DMP (80)-PDA (20)-FA
After 10 minutes of reaction

2B

L2

£27
BEE
(3=
BEST
(3=
G52
BE4E

R R T R G

i HEELQHﬁEE??::“TF!!LEEPRﬂ

PELDMP (#) PDA (28) -FA

1l
1l
SIE 4
oo

160



'H NMR SPECTRA (22): PSI-DMP (80)-PDA (20)-FA
After 25 minutes of reaction
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'H NMR SPECTRA (23): PSI-DMP (80)-PDA (20)-FA
After 50 minutes of reaction

15899 0 aa0a¢ frsaannazanizgen g
K%\%ﬁw%

PELD WP (36 PDA (Z8) -FA

too [ b—d—

oo =7

ara f by
(-

T T T T T T T T T T T
150 100 =0 oo
B I T

162



'H NMR SPECTRA (24): PSI-DMP (80)-PDA (20)-FA)
After 60 minutes of reaction
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'H NMR SPECTRA (25): PSI-DMP (80)-PDA (20)-FA
After 120 minutes of reaction
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'H NMR SPECTRA (26): f-CNTs: MWCNTSs in H,SO,/ HNO3 at 100°C
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'H NMR SPECTRA (27): f-CNTs: MWCNTSs in H,SO/HNOzat 50°C
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'H NMR SPECTRA (28): -CNTs

: MWCNTSs in H,SO/HNO3zat RT
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'H NMR SPECTRA (29): f-CNTs: MWCNTSs + Aspartic acidin DMF at 230°C.
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'H NMR SPECTRA (30): -CNTs: MWCNTSs + PSI in DMF at 160°C
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'H NMR SPECTRA (31): f-CNTs (MWCNTs+H, SO;+HNO3)-DMP (30)-FA (70)
94% FA incorporation
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'H NMR SPECTRA (32): f-CNTs (MWCNTs+Aspartic Acid)-DMP(40)-FA(60)
Incorporation FA 101,3%
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'H NMR SPECTRA (33): f-CNTs (MWCNTs+PSI)-DMP (40)-PDA (60)-FA
Incorporation FA 105.3%
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