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PREFACE

The thesis that is presented here represents a series of manuscripts that were submitted to
various journals. It was agreed by the candidate and promoters that the article format would be
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The manuscripts were formatted to chapters that presented a uniform style; however, the
reference citation style was preserved to suit the particular journal style. A guideline to the

authors regarding the preparation of the manuscript was included before each chapter.

The candidate was responsible for conducting the requisite experimental work and also the

preparation of the manuscripts under judicious supervision of the co-authors.
The targeted journals were:

Journal of Liquid Chromatography & Related Technologies

Journal of Applied Polymer Science

Colloid & Polymer Science

Journal of Controlled Release

The candidate was the primary author and also the corresponding author with the exception of
the submission to Journal of Liquid Chromatography & Related Technologies. The
manuscripts presented in chapter 2 (Journal of Liquid Chromatography & Related
Technologies) and 3 (Journal of Applied Polymer Science) were accepted although these were
still not printed by the journal yet.

The manuscript chapters were preceded by a literature survey chapter and a conclusion chapter

was included after the last manuscript chapter. Appropriate appendices followed.

ix




AIM

AIM AND OBJECTIVES

Dispersions of copolymer nanoparticles are widely utilized in several applications i.e. paints,

adhesives and packaging materials. Of late, lots of interest was developed in the application of

copolymeric nanoparticles in the production of drug delivery systems.

The dual-purpose aim of this project was to produce a controlled-release drug delivery system

assembled from copolymer nanoparticles that could also prevent bacterial biofilm adhesion.

To achieve this aim several objectives needed to be attained to ensure the success of the

project.

OBJECTIVES

A systematic literature survey should be performed to illuminate the relevance of
nanoparticulate materials in pharmaceutical science. This survey will also clarify the
choice and application of copolymeric materials.  Additionally, methods and
formulation guidelines for the synthesis of these nanoparticles will be found. Finally, a

feasible drug delivery application for nanoparticles will be identified.

The literature survey revealed the essential role of gel permeation chromatography
(GPC) as a characterization method for polymer-based nanoparticles. Subsequently the
value of the technique, i.e. determination of molecular weight, particle size and

conformational analysis will be reviewed.

Apply an experimental design to investigate microemulsion copolymerization as a
method to produce poly(styrene-co-methyl methacrylate) and poly(styrene-co-ethyl
methacrylate) nanoparticles. Subsequent characterization of the particles with gel
permeation chromatography (GPC-MALLS) will be performed. Additionally,
chemical composition will be determined with attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) as an alternative to problematic solvent-
based NMR.




Produce and characterize a series of an antibiotic-loaded, controlled-release drug
delivery systems that could also potentially prevent biofilm formation from a selection
of P(St-co-MMA) and P(St-co-EMA) nanoparticles. The selection will be based on
nanoparticle molecular weight, size, conformation and chemical composition. The
release of the antibiotic, rifampin, from the delivery system will be investigated and

accompanied by scanning electron microscopy studies, contact angle measurements and
ATR-FTIR analysis.

xi




ABSTRACT

A multidisciplinary literature survey revealed that copolymeric nanoparticles could be applied
in various technologies such as the production of paint, adhesives, packaging material and
lately especially drug delivery systems. The specialized application and investigation of
copolymers in drug delivery resulted in the synthesis of two series of copolymeric materials,
i.e. poly(styrene-co-methyl methacrylate) (P(St-co-MMA)) and poly(styrene-co-ethyl
methacrylate) (P(St-co-EMA)) were synthesized via the technique of o/w microemulsion
copolymerization. These copolymers have not as yet been utilized to their full potential in the
development of new drug delivery systems. However the corresponding hydrophobic
homopolymer poly(styrene) (PS) and the hydrophilic homopolymer poly(methyl methacrylate)
(PMMA) are known to be biocompatible. Blending of homopolymers could result in novel
applications, however is virtually impossible due to their unfavorable mixing entropies. The
immiscibility challenge was overcome by the synthesis of copolymers that combined the
properties of the immiscible homopolymers. The synthesized particles were analyzed by gel
permeation chromatography combined with multi-angle laser light scattering (GPC-MALLS)
and attenuated total reflectance Fourier infrared spectroscopy (ATR-FTIR).  These
characterizations revealed crucial information to better understand the synthesis process and
particle properties i.e. molecular weight, nanoparticle size and chemical composition of the
materials. Additionally, GPC-MALLS revealed the copolymer chain conformation. These
characterizations ultimately guided the selection of appropriate copolymer nanoparticles to
develop a controlled-release drug delivery system. The selected copolymers were dissolved in
a pharmaceutically acceptable solvent, tetrahydrofuran (THF) together with a drug, rifampin.
Solvent casting of this dispersion resulted in the evaporation of the solvent and assembly of
numerous microscale copolymer capsules. The rifampin molecules were captured in these
microcapsules through a process of phase separation and coacervation. These microcapsules
finally sintered to produce a multi-layer film with an unusual honeycomb structure, bridging
yet another size scale hierarchy. Characterization of these delivery systems revealed that both
series of copolymer materials produced films capable of controlling drug release and that could

also potentially prevent biofilm adhesion.

Keywords: microemulsion copolymerization, nanoparticle, GPC-MALLS, microcapsule film,

controlled release
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UITTREKSEL

‘n Multidisiplinére literatuuroorsig het getoon dat kopolimeernanopartikels ‘n wye reeks
toepassings in verskeie industrieé bied byvoorbeeld verf-, verpakkingsmateriaal en
gomproduksie en veral die vervaardiging van geneesmiddelafleweringsisteme. Dus is twee
reekse kopolimere, nl. poli(stireen-ko-metiel metakrilaat) (P(St-ko-MMA) en poli(stireen-ko-
etiel metakrilaat) (P(St-ko-EMA) gesintetiseer deur die tegniek van o/w
mikroémulsiekopolimerisasie. Hierdie materiale is verder ontwikkel vir ‘n gekontroleerde
geneesmiddelvrystellingsisteem. Dié kopolimere is tot op hede nog nie algemeen aangewend
vir geneesmiddelafleweringsisteme nie, alhoewel dit bekend is dat die hidrofobe homopolimeer
poli(stireen) (PS) en die hidrofiele homopolimeer poli(metiel metakrilaat) (PMMA)
bioaanpasbaar is. Vermenging van homopolimere kan unieke materiaaleienskappe oplewer,
maar word gekortwiek vanweg die ongunstige polimeervermengingsentropie. Kopolimere kan
die eienskappe van die onmengbare homopolimere kombineer in ‘n nuwe materiaal en
kopolimerisasie is dus aangewend vir hierdie kombinasie. = Karakterisering van die
kopolimeerpartikels is uitgevoer met behulp van ‘n jelpermeasiechromatograaf gekoppel aan ‘n
veelvoudige hoek laserligverstrooiingsdetektor (GPC-MALLS). Die chemiese samestelling
van die kopolimere is vasgestel met behulp van verswakte totale refleksie Fourier-
transformasie  infrarooispektroskopie =~ (ATR-FTIR). Die analises het kardinale
kopolimeereienskappe bv. molekulére gewig, nanopartikelgrootte en
polimeerkettingkonformasie onthul. Die keuse van die kopolimere vir ontwikkeling van die
gekontroleerde afleweringsisteem is gebaseer op hierdie eienskappe. Die geskikte kopolimere
is gevolglik gedispergeer in die farmaseuties-aanvaarbare oplosmiddel, tetrahidrofuraan (THF)
en die geneesmiddel rifampisien is bygevoeg. Dispersies is gevolglik gegiet en oplosmiddel
verdamping het gelei tot die ontstaan van mikrokapsules wat tydens die verdampingsproses
gevul is met rifampisien vanwe€ faseskeiding en koaservasie. Aaneenskakeling van die
mikrokapsules het ‘n multilaagfilm opgelewer met ‘n ongewone heuningkoekstrukuur wat
uiteindelik gekontroleerde geneesmiddelvrystelling bewerkstellig het. Potensi€le toepassings

in die voorkoming van biofilmaanhegting kon ook voorgestel word.

Sleutelwoorde: mikro€émulsiekopolimerisasie, nanopartikel, GPC-MALLS, mikrokapsulefilm,
gekontroleerde vrystelling
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CHAPTER 1

NANOTECHNOLOGY APPLIED IN PHARMACEUTICAL
- SCIENCE

1.1 INTRODUCTION

Technologies and scientific disciplines, such as the development of drug delivery systems, are
all bound to a sigmoidal growth pattern. Therefore, the initial growth of technology is very
slow until certain critical events or inputs are incorporated, resulting in rapid growth.
However, growth will eventually again decelerate and finally terminate. At this stage, a
technology or discipline might seem to be exhausted, even irrelevant. It is therefore,
necessitated to continuously integrate input from all peripheries to sustain the development of
relevant technologies (Messler, 2004:44). Recently nanotechnology has become such a critical

peripheral input that has breathed new life into the development of drug delivery systems.

Nanotechnology is the study, manufacturing and application of materials science at the near-
atomic (10'9 m) scale in the range 1-100 nm (Roco, 2003:337, Sahoo, & Labhasetwar,
2003:1112) and has found a vast array of applications in numerous fields of natural science
with promising effect in understanding biological mechanisms (Roco, 2003:337, biotechnology
(Laval, 1995:479) and pharmaceutical applications including specialized drug delivery systems
for controlled release including polymeric implants (Moghimi ef al., 2006:29, Harabaigu et al.,
2006:69).

1.2 NANOTECHNOLOGY AND THE CONVERGENCE WITH
BIOLOGY

Nanotechnology has been largely developed in the past two decades. This occurrence has
depended to a large extent on the invention of nanostructure fabrication techniques in
conjunction with characterisation methods especially to study surfaces (Curtis & Wilkinson,
2001:97).

The extent of nanotechnology could be described as the manipulation of materials at the
molecular level in such a mode as to assemble it into objects along several hierarchical length
scales i.e. carbon nanotubes as drug-loaded devices (Bellucci et al., 2007:95), nanofilms
(Russell et al., 2007:7466), microfilms produced for tablet coating (Nguyen ef al., 2006:1) or
agglomerates to form nanocomposites in microstructures useful in bone regeneration (Kim,

2007:169).



According to Kulkarni (2007) several biological processes occur at the nanoscale, however
traditionally research dealing with these events was not considered nanotechnology since they
could not be directly manipulated. The unravelling of DNA and finally the discovery of the
polymerase chain reaction (Mullis & Faloona, 1987:335) that produced synthesized DNA
fragments added the technological aspect to biology.

Bionanotechnology has been defined as nanotechnology that draws inspiration form biology to
guide technological applications. Examples of molecular self-assembly i.e. minerals, pearls,
silk, teeth, membranes and many other examples serve as inspiration for the creation of
scaffold-based delivery systems as an application of bionanotechnology (Taylor, 2007:1313,
Sarikaya et al., 2003:577).

Pharmaceutical industry might be one beneficiary of bionanotechnology if it were able to
assimilate the discipline into the innovation or improvement of drug delivery systems i.e.
production of biomaterials (Langer & Peppas, 2003:2990), consequently expanding drug
markets and biological applications. The incorporation of drugs into tailored delivery devices
currently accounts for 13% of the global market. It is projected that this U.S. drug market
sector will expand by 9-11% annually to a projected US$82 billion in 2007/2008. Additional
advantages conferred by these technologies to pharmaceuticals might be improved product life,

performance and acceptability (Orive et al., 2003:659, Sahoo & Labhasetwar, 2003:1112).

1.3 THE SIGNIFICANCE OF PHARMACEUTICAL
NANOTECHNOLOGY

The pharmaceutical industry is showing an escalating interest in the development of effective
drug delivery systems. It was recognised that the in vivo fate of drugs was not determined
solely by drug properties. In fact, the carrier systems that were used to deliver the drug also
affected the release of drug. In turn, the desired route of administration could influence the
choice of delivery system. Therefore, the requirements of a specific treatment should act as a
guide to design the delivery system and materials that were chosen (Mehmert & Mider,
2001:166).

The ultimate objective of these nanosystems is to precisely deliver therapeutic substances to its
site of action. Reproducibility of drug delivery at the appropriate concentration is another

prerequisite for the success of these dosage forms (Orive et al., 2003:659).



1.3.1 Materials used in pharmaceutical nanotechnology

Several types of materials could be used to produce nanodelivery systems or nanoparticle-
based delivery systems. Two broad categories i.e. organic and inorganic materials have been
used to manufacture these nanodelivery systems. Combinations of both categories of materials
were also found i.e. inorganic calcium hydroxyapatite was used to produce a nanocomposite
material with synthetic polymers such as poly(caprolactone) (Kim, 2007:169) or with
poly(vinyl alcohol) (Mollazadeh, 2007:165). Combination of hydroxyapatite with chitosan, a
polymer derived from a natural source, was also successfully utilized to produce a bone-tissue

engineering composite material (Kong et al., 2006:3171).

1.3.2 Focus on biocompatible polymers

The focus will be placed on polymeric materials since these are the most commonly employed
biocompatible materials in pharmaceutical industry to produce nanomaterials (Maysinger,
2007:2335). Both natural and synthetic polymers are used and some examples are mentioned

below.

Biocompatible polymers are commonly employed in pharmaceutical industry for production of
devices for site-specific delivery, excipients for coating and aggregating reagents for nano and
larger particles (Godwin et al., 2001:1175). Two discrete groups of biopolymers are
distinguished namely hydrogels and lipophilic materials (Drotleff et al., 2004:391).

Hydrogel polymers are hydrophilic, absorb water and therefore are capable of significant
swelling. Hydrogels allow for rapid diffusion of nutrients, drugs and oxygen. These polymers
can easily adapt to complement the shape of their environment. Poly(ethylene glycol) (PEG) is
widely accepted and known for its biocompatibility and conformational adaptability (Coombes
etal., 1997:1156).

Naturally occurring polymers are alginates (Thomton et al., 2004:763), chitosans
(Rossomachna et al., 2004:31), fibrins employed for hormone release in nerve lesions (Bhang
et al., 2007:998) and agarose (Toussaint et al., 2007:1167) used for DNA vaccine delivery.
Frequently employed synthetic hydrogels include PEG, poly(acrylic acid) derivatives (PAA)
and poly(vinyl alcohol) (PVA). Hydrogels could be injected as relatively non-invasive
implantations (Drotleff et al., 2004:391). Yet another popular example of a hydrogel is
gelatine and this was used for the controlled release of DNA (Young ef al., 2005:256).



Lipophilic, water-insoluble polymers include poly(styrene) (PS) and poly(methyl methacrylate)
(PMMA). These polymers are characterised by an inflexible structure as well as preservation
of its conformation in the presence of water. Mechanical stability of these devices is usually
guaranteed and furthermore, provides suitable environments for cell adhesion and migration
(Drotleff et al., 2004:393).

1.4 PRODUCTION OF POLYMERIC NANOPARTICLES OR
NANOMATERIALS

Two approaches are followed to produce nanomaterials from polymers. Dispersion of
preformed polymers could be employed to produce a nanodispersion of the material in a
suitable medium (Thioune et al., 1997:233). Alternatively, polymers could be synthesized by
assembly of monomer units by suitable methods that finally produce a nanosized polymer
chain (§1.3.2). The combination of synthesis and redispersion is of course also possible and a
synthesized polymer could be isolated after the synthesis, purified from unwanted reactants and

then redispersed to form the latex that will be utilized in the selected application.

A method that will not be discussed in great detail is the production of nanocomposites. These
polymer dispersions can be mixed with a variety of metals, ceramics or oxides to produce a
composite material (Schadler et al., 2007:53). Alternatively, these added materials could
already be introduced to the polymerization reaction and react with the polymer chains
(Khomutov, 2004:79). The unreacted materials are then removed after the reaction has been

completed.
1.4.1 Dispersion Methods

1.4.1.1 Polymer emulsification methods

Three types of emulsions, micro- (Danielsson & Bjoern, 1981:391), mini- (El-Aasser et al.,
1988:103) and nanoemulsions (Morales et al., 2003), are especially suited to the production of
ultradispersed particles. The normal emulsions were described as producing coarsely dispersed
micronized droplets in the dispersion medium whereas the micro- and miniemulsions produce

droplets in the nanoscale range (Fernandez et al., 2004:53).

The success of emulsification depends to a large extent on the ease of generation of droplets
(rupture) during the emulsification step and the degree of coalescence of the formed droplets
(Lobo et al., 2002:409). Surfactants are paramount in the droplet generation and long-term
stability of droplets after its formation. Rupture of drops results as a consequence of a decrease

in interfacial energy and tension due to surfactant interaction with the oil and water phases

4



(Lobo & Svereika, 2003:498 [22]). Simultaneously, a barrier is presented to coalescence by
repulsion of similarly charged adsorbed surfactant layers on adjacent droplets. Steric

hindrance induced by surface adsorption might augment repulsion (Ito ez al., 2004:172).

The key determinants of the success of the methods are material solubility, polymer
concentration and molecular weight, drug to polymer ratio, solvent type, concentration and
characteristics of surfactants, temperature, agitation rate, viscosity and volume ratio of
dispersed and continuous phases. In some cases sonication and homogenisation should also be

employed to optimize product characteristics (Jain, 2000:2478).

Various stability issues exist that may complicate the emulsification processes. Coalescence
may occur due to collisions during agitation, resulting in phase separation. Ostwald ripening is
a phenomenon of molecular diffusion resulting in degradation of the internal phase. This
ripening is the result of droplet size distribution, with smaller droplets more prone to diffusion
into other droplets than larger counterparts. This process continues up to the point where a
certain minimum of particles exceed a specified size and then continue to grow and assimilate

the other internal phase droplets (Antonietti & Landfester, 2002:693).

1.4.1.2 Microemulsions

The solvent evaporation methods all rely to some extent on the production of microemulsions.
Microemulsions are translucent systems demonstrating low viscosity. The high proportion of
oil and water contained in these systems are stabilised by amphiphilic compounds. In
contradiction to conventional emulsification, microemulsions form spontaneously, are
thermodynamically stable and exhibit a wide variety of structures. These structures could be
globular, bicontinuous, cubic or lamellar (Candau ef al., 1999:47). Additionally, large
interfacial surface area, optical transparency and nanoscale domain ranges adds to the

usefulness of these systems (Candau, 1997:127).

The method is however, restricted to some extent due to the necessity of an excessive quantity
of surfactant to produce emulsion. Colloidal instability as well as costly procedures presents
additional challenges that preclude frequent utilisation of the technique on a large scale
(Antonietti & Landfester, 2002:691).

1.4.1.3 Miniemulsions

Nanoemulsions are also described as miniemulsions and are only kinematically stable;
however these emulsions do not exhibit flocculation or coalescence upon long-term storage if

prepared appropriately. These systems are described as approaching thermodynamic stability

5




since they could resist Ostwald ripening for prolonged periods of time if components were
added that were insoluble in the dispersion phase to counteract osmotic pressure (Laplace
pressure) from the dispersed phase. Therefore miniemulsion could be a compromise for
microemulsions by requiring less surfactant than microemulsions. However, miniemulsions

will eventually undergo gradual Ostwald ripening (Tadros et al., 2004:303).

Miniemulsions are heterophase systems of stabile nanodroplets of one phase dispersed in a
continuous phase. These emulsions are produced analogous to microemulsions; however,
additional osmotic ingredients are added to the continuous phase. These osmotic compounds
are of exceptionally low solubility in the continuous phase i.e. hexadecane, silanes, siloxanes,

isocyanates, polyester and fluorinated alkanes (Antonietti & Landfester, 2002:701).

During monomer or solvent evaporation, droplets exert pressure known as the Laplace pressure
that results in diffusional degradation of the internal phase to result in Ostwald ripening.
Suitable osmotic agents counter this osmotic phenomenon, resulting in high stability of the
internal phase. In general, a reduction in the surfactant quantity could be achieved due to the
osmotic stabilisers (Taylor & Ottewill, 1994:199, Landfester, 2000:171, Landfester, 2003:225).

The drawback of the employment of miniemulsions was however identified as their
dependence on agitation for stability. This could be an industrially unfeasible process
requiring high energy inputs if very small droplets were required (Fernandez et al., 2004:54).

1.4.1.3.1 Oil-in water (o/w) emulsification

A generalised summary of this method is explained. A selected polymer is dissolved in
organic solvents i.e. dichloromethane, chloroform or ethyl acetate. A candidate substance is
then dissolved or dispersed in this polymer solution. This mixture forms the lipophilic phase
that is subsequently dispersed into an aqueous solution comprising of surfactant i.e. gelatin,
PVA, polysorbate 80 or poloxamer 188. The organic solvent is extracted from the emulsion
via evaporation under conditions of elevated temperature, reduced pressure or continuous
agitation. The method is best employed for lipophilic drugs i.e. steroids (Soppimath, 2001:2,
Jain, 2000:2477).

The method was also adapted to produce water-in-oil-in-water (w/o/w) emulsions. The
resultant particles are purified and filtered to produce nanoparticles. The method is best suited

to encapsulation of water-soluble therapeutic compounds i.e. peptides, proteins and vaccines

(Soppimath, 2001:2, Jain, 2000:2477).



1.4.1.3.2 Spontaneous emulsification / solvent diffusion method

Modification of the solvent evaporation method (section 1.3.1.1.1) introduced the addition of
water-miscible solvents i.e. acetone, ethanol and methanol into the oil phase together with
water-insoluble solvents i.e. dichloromethane and chloroform. The water-soluble solvents
demonstrate spontaneous diffusion into the aqueous phase, creating interfacial turbulence.
Turbulence results in the formation of smaller particles or droplets and can be controlled by

variation in the concentration of water-soluble solvents (Soppimath, 2001:2).

1.4.1.4 Supercritical fluid technology

The supercritical state is defined by temperature (T) and pressure (p) of a pure component that
exceed certain critical magnitudes e.g. T > T, and p > p, of the regarded compound. In a
pressure-temperature phase diagram the critical point marks the cessation of the vapour-

pressure line (Kaiser et al., 2001:907).

In the supercritical region, a substance exists as a single phase with advantageous properties of
both liquids and gases. CO; is considered as the ideal candidate (Shekunov ez al., 1999:1345,
Subramaniam et al., 1997:885).

Pharmaceutical compounds and polymers have reported low solubilities in normal phase CO,.
The substrate is dissolved in a good solvent and then added to compressed CO,. Varying the
conditions, supercritical or subcritical CO; is produced. The solvent is usually freely soluble in

CO; (Revechron, 1999:1).

The agitation of the pressurised mixture produces conditions analogues to that of a quasi-
emulsion. The CO, acts as a poor solvent and diminishes the solvent power of the good
solvent. Emulsification or crystallisation is effected as a consequence. Upon depressurisation
the CO, regains its low density and the gaseous phase is again produced. However, the solvent
saturates CO, and both evaporate, depositing the particles of the solute in the container (Kaiser
et al.,2001:921, Subra & Jestin, 1999:7, Subramaniam, 1997:886).

1.4.1.5 Phase separation (coacervation)

The process entails the addition of a third component to an emulsion, resulting in a decrease in
polymer solubility in an organic solvent. After addition of a suitable amount of the component
a certain critical point is exceeded, yielding two discrete liquid phases. The polymer is
contained in the coacervate phase and the supernatant is depleted in polymer. Thus, dissolved
particles are coated by polymer as a result of phase separation. Solidification completes the

phase separation method of nanoparticle production (Jain, 2000:2475).



1.4.2 Synthetic Routes

The emulsions that were discussed above could all offer platforms to perform reactions. The
dispersed as well as dispersion phase could both contain reactants that can be exploited to
synthesize a desired product. In the next sections the employment of emulsion systems will be
discussed to produce nanosized polymer latexes. Polymers have been studied widely as
platforms for nanomaterials and the development of new or existing polymers could result in

additional applications.

The focus will now shift to microemulsion polymerization since this technique was employed
in this study to produce the materials that were ultimately utilized in the pharmaceutical

application developed in this project.

1.4.2.1 Microemulsion polymerization

1.4.2.1.1 General formulation guidelines

The 1980°s saw the concept of polymerisation in microemulsions introduced (Stoffer & Bone,
1980a:393, 1980b:2641) resulting in a number of publications exploring the potential of the

process.

The formulation of polymerizable microemulsions is complex. Due to its large interfacial area,
microemulsions require higher quantities of surfactant compared to conventional emulsions.
This is restrictive to some extent due the fact that high solid content and low surfactant
amounts are often required for industrial applications. The ideal formulation would optimize
the reactant ratios by consideration of the partial solubility of the oil and lipophilic surfactant
alkyl tail as well as the solubility in the aqueous dispersion medium and the polar head group

of the surfactant (Holtzscherer & Candau, 1988:411).

It should also be considered that partially water-soluble monomers could act as cosurfactants.
Acrylamide illustrated cosurfactant effects that extended the microemulsion domain and
therefore resulted in virtual disappearance of the emulsion region in the phase diagram. This

could of course be beneficial if a microemulsion was required (Candau et al., 1984:167).

If a high quantity of a hydrophobic monomer i.e. styrene was used, the opposite effect on the
phase diagram would be seen with a marked reduction in the microemulsion phase. Styrene is
highly hydrophobic with no cosurfactant action and a mismatch between the hydrophilic-
lipophilic balance (HLB) with the surfactant (Beerbower & Hill, 1971:223).



The content of the monomer is usually limited to a maximum of 5-10% wt based on the total
formulation weight with surfactant concentration in a similar range. Variations in the ratios of
monomer to surfactant and surfactant to water produced various dispersion systems including

suspensions, emulsions, microemulsions and miniemulsions (Tauer ef al. 2003:1245).

1.4.2.1.2 Mechanism of microemulsion polymerization

Numerous reasons inspired the development of microemulsion polymerisation technology.
These included regulatory limitation on the use of organic solvents, development of the
technique to accommodate high polymer content and the advantage of particle dimension
regulation (Antonietti & Landfester, 2002:691).

The concept of nanoreactors in an emulsified state was introduced and implied that each
droplet becomes the primary locus of polymerisation initiation. Consequently, the continuous
phase acts as the source of initiators, side products and heat. Each reactor may function
independently from the other, resulting in the production of various nanostructures as
controlled by the addition or adjustment of the continuous phase (Antonietti & Landfester,
2002:691).

The monomer molecules in emulsions are distributed in various structures such as large
monomer droplets, small micelles and also in the continuous phase. In contradiction, only a

single structure, micelles, contain the monomer in the microemulsion systems (Candau,
1997:131).

Emulsion polymerisation involves the propagation of predominantly water-insoluble
monomers e.g. styrene. An aqueous phase is frequently employed as the dispersion phase with

a suitable surfactant e.g. sodium dodecyl sulphate (Lin ef al., 2001:1481).

Nucleation is characterised by capture of radicals by monomer micelles. The propagation is
marked by recruitment of additional monomer and surfactant from emulsified droplets. The
termination is a consequence of monomer depletion or radical quenching (Lin et al.,

2001:1481).

One of the most characteristic features of microemulsion polymerization is that particle
nucleation occurs continuously. This clearly opposes the nucleation mechanism as illustrated
in conventional emulsion polymerisation as explained by the Smith and Ewart theory. In
emulsion polymerization, the nucleation takes place only in the initial stages until a maximum

number of particles were formed. These particles then continue growth with no increase in



their number and finally terminate due to monomer depletion or radical combination (Smith &

Ewart, 1948:592).

Subsequently only two phases exist for polymer chain growth in microemulsion
polymerization i.e. continuous nucleation (due to the immense interfacial area, micelles easily
recruit free radicals from the dispersion medium) and end of growth as was illustrated for

polymerization of styrene (Girard et al., 1999:997).

The comparison of emulsion and microemulsion copolymerization was aptly investigated for
polymerization of methyl methacrylate at various concentration of the surfactant. In

microemulsion two phases of polymerization could be observed versus three in emulsions (Gan
et al., 1993:2799).

Each of the micellar reactors in these microemulsions contains on average only a single
polymer chain. In contradiction thousands of chains could coexist in a conventionally
polymerized particle. Additionally, this single particle could either be active in free radical
form or inactive, therefore the average number of radicals per particle in the entire population
approximates 0.5 (or half of particles in a population are active at any given point in time)

(Nomura, et al., 1982:2483, Nomura et al., 1978:1043).

The type of initiator could affect the rate of polymerization since the solubility of the initiator
in either monomer or dispersion phases could determine how effective initiator radical
formation is (Puig et al, 1993:114). If a typical water-soluble initiator potassium persulfate
decomposes in water, its radicals could easily distribute in the continuous phase.
Consequently, micelles could be exposed to a maximum extent to these radicals with high rates
of propagation. In the case of a oil-soluble initiator such as 2,2’-azobisisobutyronitrile, the
initiators form in the oil phase. The termination rate of these radicals are higher since they
autoterminate due to lack of partitioning to the water phase. The initiation of polymerization
with oil-soluble initiators is therefore less effective due to lower micellar exposure and the

propagation rates are therefore also slower (Feng & Ng, 1990, Gan et al., 1992:1249).

The polymeric particles that are formed in microemulsion polymerization are generally much
larger than the original micelles that gave rise to them in the first place. This was attributed to
the formation of a solid particle compared to the liquid state of the emulsion. The size of the
particles that were obtained was however found to be significantly smaller than those found for
conventional emulsions. The increase in the concentration of monomer or decrease in the

concentration of the surfactant that was included in the microemulsion gave rise to an increase
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in particle size (Guo ef al., 1989:691, Perez-Luna, 1990:1040). A decrease in the concentration

of the initiator generally also resulted in an increase in particle size (Guo et al., 1989:703).

One aspect of note in microemulsion polymerizations was also that the concentration of the
micelles is approximately a thousand times higher than the amount of particles that could form
in the reaction. This virtually nullifies the probability of a radical to enter a particle, therefore
rendering the chance of biradical termination virtually impossible (Figure 1.1) (O’Donnell &
Kaler, 2007:1445).

Figure 1.1: Typical oil-in-water microemulsion polymerization initiated by a water-soluble
initiator (I*). {A) Thermodynamically stable microemulsion of surfactant-stabilized monomer
(M) in water. (B). Initiation in the aqueous domain to form a propagating polymer (P®) that
enters a monomer-swollen micelle upon reaching a critical degree of polymerization. (C).
Propagation of a polymer in a surfactant-stabilized particle with monomer diffusing from
uninitiated micelles to the locus of polymerization. (D). Transfer of radical activity from a
polymer to a monomer and exit of the monomer radical. (E). Final latex of surfactant-stabilized
polymer particles and empty micelles (O’Donnell & Kaler, 2007:1446) (Reproduced with

permission from Wiley Interscience®).
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1.4.2.2 Microemulsion copolymerization
Copolymers and blends have been used to modify the properties of a certain material to such an
extent as to combine properties of the corresponding homopolymers (Morais et al.,

2006:2349).

A classification of copolymers that are produced today based on monomer composition
revealed that 37% were styrene-butadiene copolymers, 30% acrylic or methacrylic based

polymers, 28% vinyl acetate-based and 5% allotted for all other products (Tauer, 2003:32).

Copolymers could have numerous advantages regarding their applications. The addition of a
certain comonomer into the polymer chain could functionalize the molecule (Marcicinova-
Benabdillah et al., 2001:1279, Lou et al., 2001:5806), therefore could augment hydrophilicity
and solubility (De Groot et al, 2001:1271, Parrish et al., 2‘002:1983, Leemhuis et al.,
2006:3500), modify degradation behavior (Barrera et al., 1995:425, Gerhardt ef al., 2006:1735)
and modify surface properties. Additionally, these functional groups could facilitate the
immobilization of biomolecules on the surface of the polymer particles (Nadeau et al.,
2005:11263).

Microemulsion copolymerization involves the same type of free-radical polymerization as for
hompolymerizations, however is now complicated by the addition of at least two monomers to
the microemulsion. The monomers could partition to different extents to the polymerization
locus in the interface. Monomers of comparable water-solubility resulted in copolymers with
compositions comparable to that in bulk copolymerizations (Capek & Juranicova, 1996:575).
Scheme 1.1 depicts a general reaction scheme that describes the copolymerization of a

(meth)acrylate and styrene.

H R H H H
>::S:1 — R H> JR1 \ Z R
H =0 + H A H )=0 o
° KPS 0
\
R, R,
- -m - - n
1 2

Scheme 1.1: A generic reaction scheme for an acrylate-based monomer (1) and styrene (2) that
forms a copolymer chain comprising of m and » units of the monomers respectively. For the
acrylate R; = H, for the methacrylate R; = CHz. For (meth)acrylic acid R, = H, for the

corresponding ester R, = alkyl. R represents any carbon chain sections of the polymer.
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In the copolymerization of a slightly water-soluble monomer such as styrene and the
significantly soluble methyl acrylate, the copolymer content was found to be significantly
higher than what was expected. It was concluded that the styrene molecules localized in the
micelle core and the methyl acrylate molecules preferred to diffuse into the interfacial corona
posed by the surfactant tails. The acrylate was subsequently more exposed to initiator radicals
and could polymerize to a higher extent than shielded styrene (Bhawal er al, 2003:389,
Semchikov et al., 1996:1213).

The role of the polarity of the monomers were also investigated and confirmed that solubility
of the monomers was not the only factor to blame for compositional deviation. Two monomer
of comparable water-solubility, styrene and butyl acrylate, were copolymerized, however
larger fractions of butyl acrylate was found in the copolymer. The higher polarity of butyl
acrylate was the driving force for its partitioning to the interfacial polymerization locus

whereas the styrene remained in the core of the micellar reactor (Bhawal et al, 2003:389).

If comparatively hydrophilic monomers i.e. acrylonitrile were copolymerized with
hydrophobic styrene, the hydrophilic monomer significantly decreased the rate of
polymerization. As seen from Figure 1.1, the final step in the polymerization reaction transfers
the radical from the polymer to a monomer molecule that leaves the micelle as a monomer
radical. Therefore if a hydrophilic monomer was employed in a copolymerization, the exiting
of the monomer radical would actually be enhanced compared to a more hydrophobic

monomer (Pokhriyal & Devi, 2000:333, Capek & Juranicova, 1996:575).

However, in a study performed on the copolymerization of styrene, butadiene and a carboxylic
acid monomer, it was seen that the rate of polymerization increased as consequence of the
increase in the carboxylic acid monomer. The authors stated that the carboxylic acid monomer
could form a substantial number of primary radicals that could propagate in various micelles,
subsequently increasing the rate of polymerization. This suggested that radical entry into the
micelles and not only radical exit could be important in the propagation of the polymer radicals
(Mahdavian & Abdollahi, 2004:3239).

In the emulsion polymerization of methyl methacrylate and methacrylic acid, it was found that
the increase in methacrylic acid in the copolymer suppressed the polymerization rate. This
implied that the more hydrophilic monomer was polymerized and could not partition to the

water phase, engage an initiator radical and re-enter a different micelle to initiate propagation
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their. The number of active particles decreased as a consequence and decelerated the

propagation rate (Kato et al., 1999:127).

In emulsifier-free polymerizations the effect of polarity of the monomers were further
illustrated. Styrene was polymerized in water with vinyl acetate or methyl methacrylate. If a
polar solvent was added to the aqueous medium, the hydrophilic monomers would partition to
some extent and subsequently result in smaller particle sizes. The opposite was also proven for
non-polar solvents with particle size increases as result upon addition of ethyl acetate or methyl

isobutyrate (Ou ez al., 2001:789).

The addition of an alcoholic cosurfactant resulted in several complex effects not yet
exhaustively investigated. The alcohol could influence the rate of polymerization and result in
a denser packing of micelles, resulting in changes in the polymerization rate (Shi et al.,
2005:262, Reddy ez al., 2007:3391, Reddy et al., 2002:1503).

It was also illustrated that the inclusion of alcohols as cosurfactant could enlarge the
microemulsion region in a phase diagram of formulations containing monomers, water and
surfactants. Polar monomers seemed to be effected most and the interaction with alcohol

resulted in an increase in the microemulsion region (Donescu et al., 2001:1499).

There were also reports that speculated about the role of alcohols to act as chain transfer agents
during the copolymerizations; however, this was not conclusively proven in these studies (Shi
et al., 2005:262, Donescu et al., 2001:1503) and only a few examples were found where chain
transfer between the monomers in the reaction were observed (Rudin et al., 1979:493,
Goldwasser & Rudin, 1982:1993).

In regards to chain transfer agents, these are chemicals that remove the reactivity from the
oligomer or polymer radical with subsequent termination of the polymeric radical (De la
Fuente & Madruga, 1998:2913, Suzuki ez al., 2007:523). Thus, according to Figure 1.1 (D),
radical exit from the micelle reactor would be enhanced by the chain transfer agent.
Consequently, shorter chains of lower molecular weight resulted if compared to corresponding

polymerization systems without a chain transfer agent.

Known alcohol-based chain transfer agents that were investigated included monosaccharides,
vinyl or allyl ethers (i.e. allyl alcohol, allyloxyethanol, ethylene glycol vinyl ether and 1,4-
butanediol) and halogenated alcohols (i.e. 11-bromoendecanol, chlorodiethoxyethanol and 2-
bromoethanol) (Pantiru ef al., 2004:506) and dithiobenzoate esters and amides (Takolpuckdee.,
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2005:66) and various other sulphur-based compounds (Suzuki et al., 2007:523, Fifield & Fitch,
2003:1305).

An early study investigated the polymerization of ethyl acrylate and methyl acrylate in the
presence of various solvents. Ethyl acrylate was slightly more prone than methyl acrylate to
abstract hydrogen atoms form hydrocarbons and alcohols (chain transfer reaction). It was
concluded however that the new solvent-derived radicals were not efficient enough to initiate

new polymer chains (Raghuram et al., 1969:2379).

Several copolymers could be synthesized by emulsion-based polymerizations. Table 1.1

summarizes some of the applications of (co)polymeric dispersions.
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Table 1.1: Applications of various types of (co)polymer dispersions (De Fusco et al,

1997:379).

Application | Polymer latex dispersion/monomer choice Specific application

Paints Poly(methyl methacrylate-co-butyl acrylate), | Exterior structure coating

Poly(vinyl acetate-co-butyl acrylate), Interior structure coating
Poly(vinyl acetate-co-ethylene)

Poly(styrene-co-methyl methacrylate-co-butyl | High gloss coating
acrylate)

Adhesives Poly(acrylate) Pressure sensitive
applications i.e. tapes and
labels
Lamination

Poly(vinyl acetate) Paper glue
Poly(vinyl acetate-co-ethylene) Wood glue
Poly(styrene-co-butadiene) Packaging material
Packaging material
Carpet glue
Sealants and | Butyl acrylate Internal plasticization of
caulks polymer chain for
Ethyl acrylate enhanced moulding
Methyl methacrylate
Styrene Cohesive strength
Acrylonitrile improvement to prevent
peeling and breaking of
the sealant- in the filled
cavity or space

Textile Poly(vinyl acetate) The functional groups i.e.

applications hydroxyl and carboxyl are

Poly(styrene-co-acrylate)s

Poly(acrylate)s

Poly(styrene-co-butadiene)

N-methylol acrylamide (prone to crosslinking)

often  crosslinked to
produce the material
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1.4.2.3 Concluding remarks on microemulsion copolymerization

Clearly, very complex situations could occur in microemulsion copolymerizations and this
would serve as motivation to investigate these synthetic routes on a case-by-case basis.
Variations in the microemulsion composition could have significant effects on the dispersion
properties. Subsequently, if employed for polymerization, various polymeric products could

result with different architectures and compositions.

Microemulsion polymerisation could be seen as an improvement on polymer dispersion
methods as a technique for the preparation of polymeric nanoparticles. The constitution of
microemulsions from reactant ingredients is more convenient than reconstitution of the
dispersion system from preformed polymers. However, the applications of polymeric

materials in different industries and discipline, complicates their applications in several cases.

One of the drawbacks of microemulsion polymerizations is the fact that a purification step is
required to isolate the produced materials. If the particles are intended for use in parenteral
dosage forms that circumvent the natural biological barriers, the foreign chemicals in the
microemulsions could have fatal effect. Some of the impurities that need to be removed
include solvents, surfactants, residual monomers, polymerization initiators and large

agglomerates (Limayem et al., 2004:1).

Despite the limitation of the purification process, the microemulsion polymerization method
has been used to produce various methacrylate-based polymers and copolymers that could be

employed in pharmaceutical applications.

1.5 PHARMACEUTICAL APPLICATIONS OF COPOLYMER -
NANOPARTICLES

The application of nanotechnology in pharmaceutical science should not rely only on the
nanoscale properties of selected materials but also on how they are assembled into a drug
delivery system (Xu et al., 2007:579) whether this is on the nano or microscale (Betancourt &
Brannon-Peppas, 2006:483).

If parenteral routes were preferred i.e. intravenous injection, stabilized nanoparticles should
be used to prevent detrimental uptake and clearance of these particles before any therapeutic

effect was seen (Rabinow & Chaubal, 2006:199).

In the case of controlled release applications it might be beneficial to agglomerate

nanoparticles to form various barriers to diffusion in order to prevent the immediate release of
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an active ingredient and prevent exhalation of too fine nanoparticles based on nanosized
poly(ethylene glycol) liposomes (Bhavane et al., 93:15) or protein nanoparticle comprised of
lysozyme, albumin, and insulin (Bustami et al., 2000:17:1360).

Films could also be used to control drug release since the film matrix could be produced from
nanoparticle latexes. If implants were designed to also be a therapeutic drug delivery device,
nanocomposite materials could provide the ideal platform for sustained delivery even though

the final material exhibits nano-and microstructural aspects (Hwang et al., 2007:589).

1.5.1 Polymer blending

Copolymer nanoparticles were shown to be miscible compared to blending of corresponding
homopolymer dispersions. One of the classic examples was described for poly(styrene) and
poly(methyl methacrylate) that are immiscible. Upon evaporation of the solvent in which the
homopolymers were dispersed, clear separation zones formed that contained only the one

homopolymer (Hong & Buns, 1971:1995, Foster & Wool, 1991:1397).

Copolymers could abridge the challenge posed by phase separation by acting as
compatibilizers between their corresponding homopolymers (Eastwood & Dadmun,
2002:5069, Pellegrini & Winey, 2000:73, Kulasekere et al., 1996:5493, Morais et al.,
2006:2349). This application arose from the fact that the individual copolymer chains already
contain a randomized chemical distribution of monomer units, facilitating blending with

corresponding chemical sequences in the selected homopolymers.

The effect of phase separation should not be seen as totally unacceptable since nanodomains
(blends of poly(styrene) and poly(4-bromostyrene) could form during segregation of polymer
blends that could produce different surface topographies. Microdomains were also produced
for blends of hyaluronic acid and its sulfated derivative. Cell adhesion could be different if
exposed to these surfaces and this can determine or modify the application of a particular

blend (Barbucci et al., 2003:721).

1.5.2 Enhancement of drug solubilization

The encapsulation of poorly water-soluble drug candidates could circumvent their failure to
reach the market. Therefore, nanodispersion of drugs could be formed that would improve
their exposure to the release medium, improving their solubility. Poly(ethylene oxide)
copolymers could be used to encapsulate drugs (Attwood et al., 2007:533.) or form micelles
containing the drugs (Croy & Kwon, 2006:4669).
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Random acrylate-based terpolymers were synthesized by free-radical copolymerization and
illustrated the ability to produce micelles that could solubilize poorly water-soluble
compounds. The introduction of 2-acry;amido-2-methyl-1-propanesulfonate as comonomer,
rendered these polymers sensitive to the ionic strength of the dispersion medium, affecting

micellar formation and loading (Szczbialka et al., 2003:699).

1.5.3 Parenteral dosage forms

The parenteral route requires that the nanocarriers should be biodegradable and some
poly(alkyl cyanoacrylates) (Duchene & Ponchel, 2003:15) and poly(esters) such as
poly(lactide-co-lactide) nanoparticles were prepared (Koman et al., 2002:239) for parenteral

administration..

Insulin was administered by the subcutaneous route after the insulin was loaded into ethylene
oxide-propylene oxide copolymer gels (Pluronic® F-127) as well as poly(lactide-co-glycolide)
spheres. The route and dosage form proved successful in maintaining insulin and

subsequently blood glucose levels in rats (Barrichello ef al., 1999:189).

1.5.4 Artificial implants

Several artificial implants have been made and these made extensive use of polymeric
materials. Nanocomposite materials could be produced from polymeric materials that
incorporated calcium salts to augment biointegration in the event of bone replacements
(Sikiric et al, 2007:330) or even total joint replacements (Katti, 2004:133). In this regard,
nanomodification of microporous surfaces could be promising as seen for titanium surfaces

for orthopaedic implants (Yao & Webster, 2006:2682)

A copolymer could also be used in implants to provide the nanotemplate for crystallization of
calcium phosphate from aqueous solutions at various pH levels. The resultant
polymer/phosphate hybrids could provide novel drug delivery carriers that could be used in
biomedical implants (Tjandra et al., 2006:5988).

Poly(styrene-co-methyl methacrylate) was employed as a bone cement material and is
commercially available as Endurance® that could be loaded with drugs (Cai et al.,
2007:3199).

The traditionally used bone cement, poly(methyl methacrylate), still poses challenges that
need to be addressed and composite materials consisting of different polymers and excipient

additions could circumvent the associated problems (Heo ef al, 2007:373).
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1.5.5 Films

Three steps were identiﬁed in the process of film formation. Firstly, solvent evaporation
takes place, resulting in packing of the various latex particles. Secondly, these latex particles
deform once a critical temperature was reached. The final step results in formation of a
homogenous film due to interdiffusion and interpenetration of adjacent polymer chains

(Visschers et al., 1997:39, Visschers et al., 2001:49).

Films could be produced from biodegradable polymer latexes i.e. poly(lactide-co-glycolide)
after this polymer dispersions were produced the emulsification solvent diffusion method.
This film could have potential use as a parenteral depot (Schade et al., 1995:209).

As an alternative to degradable depots, non-degradable films could be produced (Figure 1.2)
from methacrylate polymer lattices. These films could contain latex particles i.e. methyl
methacrylate copolymer that could create channels for diffusion in the film for other soluble
materials (Steward et al., 1995:23) or drug molecules such as chlorpheniramine maleate or
propranolol hydrochloride that showed controlled release from Eudragit® copolymer films
that was laminated again by coating the loaded core with another layer of polymer (Bodmeier
& Paeratakul, 1990:32).
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Figure 1.2: (A) a latex dispersion in a solute-containing solvent (B) latex and solute particles
pack closer as solvent evaporates (C) latex particles deform and pack even closer (D)
interpenetration of latex chains lock solute particles in film layers (E) solvent evaporation

transports none (ideal), some (practical) or all (unwanted) solute particles outside the film.
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1.5.6 Tablets and other oral dosage forms

Even the most prevalent dosage form in the world, tablets, did not escape the revolution
brought about by nanotechnology. Commercially available colloidal methacrylate polymer
dispersions i.e. Eudragit® and Aquacoat® were utilized as model nanosuspensions. These
were incorporated in solid dosage forms including tablets, granules, pellets and films. Several
excipients were added to ultimately result in the disintegration of these dosage forms to
redisperse the nanoparticles. The authors finally speculated that the nanoparticles could be
loaded with drugs before they were compounded into dosage forms (Schmidt & Bodmeier,
1999:115).

A computer-controlled emulsion polymerization was utilized to manufacture montmorillonite
nanoparticles that were ultirﬂately employed to coat tablets. The uniformity of the coat
thickness was monitored by Raman spectroscopy and occurrence of surface defects was

monitored by atomic force spectroscopy (Csontos et al., 2006:884).

1.5.7 Drug-derived monomers for copolymerization

Drug-derived monomers could potentially take copolymerization to a very specialized
pharmaceutical application.  Poly(hydroxyethyl methacrylate) hydrogels are highly
biocompatible and transparent. Additionally, they are resistant to acid and alkaline
hydrolysis. Ibuprofen and diclofenac molecules were polymerized to methacrylic monomers
using a methacrylic cross-linker to finally produce the drug-methacrylate copolymer.
Extended release could be proven for both drugs (Andrade-Vivero et al., 2007:802).

An ibuprofen monomer was synthesized by linking to a methacrylic monomer and insertion
of a p-aminophenoxy spacer resembled paracetamol. Subsequently, the derived monomer
was polymerized to form the poly(drug-co-methacrylate). This polymer could be slowly
hydrolyzed, releasing both drug and spacer residues. Ultimately both these compound were
effective in the reduction of inflammatory responses. The degradation product of the polymer
was the soluble salt of poly(methacrylic acid) that could easily be eliminated by the body
(Liso et al., 1996:553).

A promising development was found for producing poly(acrylate) nanoparticles prepared by
an emulsion polymerization method to incorporate penicillin G. A penicillin acrylamide
monomer was synthesized of penicillin G. The penicillin monomer was then copolymerized

with styrene and butyl acrylate to produce the random penicillin-stryene-butyl acrylate
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terpolymer. The polymeric antibiotic retained its activity despite its covalent linkage to the
polymer chain. Additionally, it was remarkably resistant to degradation induced by
problematic methicillin-resistant strains of Staphylococcus aureus (Turos et al., 2007a:53,
2007b:3468).

A generic reaction scheme is given in Scheme 1.2 to demonstrate possible copolymerizations

of drug-derived acrylate monomers.

H H R
>={1 H R R H> R N/ R
H o + — - H =0 A \R3
? H R, KPS Q
drug \drug
- -m - - n
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Scheme 1.2: A potential microemulsion copolymerization of a drug-vinyl monomer (1) and a
suitable vinyl comonomer (2). R;, R, and Rj3 are substituents that could alter polymer
properties i.e. -OH, -SH, -COOH, aromatic rings or alkyl chains. R represents any carbon

chain sections of the polymer.

1.6 NANOTECHNOLOGY IN CONCLUSION
The onset of nanotechnology made it possible to study and create materials at levels that
could not be observed before. Numerous methods exist to produce nanoparticles and a large

variety of materials are produces that possess nanoscale characteristics.

The production of nanodevices for biological applications originated from the realization that
synthetic nanostructures could be rendered biocompatible with vigilant modification. These
applications arise from the unique characteristics that polymers possess to mimic biological

systems and also from their surface characteristics.

Two broad categories could be distinguished for the production of polymeric nanoparticles.
The first technique follows a dispersion approach where the polymeric material is solubilized
in a solvent and then dispersed it in a suitable medium. The source of the polymers is
typically commercial and limits the choice of available materials to some extent. However,
the commercially available polymers are often characterized and versatile in its applications.

The dispersion procedure of the polymer might require the aid of several excipients to
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stabilize this dispersion, nevertheless, microemulsions and miniemulsions could both be

produced.

The second category follows a synthetic route to produce nanoparticles as the final product.
A dispersion approach is also followed for this technique, however in this case the dispersion
is constituted from various reactants that are required to assemble the final product. Several
dispersion systems could be utilized to synthesize polymer nanolatexes and these include
emulsions, microemulsions and miniemulsions. These methods produce fairly stable
nanoparticles as the end product. This route however offers the advantage to produce new

polymers that might not be available commercially.

An even further specialization of material synthesis was also identified for synthesis of drug-
derived monomers. These monomers could be copolymerized with available methacrylate
and other vinyl monomers. Subsequently drug-methacrylate copolymers could be produced,
enhancing the effect of the existing drugs. The activity of the drug could be restored against
resistant strains and problematic drug properties i.e. poor water-solubility and chemical
instability could be prevented in this way. If the mechanism of microemulsion
polymerization is considered (Figure 1.1), a myriad of new challenges could be presented to
establish optimal reaction conditions. Nonetheless, the potential for future research resulting

from this will be immense.

In pharmaceutical industry, it has always been a prerequisite that material properties should
be characterized. If new polymer latexes are therefore produced and an application is sought
for them, a combination of the synthesis and reconstitution routes would probably be needed.
Both routes could also be customized after characterization of the material to better suit both
routes. The optimization of these routes will ultimately depend on the application of the
material. It should also be realized that the transition between the nanoscale and microscale

hierarchies should be considered to ultimately produce the application.

This was a mere glimpse at the peripheries of various domains of the scientific disciplines that
governs the application of nanotechnology. The purpose was to illustrate the necessity of the
convergence of different scientific disciplines to achieve the end goal i.e. the development of
an application such as a novel drug delivery system. It was shown that microemulsion
copolymerization, although a complex process may be utilized to produce novel materials at
the nanolevel and depending on the application, such materials can be utilized at the

nanoscale or be assimilated to abridge the nanoscopic to microscopic hierarchies.
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Abstract

The successful production of effective nanoparticulate drug delivery systems depends on
maintaining the characteristics of the starting materials and the final formulation. Since
compendial standards for traditional drug delivery systems do not always apply to
nanosystems, analytical procedures for nanosized delivery systems must be established. This
will ensure the quality of such products as they reach the marketplace. Size exclusion
chromatography provides a method to continuously monitor all the development stages of
nanoparticulate drug delivery systems thereby ensuring the quality of the starting materials
used and the final product. The primary properties that can be monitored with this technique
include particle size and molecular weight. Information about these properties not only serves
as quality control measures, but can be used to monitor formulations for potential degradation
products or impurities. Recent advances in' size exclusion chromatography such as the
introduction of rapid analysis size exclusion columns and new chromatographs will make this
technique even more applicable for nanosystem characterization. This implies that size
exclusion chromatography might become an essential, economically feasible and necessary

analytical tool for ensuring the quality of nanoparticulate drug delivery systems.

Key Words: Size exclusion chromatography, nanoparticulate, drug delivery, quality control

Running head: SEC characterization of nanoparticulate drug delivery systems
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2.1 INTRODUCTION

Size exclusion chromatography (SEC) is a separation technique by which analytes are retained
in a suitable polymeric packing material based solely on particle permeation into and out of the
packing material’. This is the primary property that distinguishes SEC from other
chromatographic techniques that are based on polarity and chemical interaction between the
analyte and packing material. The packing material exposes a variety of pore sizes to the
eluted species and ideally separation is imparted by molecular sieving of different particles in
the sample. Particles that are larger than the pores are excluded from the pores and are not
retained in the packing material, whilst very small particles are significantly retained in the
pores and elute at a later stage. Particles with intermediate size ranges are separated through a
combination of these sieving mechanisms and therefore correspond to intermediate retention

. 12
times ™.

The applications of SEC are manifold if coupled to appropriate detectors e.g. light scattering
photometers, viscometers, UV detectors, refractive index detectors, fluorescence detectors,
NMR, FTIR, MS, scintillation counters and various combinations of these to determine the
molecular weight (ranging a few thousand to millions of g.mol™), particle size (up to a few
hundred nanometers), polymer chain conformation, chain composition, particle association
behavior, purity and stability of polymeric systems to name but a few®. These properties are all

vital in the development of nanoparticulate drug delivery systems.

Nanotechnology is concerned with technological manipulation of material properties at a
length scale between 1-100 nm*. As a restriction, nanoparticulate drug delivery systems should
therefore also assume size aspects in this range; however, this is not always realistic, practical
and might be adjusted to fit a specific application’. In the day and age of nanotechnological
advances, various applications have been realized in the biomedical field by nanoparticulate
drug delivery systems including dendrimers®, core-shell nanoparticles’, polymeric
nanocapsules® and polymeric micelles’. The application of nanoparticulate drug delivery
systems arises from their numerous advantages over their larger-sized counterparts i.e. crossing
of biological barriers'®, enhancement of solubility properties of drugs'', presentation of a
biocompatible or targeted topography on their surfaces that could be recognized by cells and

. . . . . . . 12
circumvention of the abrasive nature of certain ceramic materials at a larger size scale™”.

A wide selection of nanoparticles for drug delivery is manufactured from polymeric materials.

SEC can be used to monitor at least three important characteristics of these polymers used to
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manufacture these delivery systems namely the quality of the materials employed, the quality
of the derived nanoparticles and stability of the delivery system. Quality of the employed
starting material could be investigated with SEC analyses of molecular weight and particle size

if suitable detection methods i.e. light scattering is applied'* .

The reason for developing quality control methods involving SEC, recalls the properties of
materials at the nanoscopic level. These particles have a significantly larger surface to volume
ratio compared their macroscopic counterparts and therefore their behavior is fundamentally
different’®’. By applying SEC formulators can ensure that the required quality or sufficient
degree of nanoscopic properties are retained for the macromolecular excipients and delivery
systems by continuous evaluation of particle size and molecular weight characteristics, delivery

system size characteristics and finally time-dependent size stability of the product.

2.2 ROLE OF SEC IN ENSURING DESIRED MACROMOLECULAR
EXCIPIENT PROPERTIES

The properties of starting material could markedly influence the performance of the formulated
nanoparticulate delivery systems. For this reason the FDA requires that all excipients that are
formulated in pharmaceutical industry have to comply with strict standards before it could be
considered for use. These restrictions ensure that product properties can be correlated to the
starting material properties in the situations where a product batch proved contaminated or

defective.

2.2.1 Batch Conformity

A primary example for the need of restrictions on the use of cellulose powders was illustrated
by SEC of commercially available cellulose powders'®. Hemicellulose can be found in
cellulose powders as a byproduct of the pulping and alkaline treatment of source materials to
produce microcrystalline cellulose. Hemicellulose could influence the technological properties
(since it is a swelling agent) of the excipient and according to various monographs
microcrystalline cellulose should contain 97-102% of cellulose. The study concluded that only
two batches out of twenty two cellulose products complied with this restriction.

Careful optimization of the sampling conditions could decrease analysis time and solvent usage
in industrial applications of SEC when used as a quality control measure. This was illustrated
for a purification procedure for insulin products'’. Instead of singe batch conformity
evaluations, a moving bed system could be employed by which four sampling ports were used

to sample four insulin batches at selected intervals. Therefore these batches of insulin could be
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evaluated by the same SEC after optimization of the sampling interval and injection gap

periods to prevent mixing of different samples.

2.2.2 Selection of Polymeric Excipient

The quality of polymeric pharmaceutical excipients is routinely examined with SEC
techniques. Especially to select polymers that could be applied to control the residence time
and pharmacokinetics of drugs formulated in a specific polymeric nanodelivery system.
Generally, macromolecules with weights lower than 50 kDa and sizes below 6 nm tend to
filtered by the kidneys whilst those exceeding 50 kDa could be affected by the liver by
showing significant accumulation. Positively charged macromolecules tend to associate with
negatively charged hepatic cell surfaces and the negatively charged polymeric carrier tend to

escape this interaction; however they are absorbed by sinusoidal liver cells.®

Therefore the appropriate molecular weight of the polymer should be maintained in order to
control the pharmacokinetics of the active ingredient or to suit the particular application as
found for the multi-application excipient, pectin, for which a wide size and weight distributions
were found by SEC for different commercially available products. These pectin products all
show differences in their swelling and mucoadhesive properties that were in some way related
to their molecular weight. These properties significantly affected the residence times of drugs
in the body as well as targeted tissue accumulation. Thorough weight characterization is
therefore required before a pectin formulation is manufactured to suit the applications of this
polymer in the formulation of cytotoxic drugs, mucoadhesive ophthalmic delivery systems and

prevention of pathogens to human cells.”

The size exclusion process is often time-consuming, however, application of flow injection
analysis by SEC made this analyses a feasible, time effective process as was demonstrated for
poly(lactide-co-glycolide) polymerization and swelling characteristics. Consequently this
process ensures that a continuous analysis of the polymer could be performed to ensure that the

dosage form properties will be consistent."

The quality of starting materials that are used is important since they should impart the desired
properties to the delivery system such as nanosize or release control. These materials must be
manipulated through some manufacturing technique to produce these nanocarriers for it to
retain its properties. For example, the molecular weight of the starting material could markedly
affect the functionality and drug release of the derived delivery vehicle of implant device
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manufactured from poly(dimethyl siloxane)”® and SEC could be employed to monitor the

molecular weight of the starting polymer as well as determine the purity of the material.

2.2.3 Quantification of Polymers in Pharmaceuticals

Quantification of functional excipients including the poloxamers 188 and 407 was aptly
illustrated by employment of SEC. These excipients act as emulsifiers, surfactants,
solubilizing agents, dispersing agents as well as in vivo absorbance enhancers and their
quantification in pharmaceutical products could again influence the product performance
significantly. A limited number of analytical techniques were described to evaluate the content
of poloxamers and some colorimetric methods**>%>?* have been documented, however,
application of these methods to solid dosage forms pharmaceutical proved inferior to a size
exclusion method developed (Figures 2.1-2.3)” in the presence of various other
pharmaceutical excipients of which none showed significant interference in the analysis. These
results show the linearity, specificity and sensitivity of the SEC to distinguish between

structurally similar molecules.
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Figure 2.1: Size exclusion chromatograms of (A) poloxamer 188 and (B) poloxamer 407.
Experimental conditions: stationary phase, two serially connected PLGel 3 pm mixed E
columns (300 x 7.5 mm each); mobile phase, tetrahydrofuran; flow rate 1 mL/min; detection
RI; temperature setting for the column and detector 35 °C; solute concentration 2.0 mg/mL.*

(Permission from Elsevier)
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Figure 2.2: Size exclusion chromatograms of (A) poloxamer 188 and (B) poloxamer 407 at the

limit of quantitation. Experimental conditions are the same as described before; solute

concentration 0.005 mg/mL.** (Permission from Elsevier)
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lower concentrations.” (Permission from Elsevier)

2.2.4 Dosage Form Optimization

A striking example of the application of SEC for evaluation of chitosan nanoparticles was
found®®. In this study the effects of polymer weight and polymer salt form of chitosan on the
particle size, drug encapsulation efficiency and release properties of bovine serum albumin was
determined. It could be seen from this study that the relationships between molecular weight,
particle size, drug encapsulation and finally the release were not that obvious and that a
particular chitosan had to be chosen following after physicochemical characterization and
evaluation of in vivo performance®®. This clearly demonstrated the need for thorough polymer

molecular weight characterization prior to formulation of the nanoparticles.

In a study concerning the production of gelatin nanoparticles, the production method was

optimized by thorough characterization of the gelatin molecular weight as determined by SEC.
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It was illustrated that the size distribution of the produced particles varied with the molecular
weight, temperature, ethanol concentration and pH, resulting in significant agglomeration and
polydispersity in the particle size if these manufacturing conditions were not controlled. With
SEC the researchers could monitor the particle sizes and weight simultaneously and could be
exploited to optimize the manufacturing conditions for these gelatin particles and preclude the
solvation and swelling effects that were previously observed for agglomerates of gelatin

nanoparticulates.”’

The example of gelatin nanoparticles” reported that the gelatin particle could agglomerate
under certain reaction conditions and a study on paclitaxel-loaded polybutylcyanoacrylate
nanoparticulate drug delivery systems28 showed that a decrease in particle size resulted in an
increase in the zeta potential that disfavored agglomeration. Both these studies illustrated that
SEC could clarify and develop these excipients to avoid agglomeration of particles that could
potentially result in adverse effects in the body i.e. trombi in the vasculature. Indeed
aggregation of nanoparticulates was identified as one of the challenges of designing successful
nanoparticulate pharmaceutical systems and upon agglomeration; the desired pharmaceutical
properties could be lost during manufacturing stages and as mentioned result in adverse affects

in the body’.

2.2.5 Monitoring Synthesis

In addition to the gelatin and chitosan example characterization by SEC a polymer was
synthesized by employment of an enzyme and also analyzed by SEC. The copolymer
consisted of adipic acid and glycerol and was characterized through various techniques and gel
permeation chromatography to monitor the molecular weight of the material and optimize the
copolymerization conditions of temperature and enzyme concentration that was also time-
dependent. In addition, dexamethasone phosphate loading capacity of these nanoparticles were

correlated to copolymer weight and size.?’

Yet another polymer was synthesized and characterized with SEC to be evaluated for its
utilization as a drug nanocarrier. An amphiphilic graft copolymer was synthesized by grafting
of poly-L-aspartic acid to 1,3-trimethylene carbonate. Analysis by multi-angle light scattering
coupled to size exclusion chromatography revealed that the copolymer assumed a brush-like
structure with branching that confirmed the grafting reaction and in addition, the conformation
analysis of these polymers revealed that micelles were formed in water. The structure and

composition of the polymers resulted in a complex, sustained release pattern of two drugs i.e.
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prednisone acetate and tegafur from formulated nanoparticles with no detected degradation

over a release period of four days.*

2.2.6 Purification

Purification and incorporation of certain materials into a specified formulation could ultimately
determine its performance. The two properties are interrelated and could arise from synthesis
reaction or nanoparticle loading procedures. A few examples are discussed to illustrate this
point. SEC was also successfully employed to characterize and purify a novel block
copolymer consisting of a poly(lactic acid) derivative and poly(ethylene glycol). The polymer
weight was first characterized by a typical characterization chromatographic analysis, followed
by a preparative size exclusion procedure to purify and fraction the polymer into the desired
weight range. The fractions were then employed to prepare nanoparticles that were loaded

with a molecular probe to monitor uptake when passively targeted to solid cancer tumors.>!

2.2.7 New Developments

A new development was recently realized in the form of size exclusion reaction
chromatography and arose from the need to reprocess and analyze materials after synthesis was
completed. A size exclusion column could be utilized as the reactor in which a reaction could
be performed to graft poly(ethylene glycol) to the proteins a-lactalbumin and B-lactoglobulin.
In principle a reaction zone was created in the packing material that retained some reactants.
As the reaction took place a more voluminous product formed and this product was excluded
from the pores and eluted from the column. In addition this purified the product by retention of
reactants in the packing material. The method determined the ideal reactant injection
conditions to ensure overlap in the column for the specified reaction time (Figure 2.4 shows the
reaction results for the a-lactalbumin PEGylation). As conclusion, control of the introduction
of reactants into the column and additional packing length could optimize the production of a
mono-PEGylated protein of predictable properties that was purified and separated from its

reactants and undesired higher PEGylated species.**
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Figure 2.4: The effect of reaction time on the apparent molecular weight of a-lactalbumin for

batch PEGylation.*? (Permission from Wiley Interscience®)

A screening procedure for drug discovery compounds have also been realized based on a
preparative or purification method based on size exclusion. A mixture of small molecule
ligands such as actinonin were introduced to a macromolecular target i.e. peptide deformylase
and incubated and then followed by size-exclusion separation. Compound which showed no
affinity for the protein were retained in the column whilst the larger reaction products were
eluted. The retained products were then analyzed and excluded as potential drug candidates
since they did not interact with the target protein. The analyses of these unbound ligands were

also considerably easier compared to analyses of the protein-ligand products.*

2.2.8 Drug-Polymer Interaction in the Dosage Form

SEC coupled to light scattering and viscometry detectors could also illuminate the effects of

the assimilation of a drug into polymer chains. A water-soluble conjugate of paclitaxel and
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poly[N-(2-hydroxypropyl)methacrylamide)] (PNU) was studied and compared to unconjugated
samples of poly[N-(2-hydroxypropyl)methacrylamide)] (PHPMA). Comparison of the
polymeric carrier and the drug-polymer conjugate revealed that the conformation of the
polymer chains was markedly affected even though the total concentration of drug was
approximately 1% of the total conjugate. However, it was also concluded that the drug
moieties in the chain did not demonstrate any significant intramolecular force interactions™.
Figure 2.5 shows the conformation plots which were derived from light scattering analysis.

The figure plots root mean square radius of gyration versus molar mass.
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Figure 2.5: Comparison of the <>? = SAIM) power laws for PHPMA and PNU constructed
by gathering the data of seven higher molar mass PNU fractions.** (Permission from ACS)

Application of the PHPMA polymer to another antitumor drug, camptothecin3 3, again
illustrated exhaustive characterization of both raw materials and the conjugated polymeric
delivery systems. Narrow molar mass distribution (MMD) PHPMA polymer carrier samples
were obtained and compared with a synthesized laboratory batch. The difference in retention
times as well as weight polydispersity was determined by size exclusion chromatography for

the different batches and is shown in Figure 2.6.
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Figure 2.6: Comparison of the refractometer signals of five narrow MMD fractions (5-9) and
of a broad MMD PHPMACPT sample (lot 5, boldface line).* (Permission from ACS.)

A succession of measurements followed the evaluation of molar mass for these PHPMA
samples in order to determine the conformation of the polymer conjugates through off-line
viscometry of 11 separate narrow standards and subsequently evaluating the suitability of the
on-line method to determine the same parameters. Figures 2.7 and 2.8 shows the results off-
line and on-line methods and generally showed excellent agreement and the on-line method

showed the suitability of deriving the plots from a broad standard.
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Figure 2.7: MHS plot for the PHPMA-CPT conjugate from 11lnarrow MMD fractions.”
(Permission from ACS)
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Figure 2.8: MHS plot for the PHPMA-CPT conjugates from online MALS and SCV data.®
(Permission from ACS)
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Due to instrumental limitations, the MALS wavelength of 632.8 nm proved unsuitable for

measurement of radius of gyration, <s>>?

for small fractions; however, the high molar weight
fractions could be used to extrapolate the conformation. Figure 2.9 shows the extrapolation of
the conformational data for four higher molar mass fractions of the conjugates. Finally, it was
concluded that the laboratory batch of the PHPMA-drug conjugate would be suitable for
clinical use since its characteristics complied with the clinically evaluated narrow standards

also evaluated in the study.
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Figure 2.9: R, = f (M) power law for the PHPMA-CPT conjugate from on-line MALS data>’
(Permission from ACS)

These examples are but a small selection of studies pertaining to biological applications and the
role that SEC has to play in the quality control of the materials and conjugates used in the
production of nanoparticulate delivery systems. It was apparent that the reports here indicated

a link between material properties and the final application of the material.

Clearly, SEC can be employed to monitor or control the synthesis of new materials and
conjugates from which nanoparticles could be prepared and should prove more vital in the

future since novel polymeric materials are currently being developed.
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2.3 CHARACTERIZATION OF NANOPARTICULATE DRUG
DELIVERY SYSTEMS

SEC has also found application in the characterization of nanoparticulate delivery system

performance as well as in quality control aspects of these formulations.

2.3.1 Liposomes

Although, liposomes have often been described as micro sized amphiphilic vesicles consisting
of lipid bilayers, numerous nanosized variations have been produced over the years. An
outline of the applications of SEC in the development and characterization of liposomes is

illustrated in Figure 2.10.
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Figure 2.10: Application fields of HPSEC and conventional SEC in liposome technology from

low molecular
weight substance
removal

size distribution
size stability

preparative uses to analytical ones. According to the purpose of analysis, the full arrows
indicate the best potentialities of HPSEC and SEC, while dashed arrows show possible but less

efficient routes.*® (Permission from Elsevier)

The differences between conventional and high performance SEC were illustrated by their

specific application in liposome delivery systems. The conventional method refers to
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employment of the size exclusion technique with SEC columns with specific size range
restrictions. The conventional techniques served best a preparative and purification technique
and in addition could be employed for drug loading. The high performance technique
incorporates a full HPLC system coupled to columns with packing materials with a wider pore
size range for a relatively fast analysis compared to conventional SEC . The use of this system
enables accurate size distribution, stability and reconstitution characterization and additionally

realizes time-resolved studies of release kinetics, permeability and encapsulation stability.*®

As an example of size distribution and stability studies of liposomes was reported employing
size exclusion chromatography®’. The study exploited various detection methods including
light scattering, refractive index, fluorescence and radioactivity and only the application of the
light scattering technique would be highlighted here since it could be utilized for studying

aggregation of the liposomes and its time-dependent evolution as demonstrated in Figure 2.11.

Again, liposomes served only as an example and the technique could be applied to other
nanoparticulate systems to illustrate their aggregation behavior to serve as a quality control

measure of any prepared nanoparticulate system.
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Figure 2.11: Study of vesicle size stability. Coupling light scattering to HPLC-GEC allows a
distinction between aggregation and fusion processes to be made. Gel exclusion
chromatograms were recorded by turbidity at 330 nm, of pure EPC SUV (A) and mixed
EPC/EPA (91/9 mol ratio) SUV (B); (A) after 0, 3, 7 and 9 days; (B) after 0, 2, 7 and 8 days at
25°C (sample loading, 50 p,l; eluant flow rate, 1 ml/min). The eluant was the buffer (aqueous
145 mM NaCl, 10 mM HEPES, pH 7.4) used for vesicle preparation and calibration curve

determination.”” (Permission from Elsevier)

2.3.2 Stimuli-Responsive Nanoparticulate systems

Development of stimuli-responsive polymeric nanoparticles is a recent development in
membrane science. An example was found where a membrane was fabricated from poly(N-
isopropylacrylamide) that was grafted onto an ion-track pore wall in another polymer support,

poly(ethylene terephtalate). By exposing the membrane to various temperature levels, the
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pores on the membrane opened or closed in accordance to swelling of the polymer membrane
pores and allowed conductivity measures of selected ions and quantitation poly(ethylene
glycol) molecules. The poly(ethylene glycol) served as a marker to determine if the membrane
would allow organic molecule permeation in addition to ion diffusion and SEC was crucial to
determine the range of poly(ethylene glycol) that was allowed to permeate. The method

established that organic molecules larger than 2 nm could not transverse.? B

The example above could illustrate a very significant application in evaluating the efficiency of
membranes to selectively allow permeation of certain substances from the interior of a delivery
system and thermoresponsive (and other stimuli) nanoparticles for drug delivery would seem a
very promising delivery tool. The employment of SEC could further develop future
membranes that could demonstrate different permeation properties and could serve as a control
measure in industry to ensure that the manufacture delivery systems comply with a certain

standard that was set for the delivery system.

2.3.3 Physical stability

The production of drug-loaded nanoparticles is not without problems and often these particles
tend to agglomerate or flocculate as found for nanosuspensions. Polymers have often been
used to prevent this flocculation phenomenon by adhering these molecules to the surface of the
nanoparticle. The effect of the polymer charge has been demonstrated to repel adjacent
particles that were also covered with charged polymer particles. Hydroxypropylcellulose was
previously used to stabilize a classified drug nanosuspension. Evaporative light scattering was
combined with SEC to determine surface coverage of the nanosuspension to aid and optimize
the development of the formulation employed by the pharmaceutical company. The bound and
unbound fractions of the polymer could be determined by a validated method to ensure future
quality control of the formulation procedure® as shown in Figure 2.12.
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Figure 2.12: ELS (panel A) and RI (panel B) chromatograms showing separation of HPC from

the other components of the colloidal dispersion: dispersing agent S and the drug.” (Permission

from Elsevier)

2.3.4 Biodegradation

The synthesis of biodegradable polymeric nanoparticles based on poly(e-caprolactone) grafted
to dextran chains have been described using SEC as characterization method. Dextran grafting

of the nanoparticle surface prevents uptake by macropghages, prolonging blood circulation.
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Additionally, polysaccharides could be used for target-specific drug delivery because of
recognition by surface proteins. A potential advantageous effect was also realized in that the
total content of dextran significantly influenced the adsorption to bovine serum albumin (a
common blood serum carrier protein) with a maximum nanoparticle adsorption seen at 33%
dextran content. Different weight dextrans also influenced bovine serum album adsorption
with a 40 000 g.mol™ dextran showing 2-4 fold higher adsorption compared to its 5000 g.mol™
counterpart. The pharmacokinetics of the dextran-grafted poly(e-caprolactone) could therefore

be adjusted and SEC provided essential information to modify these properties.*’

2.3.5 Target-Specific Delivery

Site-specific delivery of nanoparticles has been identified as a very attractive advantage in the
employment of the technology. Coating of these particle with biodegradable and
biocompatible poly(lactic acid)-fetuin couid circumvent problematic uptake of these particles
by macrophages, a problem that is compounded by particle size aspects as well as surface
characteristics'’.  The successful employment of nanoparticles therefore necessitates
meticulous characterization of particle size distribution to establish the in vivo correlation to
their effects. Fetuin-coated poly(lactic acid) particles were prepared in a size range of 50-200
nm. The poly(lactic acid) was radiolabeled with *C and fetuin with I to determine the
concentration of the particles in each fraction that was collected from the size exclusion
chromatograph. These samples were analysed with photon correlation spectroscopy and the
results and finally revealed the amount of fetuin bond to the nanoparticles as a function of
particle diameter Figure 2.13.*?
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Figure 2.13: Amount of bound protein per unit mass of the polymer as a function of the

inverse diameter.*? (Permission from Elsevier.)
2.3.6 Substrate-Nanoparticle Interaction

This method could illustrate a useful tool to analyze particle size and the relationship of
substrate binding as function of nanoparticle size. It could be suggested that future studies
could exploit similar techniques in order to establish the optimum particle size to bind or
incorporate a specific active ingredient at a selected dose. Additionally, the method could also
be employed to estimate or assay a specific product to determine both particle size and drug

loading whether the drug is a protein or polymeric material.
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2.3.7 Protein Delivery

Dwelling on the topic of proteins and their ever-increasing role in phannéceutical application
we discuss yet another protein-related study. Nanoparticles were prepared by polymerization
of human serum albumin and an antibody, IgG1 to result in polymeric colloidal carrier matrix.
This nanoparticle-antibody polymerization was optimized by optimization of the degree of
thiolation of IgG1 which was responsible for the cross-linking polymerization with the human
serum albumin pa.rticle43. SEC was used to optimize the modification of the antibody by
thiolization of the antibody surface. The thiolation results obtained with SEC are shown in
Figure 2.14.
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Figure 2.14: Thiolation of trastuzumab with 50-fold molar excess of 2-iminothiolane. The
antibody was analyzed by SEC after I, 2, 5 and 24 h of reaction time. Tastuzumab was
detected at a retention time of about 11 min whereas higher conjugates were detected at shorter

times.* (Permission from Elsevier)

The results suggested that a 2 hour period was sufficient for production of thiolated particles in

a 50-fold excess without significant dimerization of the antibody. These particles were then
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compared to several controls and it could be demonstrated that the particles prepared from
thiolated IgG1 showed higher biological efficiency than those prepared without thiolation or
those coated by PEG. This study showed a full design of a nanoparticulate system and
evaluated its biological activity and stability. SEC proved vital for optimization of the system

and linking its performance to basic material properties.

The coating of poly(lactic acid) nanoparticles ranging 90-250 nm with human serum albumin
was also determined by employing a SEC analysis with a turbidity detection method based on
Mie’s law that could easily indicate linearity of turbidity as function of the square of the mean
population diameter™. This analysis provided proof that the albumin coated the nanoparticles
and did not get incorporated into the polymer matrix. Furthermore, proving that the particles
were coated could be related to their increased residence time in the body compared to

uncoated particles.

2.3.8 Biodistribution

Nanoparticles were also developed from synthetic monomer polymerization to reach the target
size below 50 nm in order to ensure the extravasation of nanoparticles from the blood vessels
to a selected target. Isohexylcyanoacrylate and isobutylcyanoacrylate particles were prepared
and loaded with the drugs ampicillin and dexamethasone®. The effects of pH showed that
more acidic conditions resulted in larger particles, whilst addition of MeOH or acetone resulted
in a decrease in particle size. The SEC analysis of polymer chain weight indicated that the
weight was virtually unchanged after loading, indicating that the drug was mechanically
trapped in the particle matrix and did not react with the monomer units. Large amount of the
drug was released despite this entrapment and confirmed that esterases could result in

bioerosion of the polymer matrix. In addition, the particle size demonstrated that these

particles would deliver drugs by crossing the blood vessel walls.

Some useful applications of SEC in the performance of nanoparticulate drug delivery systems
were demonstrated by appropriate detection methods coupled to SEC. The development of
these systems was often described as an extension of the development of a selected starting
material or characterization thereof. Some instances could clearly illustrate a link and it should
perhaps be suggested that all nanoparticulate systems that are developed should follow a route
of investigation at the starting material level and then continued at the application level to

optimize the product performance.
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2.4 STABILITY ISSUES MONITORED WITH SEC
2.4.1 Aggregation and Complexation

SEC techniques could be combined with appropriate detection methods i.e. light scattering, UV
detection and refractive index measurements to study aggregation behavior and complexa’tion46
in addition to chemical instability and subsequent biodegradation and biodistribution of a
polymeric drug carrier could affect the drug delivery system adversely. It was previously
proven that polystyrene nanoparticles ranging 50 nm — 3 um showed a particle size-dependent
distribution in mice*’ with particles exceeding 300 nm not entering the blood circulation as was

also evident from polyalkylcyanoacrylate nanocapsules studies following X-ray analysis48.

Concerning the polystyrene nanoparticles, the 50 nm fraction was absorbed to the highest
extent (34% of dose), whilst 100 nm particles ranked second (26% of dose). Particles larger
than 100 nm did not reach the bone marrow whereas up to 7% accumulation of the 50 nm
doses were observed in organs. SEC was employed to determine the particle absorptions and
this study provided very significant information for the development of future nanoparticulates
and should be considered in the design of these delivery systems and also the stability of these
delivery systems. It could be required by a certain application that a localized effect is desired
or that it the polymeric material should not accumulate in the body as consequence of

degradation of the original polymeric delivery system to smaller particles.

2.4.2 Physiological Stability

A stability study was performed on poly(lactic acid) particles coated with albumin or
poly(vinyl alcohol) to determine the effect of the polymer coating on particle degradation in
simulated gastric fluid containing pepsin and simulated intestinal fluid containing pancreatin®.
No degradation was illustrated for both coatings in pepsin-containing fluid; however
pancreatin-enriched medium degraded the albumin coating significantly. Despite the
degradation no particle accumulated since the poly(lactic acid) was readily metabolized to
lactate. The size exclusion chromatograms are shown in Figure 2.15 to illustrate the effect of
digestive fluid on polymer degradation and subsequently on polymer weight as time-dependent
function.
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Figure 2.15: Size exclusion chromatogram of albumin coated PLAsy nanoparticles after 0 and

480 min in incubation of simulated gastric fluid (a) and simulated intestinal fluid (b) (USP
XXII).* (Permission from Editions De Sante)

SEC was also used to study the incorporation of cyclosporine A loaded into poly(lactic acid)
particles that were coated with poly(ethylene glycol)so. Cyclosporine A could be considered as
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one of the model drugs that pose all the problems encountered in pharmaceutical science. It is
a poorly water-soluble, biodegradable peptide and has showed poor bioavailability in several
studies®™>. Nanoparticles were developed that contained this troublesome drug and evaluated

by SEC to characterize particle weight and stability of the particles.

The study®® showed that poly(ethylene glycol) was an effective control measure to control
release of the drug compared to uncoated poly(lactic acid) loaded particles. Stability analysis
showed that the ester linkage between the PEG and poly(lactic acid) did not degrade
significantly even over prolonged periods of time. In addition it could be illustrated that the
surface loading of cyclosporine into the PEG layer of nanoparticles was also higher than that of
microparticles, again emphasizing the difference in the surface-volume ratio encountered
between nano-and microparticulates. The entrapped cyclosporine then diffused through the
PEG layer with controlled release. This study is one of the ultimate examples of
nanotechnology applied in pharmaceutical science and the application of SEC chromatography

to evaluate the delivery system from the top down.

2.43 Product Storage

A study performed on human serum albumin indicated the adverse effects of temperature on
the protein stability in pharmaceutical preparations. The size exclusion analysis of the
preparation indicated that protein concentration decreased significantly at 55 and 70°C. A
dimer was also seemed to form with a weight double that of the original protein. Monomeric
species could also be observed and higher aggregates were found in the different formulations.
No specific pattern or kinetics could be established; however, it was concluded that the
formulation variables significantly influenced stability at various temperatures and storage

times.

Some examples have been discussed to illustrate the application of SEC in establishing the
integrity of nanoparticulate delivery systems after manufacture, however, time-dependent

stability aspects could also be identified including agglomeration and biodegradation behavior.

2.5 CONCLUSION

Pharmaceutical standards have been documented in compendial format for various medicinal
products. Specifications are set for starting materials and excipients as well as the active
ingredients. = However, some excipients or products require characterization beyond
compendial standards and for some instances techniques that are not commonly used, i.e. SEC,

capillary electrophoresis and supercritical fluid chromatogrpahy™. Recently, some challenges
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that have been identified in pharmaceutical industry regarding chromatography and these

include suitable evaluation procedures for nanosized drug delivery systems.

The studies that were discussed in this review illustrated that nanoparticulate drug delivery
systems already employ SEC in the developmental, characterization and stability evaluation
phases of these products. Many of these products were shown to be polymeric in nature and
included several proteins and the development of even more of these products seems very
probable. In addition, some problematic as well as characteristic aspects in the development of
these nanodelivery systems can already be identified by SEC when analyzing the starting
materials. It would seem that both starting material characterization in conjunction with
delivery system evaluation by SEC can greatly increase the success of nanoparticulate drug
delivery systems. The implementation of SEC as a quality control procedure for nanosized
delivery systems in constantly enhanced by improvement in SEC such as columns™ which can
be used under more extreme conditions such as high flow rates. Shortening analysis times has

developed to a point where we can now employ superspeed SEC™.

Finally, we would like to suggest that improved standards for SEC might need to be developed
to accommodate nanoparticulate drug delivery systems since it is their specific size-related

properties that distinguish them from other medicinal products.
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Abstract

The concentration of the cosurfactant 1-butanol determined the polymer weight and size for a
series of poly(styrene-co-methyl methacrylate)s (P(St-co-MMA)) synthesized by the free-
radical o/w microemulsion technique. A factorial design established the levels of the
experimental conditions for the polymerization i.e. concentration of the surfactant, sodium
dodecyl sulfate (SDS); concentration of the cosurfactant, 1-butanol (BuOH); temperature and
ratio of the styrene (St) to methyl methacrylate (MMA). An increase in the weight average
molecular weight (0 ) and number average molecular weight (0 ,) was observed in the P(St-
co-MMA) series with an increase in BuOH concentration from 1-5% wt. These effects could
arise from the micellar aggregation induced by interfacial BuOH. The unique micellar
conditions could be exploited to synthesize copolymers of varying molecular weight and size.
Additionally, the composition of the copolymers was virtually templates of the feed

composition.

Keywords: Microemulsion copolymerization, cosurfactant, GPC-MALLS, ATR-FTIR
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3.1 INTRODUCTION

Microemulsions have been studied extensively over the years and provided a unique
polymerization technique in the 1980’s for the production of homopolymers.'? Subsequently,
the method was applied to fabricate copolymers in the following decade and since then various
reports have been published that illustrated the synthesis of high molecular weight polymers
showing high monomer conversion levels.*® Since microemulsions are thermodynamically
stable and require virtually no agitation to disperse the oil, water and surfactant pseudophases,
it provides an important advantage over the traditional or coarse emulsions that are only

kinematically stable upon significant agitation.’”

The addition of short-chain alcohols such as 1-butanol, 1-pentanol and 1-hexanol provides
additional stability of the microemulsions and these are often added as cosurfactants into
polymerization mixtures. These cosurfactants act on the micellar surface where they can
displace surfactant molecules from the micellar surface, resulting in a decrease in the CMC."*"
'3 Factors that influence the effect and localization of alcohol cosurfactants are alcohol chain
leng“ch,m’17 chain branching, number of functional hydroxyl groupsw'20 and aromaticity.21 For
example, hydrophilic alcohols partitioned to the bulk dispersion phase whereas long-chain,
lipophilic alcohols partitioned to the lipophilic micellar core resulting in larger micellar cores.
Therefore, the ideal alcohol cosurfactant would reside in the interface with no significant

partitioning to the continuous or dispersed pseudophases.

Since n-butanol, pentanol and even hexanol reside at the interface, they would be the
cosurfactants of choice.**'%?22 However, the inclusion of these short chain alcobols as
cosurfactants into microemulsion copolymerization systems can result in seemingly
inexplicable changes in molecular weight as a consequence of the variation of the cosurfactant
concentration. Although not clearly understood, some explanations for these observations
included the macroradical chain transfer to the cosurfactant and film formation around the

surface of the micelle that shield polymer radicals.?**®

In this study a series of P(St-co-MMA) was synthesized under various concentrations of n-
butanol, surfactant, temperature and monomer mixture composition. The aim was to
investigate the effects of the experimental factors on the molecular weight, copolymer particle
size, and chemical composition of the copolymer. The cosurfactant concentration prevailed as
the primary determinant of molecular weight and size, whilst the monomer feed ratio

significantly affected chemical composition of the copolymers.
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3.2 EXPERIMENTAL SECTION
3.2.1 Materials

Methyl methacrylate (MMA) was donated by Degussa (Diisseldorf, Germany) and styrene (St)
was purchased from Merck (Modderfontein, South Africa). The MMA and St were purified
prior to polymerization by adsorption of the inhibitors onto dried neutral alumina-packed glass
columns. A slightly yellow band was noted for St at the top of the alumina column. 1-Butanol
(BuOH, >99%) was purchased from Merck and incorporated as cosurfactant. Ultra pure
sodium dodecyl sulfate (SDS, >99%) and hydroquinone (HQ) were obtained from Sigma-
Aldrich (Kempton Park, South Africa). Potassium persulfate (KPS) was purchased from
Sigma-Aldrich and employed as reaction initiator and double-deionized water was utilized as

the aqueous continuous phase.

3.2.2 Synthesis procedure and latex treatment

A report by Tauer et al?’

was used as a guide to determine the compositions of the
microemulsion by variation of the concentration of monomer, surfactant and dispersion media.
A 500 mL three-necked flask was charged with the requisite quantities of the reagents
according to a fractional 3-level-4-factor factorial design, to comprise a final mixture weight of

100 g (Table 3.1).

Table 3.1: The factorial design that was employed to determine mixture composition and
reaction conditions. Experiments were conducted for one level for each factor.

Concentration (% wt)
Factor Low Intermediate High
SDS | 2 4 8
BuOH 1 3 5
%St 60 70 80
Temperature (°C) 60 70 80

‘%St in monomer mixture with a total weight of 6 g monomer mixture. This ratio was
converted to Y%emole fraction of St (fs;) in the text and graphs.

The continuous phase consisted of water (to 100 g) and 500 mg KPS (all experiments) and the
requisite quantities of SDS and BuOH. These were added to a three-necked flask equipped
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with a condenser and thermometer and was maintained at the desired reaction temperature (60,
70 or 80 = 1 °C) to decompose KPS to produce initiator radicals. The dissociation of the
initiator KPS necessitated a temperature of at least 60 °C and this was therefore selected as the

minimum reaction temperature.

The reaction proceeds with KPS providing the initiator radicals to form primary monomer
radicals that propagate the polymer chains. The mixture was magnetically stirred at 500 r.p.m.
while continuously purged with filtered nitrogen. After 15 min of nitrogen purging at the
specified reaction temperature, 6 g of degassed, vortex-mixed monomer reagents (in the
desired ratio) were added to the dispersion medium through a syringe fitted with a 0.22 pm
Cameo™ Teflon® filter (Sigma-Aldrich). After monomer addition, colloidal particle growth
was observed from the slightly blue, translucent microemulsions. Figure 3.1 renders a
graphical depiction of the reaction environment in the three-neck flask. A reaction time of 120
min was employed for all experiments and after this period, the reaction was quenched with an
excess of HQ. The design and procedures were performed in duplicate to render 54 (2 sets of

27) experniments.
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Figure 3.1: Representation of the micellar reaction environment in the three-necked flask. (A)
Micelles are formed and BuOH displaces SDS from surface or results in micellar aggregation.
(B) Monomer diffuses from the micelle core to the o/w interface. (C) Initiator radicals engage
monomer molecules in the interface to form primary radicals that initiate chain propagation by

recruitment of additional monomer molecules. (Components are not drawn to scale).
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The polymer latex was collected in 50 cm® centrifuge tubes in an excess of methanol and
allowed to cool to room temperature. The fractions were then centrifuged at 3 500 r.p.m. for
10 min, redispersed and washed in fresh aliquots of methanol. The centrifugation and washing
cycle was repeated until the latex could no longer be redispersed. Subsequently, the latex was
dried in a fume hood and then pulverized to a fine, white powder. Furthermore, these powders
were dried under a vacuum of 13 mbar for 24 h at a regulated temperature of 40 °C (well below
T, of the copolymers ~90-100°C). Finally, the dried polymer samples were stored in opaque,

air tight containers.

3.2.3 GPC-MALLS

A DAWN® DSP photometer (Wyatt Corp., Santa Barbara, California) was employed for
absolute weight measurements utilizing a size exclusion chromatography setup. The multi-
angle laser light scattering (MALLS) detector consisted of a 5 mW He-Ne laser that
illuminated samples at a wave- length of 632.8 nm. The MALLS detector was carefully
calibrated with filtered HPLC grade toluene (BDH, Merck) and then normalized with an
isotropic scattering poly(styrene) (PS) standard (My 30 000 g.mol’, polydispersity < 1.05,
Pressure Chemical Company, Pittsburgh, PA, USA). The MALLS was connected to a
refractive index (RI) detector (Agilent® 1100 series) to determine concentration of the eluting
species. On-line determination of the specific refractive index (dn/dc) was performed as
reported elsewhere?®3° by addition of a small, accurately known quantity of a low weight PS

standard (0 w2 550 g.mol™, 0 /0 , < 1.05, Pressure Chemical Co.) to the polymer sample.

Samples were prepared at a concentration of 3 mg.mL” by sonication of the appropriate
quantities of polymer and dn/dc standard in HPLC-grade THF for 10 min. Sample solutions
were filtered utilizing Millipore® 0.45 pm (Microsep (Pty) Ltd, Sandton, South Africa) filters

that were chemically resistant to THF. All samples were prepared and injected in duplicate.

An HPLC (Agilent® 1100) injected100 pL polymer samples (3 mg/mL) prepared in THF into
the GPC columns coupled in series. The columns (purchased from Separations Scientific CC,
Honeydew, South Africa) comprised of a PLGel® mixed bed type C™ (7.6 x 300 mm,
exclusion range 300 — 2 000 000 g.mol’, particle size of 5 um) and a Phenogel™
(Phenomenex®, 7.8 x 300 mm, exclusion range > 5 000 g.mol”, particle size of pm). HPLC
grade THF (BDH) was employed as elution liquid at a regulated flow rate of 1 mL.min" whilst

maintaining the system temperature at 30 °C.
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ASTRA™ for Windows®™ version 4.73.04 (Wyatt Corp.) was utilized to record, overlay and
analyze the MALLS and RI detector signals. The software calculated the number average
molecular weight (O3 p), the weight average molecular weight ( ), the radius of gyration
(<s>'") and the conformation of the copolymer in the theta (6) solvent, THF. The
computations were made according to the Zimm formalism employing all scattering angles

from 17~155°.

The molecular weight of each slice was calculated according to the Zimm-Stockmayer

equation®’* from which the averages M, and My, were ultimately derived from Equation (3.1):

Re _ _ 2 p2

where M is the molecular weight of a slice of the sample chromatogram, Re is the excess
Rayleigh ratio at the scattering angle ®. Additionally, the wavelength and scattering angle-
dependent particle scattering factor is represented by P(®). Furthermore, the concentration of
the particles is denoted as ¢ (determined with the refractive index detector) and A4 is the second
virial coefficient (osmotic pressure to light scattering) which becomes negligible at low
concentrations as employed here). The constant K was derived by the software from Equation
(3.2):

o Amtng (dn 2
AN, \de G-2)

where the refractive index of the solvent in vacuum is np at the incident wavelength of the
vertically polarized laser radiation, Ao, the Avogadro number is N4 and the specific refractive

increment of the polymer is dn/dc.

Conformational analysis was performed by evaluation of the linear segment of the data if

plotted as a double-logarithmic plot and fitted to a power law regression according to Equation
(3.3)%% .

(s7)" o< Mg (3.3)

where the z-average root mean square <s*>' radius to was related weight average molecular

weight My,.
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The exponent g is derived from the slope by fitting a power law regression on the linear
segment of the double-logarithmic plot, revealing the chain conformation of the polymers. For
the theoretical condition of ¢ = 1/3 a spherical, compact conformation of the chain is
demonstrated. Under ideal condition where g = 1/2, the @ condition prevails, indicating that a
cluster of chains has been separated by solvent, however limited chain expansion is evidenced
and a more compact conformation is still present. A chain that revealed 0.5 < g < 0.6 indicates
that a random coil conformation is assumed and the solvent resulted in some degree of swelling
of the species. Values of ¢ > 3/5 indicate that the chain assumed a rigid, rod-like conformation

possibly with a constant diameter.

Calculation of reliable conformation exponents necessitated eliminating size values and their

corresponding weights with a correction factor according to Equation (3.4):

I
<S2>Z: ~o0n (3.4)

where [, is representative of the source wavelength. The limit at which a reliable radius of
gyration could be determined in vacuo is set at 120" of the I,. Below this limit, intensity of
Rayleigh scattering declines as Debye scattering prevails at this limit.*%*”  Additionally,
scattering becomes isotropic below 10 nm and therefore, angle-independent. However, in
reality the refractive index of the solvent, n, lowers the limit. The limit for reliable <s 2 in
these calculations was therefore determined at approximately 20 nm. In addition, adjustment
of the start and endpoints of the light scattering peak made data evaluation possible in the
section of low dispersity as well as excluded the minimum radius limit and uncertainties at the

high end of the log-log plot of <s>>'? versus M,

3.2.4 ATR-FTIR

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) is a popular
method for quantitative analysis of copolymer composition.’**! The (ATR) procedures were
performed in the mid-IR region and spectra were recorded in the region 4000-650 em?. A
Bruker Equinox " 55 (Bruker, Ettlingen, Germany) IR spectrometer was employed for all data
collections. The spectrometer utilized a He-Ne laser operated at 632.8 nm and was equipped
with a micro ATR sampling accessory containing a ZnSe crystal. Spectra were recorded by co-
addition of 32 scans with a spectral resolution of 4 cm™. Bruker Opus 5.1 software was
employed to collect and process the ATR spectra. Baseline correction was performed on all

spectra. The spectrometer was operated under continuous N purge.
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Low weight homopolymers of low polydispersity were selected to prepare homopolymer
blends varying in composition. Suitable quantities of poly(methyl methacrylate) (PMMA) and
PS were dissolved in THF and then precipitated. The polymer blends were vacuum-dried for at
least 12 hours. Subsequently, the precipitates were ground to produce fine powders. These
standards were analyzed directly on the ATR crystal and four spectra were collected per
standard. Calibration curves were constructed by plotting the absorbance ratio of two peaks,
which could be assigned unambiguously to either the St monomer (~699 cm™ for the out of
plane bending of the phenyl ring) and for the methacrylate monomer (saturated alkyl ester
carbonyl stretch at ~1729 ecm™), versus the mole fraction ratio (fs;) of the two homopolymers

employed in each set.

Subsequently, four spectra of the experimental samples were acquired by recording two spectra

of a copolymer sample followed by analysis of a duplicate sample of the same specimen.

3.2.5 Calculations and Statistics

STATISTICA 7.1 (Statsoft Inc., Tulsa, OK, USA) was used to evaluate data for possible linear
(denoted by ‘L’) or non-linear (denoted by ‘Q’) single factor effects as well as for two-way
linear by linear interactions between the experimental factors and to determine the significance

of factor influences by Pareto density analysis.

The Pareto principle states that in a population of factors that contribute to a common effect,
only a few of these factors would contribute significantly to the observed effect.*? In this study
the population of factors were SDS, BuOH, temperature and monomer feed ratio; the two-way
linear interactions between these variables and the characteristics of the single factor
contributions i.e. linear or quadratic. The analytical results obtained through GPC-MALLS
and ATR-FTIR were substituted into the factorial design and analyzed by the statistical
software. The Pareto analysis was performed to determine which factor(s) dominated the
measured response i.e. [l .. Based on this analysis, explanations for the observations were

sought and illustrated through surface plots.
The standard Pareto density function is described by Equation (3.5):

c
o+

flx)=

1

<
7 olSme>l (3.5)

where the shape parameter of the population density distribution (spread of contributions of

experimental factors to the effect) is ¢ and the factor(s) that contributed to the measurement
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density is x. The value of fx) should exceed a specified value at a specified confidence
interval should the factor prove significant. In this study we used the absolute values of the
Pareto coefficients and these should exceed 2.023 as the minimum for significance at the 95%
confidence interval. Figure 3.2 renders the influence of three different shape factors and a
hypothetical density of f(x).

f&)

p = 0.05

Figure 3.2: Pareto graphs of (A) Low ¢, narrow density of distribution with a few factors
exceeding p = 0.05; high Pareto coefficients. (B) Intermediate ¢, low density with a number of
factors proving significant; intermediate Pareto coefficients. The higher ¢ becomes, the
broader the density distribution and the less significant the factors, x become until none prove

significant as in curve (C) (Equation 5).

3.3 RESULTS AND DISCUSSION

3.3.1 Synthesis, characterization, and processing of raw data

All the reactions produced polymeric materials under the conditions shown in Table 3.1.
Subsequently, 54 products were produced and their molecular weights and radii of gyration
were characterized with GPC-MALLS. Compositional content of St and MMA was
determined by ATR-FTIR analysis. Duplicate samples were analyzed on different days (due to
the extensive analysis period required) and these results did not vary significantly, indicating
that polymers remained stable. Figure 3.3 illustrates an example of the weight distributions as

a function of elution volume.
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Figure 3.3: The [ , distribution of two synthesized polymer samples (A) 2% SDS, 1% BuOH,
Jst of 69.2%, 80 °C and (B) 8% SDS, 3% BuOH, fs; 69.2%, 80 °C. The dn/dc standard could
not be observed, confirming that it did not interfere with the sample analysis and weight

distribution. Each point was calculated from light scattering data (Equation 3.1).

The weight distribution was obtained by converting each data point of the chromatogram and
corresponding light scattering data to O y (Equation 3.1) and plotting log [ y vs. elution
volume. Note that the elution volume agreed with the chromatograms and that no secondary
peaks or weight distributions were observed for the dn/dc standard. As an example of the
results an excerpt of the results obtained by GPC-MALLS is listed in Table 3.2 and shows only
results of experiments performed with 2% SDS (data for 4% and 8% SDS classifications or for
any other factor classifications are not shown, however were automatically compiled and
considered by the statistical software). These results (Table 3.2 and the remainder of

categorizations) were then substituted into the factorial design.
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Table 3.2: Excerpt of the results for P(St-co-MMA) as categorized by 2% SDS.”

Reaction conditions Results
%BuOH °C fst (%) %St %MMA O, 0 0w, <s>"nm) q
60 59.0 56+10 44£10 214.9+17  362.3+£29 1.74+0.2 26.5£0.2  0.449+0.03
1 70 79.4 57+2.2 43122 164.1£3.0  322.5+27 1.98+0.2 27.9+22  0.48440.03
80 69.2 61+2.5 3942.5 160.3£17  274.4+49 1.79+0.4 232404  0.460+0.04
60 79.4 72+7.6 28+7.6 294.3£10  493.4+14 1.70+0.1 35.740.2  0.465+0.01
3 70 69.2 58+5.2 42452 133.7€13  236.9+31 1.72+0.3 21.6£2.4  0.465+0.01
80 59.0 53+1.4 47+1.4 300.7£38  499.6+49 1.60+0.3 329+2.1  0.497+0.01
60 69.2 65+8.1 35+8.1 343.0£27  594.9+42 1.79+0.2 39.3£1.6  0.504+0.04
5 70 59.0 49+1.4 51+1.4 262.8423  394.247.0 1.50+0.2 30.9£1.9  0.503+0.00
80 79.4 73+9.2 27+9.2 4524426  733.1+30 1.66+0.1 46.5+3.3  0.463%0.02

* All molecular weight values reported in kg.mol
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Although the Pareto method had its origins in economical science,” it has been applied in

various recent polymer studies to determine the contribution of experimental factors to a

common effect and to optimize experimental parameters for polymerization reactions. ¢ As

an example, the Pareto graph of standardized factor effects on 0 , for P(St-co-MMA) is shown
in Figure 3.4. Closer inspection of the Pareto analysis indicated that a positive, linear effect
was observed for M, measurements attributed to an increase in BuOH concentration as denoted
by ‘L’ and a positive value of the Pareto coefficient of 5.256 (Figure 3.4). In contrast, the
effect of temperature proved to be significantly quadratic as denoted by ‘Q’ and a minimum

turning point was revealed by the negative sign preceding the coefficient of 2.736 (Figure 3.4).

(2) %BuOH (L) +5.3
Temp (°C) (Q)

% SDS (Q)

(1) %SDS (L)

2L by 3L

1L by 2L

4) Temp (°C) (L
@ Teme C0) )
(3) fse (L)

3L by 4L

1L by 4L
%BuOH (Q)

fs¢ (Q)
2L by 4L

p=005 (p=2.023)

Figure 3.4: Pareto graph of standardized factor effects on O , for P(St-co-MMA). Linear
effects are denoted with the capital ‘I’ and the non-linear (or quadratic) effects by capital ‘Q’.
Any interaction is indicated by the term, ‘by’. The number that preceded a given factor was
generated from the number of the column in which data was entered in the spreadsheet and
should not be mistaken for the ranking of the effect.

The Pareto coefficients calculated in this experimental design needed to exceed a minimum
value of 2.023 to prove significant at a 95% confidence interval (Figure 3.4). Additionally, a
positive or negative sign preceded the coefficient and indicated an increase or decrease in the
measured responses and in the case of non-linearity a maximum or minimum turning point in

the curvature. The Pareto coefficients were determined for all factors and listed in Table 3.3.
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Table 3.3: Pareto coefficients of the full population of P(St-co-MMA). For explanations of the
abbreviations used see experimental section.

P(St-co-MMA)
Factor/Interaction’ (. 0w O wUa <s>1"2 q %St
(H)SDS (L) +2.042°  42.096"  +2.326 +0.784 -0.530 +0.535
SDS (Q) -2.418" 2257 +1.825 -0.457 -1.156 +1.077

(2) BuOH (L) +5256°  +5.086°  -2.892°  +5249°  +1317  +1.025

BuOH (Q) +0.441  +0.082 -1.874 +0.340  +1.785  +0.043
(3) fat (L) +0.960  +0.743 -0.661 +0.660 0232 49.088"
Q) +0278  +0.354 -0.465 -0.048 +0.531 -0.682

(4) Temperature (L) -1.152 -1.281 +0.325 -1.631 -1.295 -0.336

Temperature (Q)  -2.736°  -2369°  +2.182°  -3.005  +0.840 -1.160

1L by 2L -1.160 -1.020 +0.526 -0.794 -1.447 -1.346
1L by 3L -1.081 -1.571 -1.873 2.446 +0.820 +1.062
1L by 4L -0.545 -0.385 +0.437 -0.935 -0.942 +1.161
2L by 3L +2.016 +1.731 -1.767 +1.027 -1.194 +1.987
2L by 4L +0.063 +0.148 +0.133 +0.553 +0.381 +0.378
3L by 4L +0.724 +0.433 -1.991 +0.643 -0.324 +0.556

“Effects are significant (p < 0.05) if the Pareto coefficient exceeds an absolute value of 2.023.

TEffects of the factors/interactions not noted according to rank.

Figures 3.5A and B illustrated the effects of BuOH (L) and temperature (Q) respectively and
were constructed from the data in Table 2. By addition (automatic function of the statistical
software) of the remaining classifications i.e. 4% and 8% SDS (or any other set of
classifications) to these graphs, surface plots resulted and several of these were discussed in the

text here.
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Figure 3.5: Illustration of (A) the linear effect of BuOH and (B) the quadratic effect of
temperature (°C) on the response measured for I , by fitting a second degree polynomial curve
(linear fitting showed 1* ~ 0.80 for 1% BuOH). For both A and B a sample of the data was
taken and categorized by 2% sodium dodecyl sulfate (Table 3.2) to construct the graphs.

3.3.2 Compositional analysis

ATR-FTIR analysis revealed two spectral regions of interest for the analysis of the copolymers.

The out-of-plane ring deformation of the phenyl ring of the St monomer was clearly observed
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at ~699 cm” and the stretching of the saturated ester carbonyl group of the methacrylate
monomer at ~1729 cm’ (Figure 3.6).

Absorbance (arbitrary units)
=

1800 1600 1400 1200 1000 800
Wavenumber (cm™)

Figure 3.6: Expanded ATR-FTIR spectra of A) PS (phenyl ring out of plane bending at 699
cm'l) B) PMMA (saturated ester carbonyl stretching at 1729 cm™) and C) P(St-co-MMA)
comprised of 56% styrene and 44% MMA.

Several spectra were recorded and calibration curves constructed. The SYMMA standards
showed strong linearity with r* > 0.99 for calibration curves with compositions in the range of
the monomer content of the synthesized copolymers. On average, the copolymers contained

approximately 8% less St than was included in the feed (Table 3.1 and Figure 3.7).
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Figure 3.7: Effects of fsc and %BuOH on %St in P(St-co-MMA).

The mixtures containing 59% styrene in the feed produced copolymers containing 53% styrene
as a series average. The 69% feed mixtures yielded copolymers containing 61% St and the
maximum feed of 79% resulting in copolymers containing 71% (with the series showing =
0.9944). This slight compositional drift arose from the slightly higher reactivity ratio of the
MMA compared to the St monomer’’, favoring MMA incorporation marginally. The
partitioning of the hydrophilic MMA also favored increased MMA content in the copolymers
since it could encounter more KPS radicals in the interface. However, the feed served as an

approximate template for the composition of the copolymer.

3.3.3 Molecular weight of P(St-co-MMA)

[1 4 relates to the number of particles that were encountered in the eluted samples, therefore
also indicates proportionality to the number of micellar reactors that were involved in particle
evolution. It was apparent from Pareto analysis (Figure 3.4, Table 3.3) that the effect of BuOH
dominated the measured response for [l ,. A positive, linear effect was observed for BuOH
(Figure 3.8A) on [ , as was made apparent by the Pareto coefficient (L, +5.526) and
significantly overshadowed the non-linear effects of temperature (Q, -2.736) and SDS (Q,
+2.419) (Figure 3.8B, Table 3.3). A linear increase in [ 5 (102.0 — 470.7 kg.mol ™, calculated
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as the averages of all 18 values obtained at a specified concentration of BuOH) was observed
as a consequence of a linear increase in the cosurfactant concentration (1-5%). Temperature
resulted in a non-linear continuance with minimum turning points as seen from the negative
sign before the coefficient (Figure 3.8, Table 3.3). Additionally, the surfactant (SDS) had a
predominantly non-linear effect with a minimum turning point if compared to its linear effect
(Figure 3.4). Pareto coefficients of SDS (Q, -2.419 and L +2.042) were of comparable
magnitude and closely related in magnitude (Table 3.3).

500
400
3001,
200
100]

M, (kg.mol™)

500 L.
400 | §
300

M, (kg.mol™)

200 |
100 | 4

%BuOH

Figure 3.8: Surface plot of the effects of (A) temperature and cosurfactant (B) surfactant on
[1 5 for P(St-co-MMA).
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While interpreting the surface plots it should be borne in mind that since no significant
interactions were noted in the Pareto analysis, the surface plots should be seen to illustrate the

effect of a single factor in isolation from the other plotted variable.

Clearly a larger number of particles was present at 1% BuOH (U , of 102.0 kg.mol ™! indicated
a large number of particles) compared to 5% (0 » of 470 kg.mol” demonstrated that the

particle number was smaller).

BuOH is a cosurfactant that preferentially resides in the interface at the micellar surface
therefore might affect the number of active micellar reactors.** The microemulsion essentially
consists of three liquid pseudophases, i.e. oil, water and a third pseudophase that is introduced
by addition of the alcohol. This alcohol pseudophase could self-associate and since it is
located preferentially in the interface, it would also associate the micelles into a denser
structure. In fact based on its HLB value of 7.0, BuOH was shown to reside in the interface of

Triton X-114 micelles.*

The linear increase in [l , suggested that a cluster of micelles formed with some of the micellar
cores in the cluster interior and some exposed to the bulk continuous phase.’®> Thus a larger
reactor with a higher local monomer concentration available for polymerization in the interface
at the 5% BuOH compared to 1%. Additionally, the micelles would act in a cooperative
fashion and that monomer molecules in the cluster core had to diffuse through adjacent

micellar cores to the exposed reaction interface for chain propagation.

The effect of temperature was perplexing since it demonstrated a non-linear effect that was
significantly less dominant than the effect of BuOH (Figure 3.8A, Table 3.3). At the lowest
temperature, 60 °C the micelles would have the lowest kinetic energy and therefore might
cluster together or at least be found in closer proximity to each other. At 70 °C, an optimal
level of kinetic energy is reached and micelles exist in a comparatively unassociated state.

However, at 80 °C a maximum response for [ , was again observed.

Two explanations could elucidate the phenomenon. The kinetic energy of the micelles might
be high enough to lead to a significant number of collisions between reactors thereby clustering
the cores together. In addition, it has been demonstrated for non-ionic amphiphiles with polar

moieties that temperature affected their lipophilicity.g’5 435

The polar groups of these
amphiphiles engaged water molecules through hydrogen bonding that are abolished at high
temperatures, dehydrating the amphiphiles to render them more lipophilic. Ultimately, self-

association of this relatively lipophilic phase prevailed to a larger extent. Since BuOH also
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engaged water molecules it would also behave as a true amphiphile at high temperatures due to
dehydration. Subsequently, self-association of BuOH would be induced, resulting in the

increase in[J .

The non-linear response of SDS was apparent from the Pareto analysis with the SDS (Q)
coefficient assuming a value of -2.419 (Table 3.3). Globally, a parabolic continuance was
observed and a minimum was demonstrated at the 4% surfactant concentration (Figure 3.8B).
The averages of the three groups of minima at 4% SDS were calculated to be 184.7, 247.1 and
271.4 kg.mol™.

The minimum for ] , indicated that 4% surfactant produced the largest quantity of observed
particles. Furthermore it implied that the highest number of micellar reactors that were
unassociated formed at 4%. At 2% the quantity of surfactant might not be sufficient to produce
micelles that would be as small as would be seen at 4%. Since the emulsions were all slightly
blue during the reaction process, it could still be assumed that microemulsions were stable,
however that the micelles might be slightly larger at 2% (series average [ 5 of 259.1 kg.mol™)
compared to 4% (U , of 234.6 kg.mol'l). At 8% ([ , of 305.5 kg.mol'l) micelles might again
cluster together since the surfactant tails could associate to some extent and produce micellar

aggregates.

The difference between maxima and minima (Figure 3.8B) were marginal, resulting in a low
Pareto coefficient value. At 8% SDS, the cooperative nature of the micellar cores could be
suggested to result in a cluster reactor rather than in unassociated micellar reactors as seen at
4% SDS. Even if the individual micelles are of similar size as that at 4%, their true size might

be obscured by the clustering effect.

[} w is a true measurement of the amount of monomer assembly in a polymer chain. As shown
in Table 3.3, the concentration of BuOH significantly influenced the measured responses in a
positively, linear fashion (Pareto coefficient L, +5.086). SDS (Q, -2.257) and temperature (Q, -
2.236) also showed significant effects although inferior to that of BuOH.

The linear effect of cosurfactant on polymer molecular weight is again observed from the linear
perspective of the BuOH and the non-linear SDS effect (Figure 9A). The non-linear effect of
temperature on molecular weight is also shown in Figure 9B. The continuances of [I w
reflected that of U , suggested a link between the number of reactors found in the

microemulsion and the number of units assembled in a chain as evidenced from M,.
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Figure 3.9: Surface plot of the effects of BuOH and temperature on ] y, for P(St-co-MMA).

Considering the molecular weight of St and MMA (~100 g.mol'l) and that the various
polymers contained between 2 000 and 7 500 monomer units based on [1 , it can be suggested
that a link existed between the local concentration of the monomers and the polymer weight,
again indicating the suggested micellar coagulation phenomenon. If the micelles were
associated to a lesser extent at 1% BuOH it would explain why a lower number of monomers

were polymerized (series average [l w of 375.9 kg.mol'l). Subsequently more pronounced
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agglomeration was seen as the BuOH increased to 3% (series average [1  of 472.3 kg.mol'l)
and finally achieved a maximum at 5% (series average [J v of 563.4 kg.mol ™), demonstrating a

series regression coefficient of r* = 0.9997.

Judged by the Pareto analyses (Table 3.3), SDS also had a significant effect on monomer
assembly as seen from the values of I  (Figure 3.9A). The trends observed for SDS could
also be explained by the clustering argument at different surfactant concentrations with [
values complimentary to that of U ,. The higher values of O y (compared to their
corresponding [ ) illustrated that monomer assembly was not equal in all the reactors. The
minimum at 2% SDS (series average [  of 441.0 kg.mol™) corresponded to the minimum
found for M,. The minimum [ , was also found at 4% SDS and attained a series average
value of 422.5 kg.mol” and finally the maximum 0 ,, was found at 8% SDS with a series
- average 548.1 kg.mol™".

Temperature illustrated its effect on [l  (as with [ ) on particle aggregation with aggregation
more prevalent at 60 °C and collisions more prevalent at 80 °C. Consequently, two series of
maxima were observed and depending on the desired weight the temperature could be adjusted
to render particles between 200 and 750 kg.mol'1 (Figure 9B). The minima was again observed
at 70 °C and correlated to the fact that the highest number of unassociated reactors were found
at this temperature. Note that the effect of BuOH predominated the outcome of final particle
properties (Table 3.3).

It was observed that the values of [ , were approximately 100-200 kg.mol” higher than their
corresponding [] ; values, resulting in differences in polydispersity, ] w/O n. The probability of
factors having significant effects on the polydispersity was again illustrated with Pareto

probability density (Table 3.3).

The polydispersity was fairly broad, exhibiting a range of 1.5 — 2.1. This reflected the nature
of the reaction in the aspect of reactor heterogeneity. Clearly, a vast number of radical species
were formed in the micellar environment, each of which resulted in different polymer weight
characteristics. However, these values are typical for studies of this type of addition
polymerization.z‘t'2 6 The linear effect of BuOH was again apparent, however demonstrated a
negative sign to the coefficient (L, -2.892) suggesting that polydispersity was decreased
slightly upon an increase in BuOH concentration. The effects of temperature (Q, +2.182) and
SDS (+2.326) were also observed to be significant and these showed positive effects (therefore
increasing polydispersity) as noted from the signs preceding the magnitude coefficients (Table
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3.3). Although the three factors proved significant, they all approached the minimum Pareto
significance coefficient of 2.023.

Based on these findings it would seem advantageous to incorporate a high concentration of
cosurfactant to improve the polydispersity to a minimum. This could arise from the fact that
fewer reactors were formed in the microemulsion at 5% cosurfactant compared to the 1%
(therefore a relatively high [0 , at 5% compared to 1%). The decrease in reactor number could
therefore decrease the probability of encountering a high degree of reactor uniqueness. In
contrast, the higher the number of reactors, the higher the probability of finding unique
micellar reactors that would produce higher polydispersity. Since the number average weight
was lower at 1% BuOH than 5% (Figure 3.8) it indicated an increase in the probability of
finding a higher reactor count with a resulting higher probability of uniqueness at 1% BuOH.

3.3.4 Radius of gyration of P(St-co-MMA)

One measure of polymer particle size is the radius of gyration, <12 3857 A stated earlier the
alcohol pseudophase employed as cosurfactant here, could self-associate and since it is located
preferentially in the interface, would also associate the micelles into closer proximity to form
clusters. From this perspective, the local concentration of monomer at the interface would be
relatively higher at 5% BuOH compared to 1%. Consequently, the probability of particle
propagation would be higher with longer chains forming during the polymerization. The
clustering effect could also decrease the surface area available for termination reactions (in
competition with propagation reactions). Therefore, an increase in BuOH concentration

resulted in a linear increase in <s*>>'? from approximately 20 to 45 nm (L, +5.249, ¥ = 0.9958).

Clearly, all the reactions resulted in the production of nanoparticles according to the definition
of nanoparticles, i.e. particles with at least one length dimension between 0.1 -100 nm.*® The
average <22 of the 1% BuOH category was ~26 nm, the 3% category averaged ~32 nm and

the 5% BuOH produced an average of 37 nm (Figure 3.10).
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Figure 3.10: Effect of BuOH and temperature on the radius of gyration of P(St-co-MMA).

The effect of temperature on the particle size was less dominant, however still significant
compared to the effect of the cosurfactant. As seen for changes in I ; temperature exerted a
quadratic effect (Q, -3.005), implicating more complex mechanisms of action involved in its
effects as stated earlier. At the lowest temperature, the micelles would have the lowest kinetic
energy and therefore might cluster together or at least be found in closer proximity (series
average <s>2 of ~35 nm). At 70 °C, an optimal level of kinetic energy is reached and
micelles exist in a comparatively unassociated state and therefore resulted in the lowest

average for <s?

>12 of ~28 nm. Since radical termination could also prevail at this temperature,
particle growth could be curbed to a maximum at 70 °C. At 80 °C a second maximum
response for <s>12 was again observed with a series average of ~32 nm, due to an increase in

reactor collision.

There was a significant linear by linear interaction between SDS concentration and monomer
ratio (L by L, -2.446) since a simultaneous linear by linear increase or decrease in both SDS
concentration and feed ratio resulted in a decrease in radius of gyration (Table 3.3). If seen
from a concentration of 2% surfactant, the increase in mole fraction ratio (e.g. an increase in
styrene mole fraction) resulted in an increase in the particle size. If seen from 4% surfactant,
virtually no change in the response was seen with an increase in feed ratio. Therefore, the

results for 8% SDS clearly contradicted the observations at 2%, having illustrated a relative
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decrease in radius of gyration as a function of an increase in mole fraction ratio (fs) ) (Figure
3.11)

<s%"2 (nm)

Figure 3.11: Effect of fsc and SDS on the radius of gyration of P(St-co-MMA).

One explanation for the interaction phenomenon could be that an increase fs resulted in an
increase in the styrene content of the copolymers. Conversely, the MMA content decreased
and its amphiphilic effect might be less prominent when compared to higher MMA interfacial
abundance. It would seem that the higher contribution of MMA to surface tension reduction
would result in smaller particles, since micelles could be stabilized at a relatively low
concentration of SDS. It would support, from this perspective, that surfactant aggregation
would probably be minimized, preventing micellar agglomeration. The function of interfacial
MMA as cosurfactant (although significantly eclipsed by the cosurfactant function of 1-
butanol) is therefore plausible.

Figure 3.12 shows the distribution of particle sizes as classified by cosurfactant concentration.
Reasonable separation of distinct particle size and distribution could be obtained by changing
the cosurfactant concentration from 1% to 5% with 3% producing some overlap between both

categories.
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Figure 3.12: Radii of gyration of all samples categorized according to BuOH (A) 1% (average
of 26 nm) (B) 3% (average of 32 nm) and (C) 5% (average of 37 nm).
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3.3.,5 Conformational analysis

Conformational analysis was also performed to study the bulk chain conformation of the
copolymers. The conformation of polymer chains is the result of intra- and intermolecular
force interactions between polymer-polymer and solvent-polymer associations. Solubility in
the solvent could have a significant influence on polymer conformation with different solvent
inducing compact through extended conformations of the polymers.sg’60

weights (Table 2) varied between 200-750 kg.mol™ for P(St-co-MMA) measured in THF.

The copolymer

Since these polymers all approached the maximum solubility in THF, they could not show

significant extension.

The data in Table 3.2 show that g was very close to 0.5 indicating that the majority of the
polymers (data not shown) demonstrated a random coil conformation at or just below the theta
condition. This means that the solvent has separated a cluster of chains, however limited
expansion of the chains occurred and a more compact conformation was still present. Pareto
analysis of copolymer conformation did not reveal statistically significant effects (Table 3),
however could still rank the factors and magnitude of the effects. Again, it was clear that the
cosurfactant prevailed to be the most dominant factor. These observations could probably be
related to the effect that the interfacial cosurfactant had the most profound impact on the
polymer size and weight properties during the synthesis. Consequently, the effect on
conformation should also be related to the effect of cosurfactant.

3.4 CONCLUSION

The dominating effect of the cosurfactant, 1-butanol, clearly prevailed in the microemulsion
copolymerization of styrene and methyl methacrylate. The linear increases observed for
molecular weight and particle size with an increasing concentration of BuOH could be
exploited for the successful production of a series of nanoparticles, whilst the composition was
virtually unaffected by the cosurfactant. It is suggested that the preferential location of the
cosurfactant at the oil/water interface resulted in a clustering effect that affected the reactor
number and size and subsequently the molecular weight and radius of gyration of the
nanoparticles. Factors including temperature and surfactant modulated the clustering effect,
however were shown to be inferior based on Pareto analysis. Additionally, as observed from
compositional analysis, the feed ratio of the monomers dominated the polymer composition

and served as an approximate template for the polymer composition.
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Abstract

Various random poly(styrene-co-ethyl methacrylate) (P(St-co-EMA)) copolymers were
synthesized by aqueous microemulsion copolymerization. Various levels of the cosurfactant (1-
butanol), surfactant (sodium dodecyl sulfate), temperature and monomer feed ratio were
investigated as determined by a fractional factorial design. The copolymer molecular weight,
radius of gyration and conformation of the isolated copolymer nanoparticles were characterized by
size exclusion chromatography coupled to multi angle laser light scattering (GPC-MALLS).
Compositional analysis was conducted with attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR). Pareto analysis revealed that an increase in cosurfactant concentration
from 1-5% wt. dominated the concurrent decreases in copolymer molecular weight (600-150
kg.mol™) and radius of gyration with (40-12 nm). The copolymers illustrated compact,»random
coil configurations in THF. The monomer feed ratio was the only significant determinant of
copolymer composition, demonstrating virtually perfect templating. It is suggested that micellar
clustering induced by 1-butanol could be employed to synthesize nanoparticulate copolymers of

various weight and size without affecting chemical composition.

Keywords: microemulsion, copolymerization, cosurfactant, GPC-MALLS, ATR-FTIR
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4.1 INTRODUCTION

Microemulsions were first defined as thermodynamically stable and optically clear dispersions of
two immiscible liquids created with the aid of a suitable surfactant or more commonly a mixture a
surfactant and cosurfactant [1]. These mixtures decrease the interfacial tension between the liquid
phases to ultra-low levels, resulting in the spontaneous dispersion of the phases [2]. Although these
liquid dispersions are thermodynamically stable, the microemulsion domains continuously
undergo spontaneous coalescence and redispersion [3]. Examples of such micellar coalescence
were reported for two of the most commonly used surfactants for microemulsions, sodium dodecyl
sulfate (SDS) and cetyl trimethyl ammonium bromide (CTAB) in the presence of cosolvents

icluding acetophenone and methyl ethyl ketone [4].

Despite their complex phase behavior, microemulsions found several technological applications
i.e. crude oil recovery [5], industrial cleaning formulations [6], drug solubilization, i.e diclofenac
sodium [7]. In several of these studies 1-butanol (BuOH) proved superior to other alcohols to
maximize the microemulsion phase of the dispersion i.e. in the production of pharmaceutical
formulations of practically insoluble drugs such as cyclosporin [8] or the synthesis of polymeric

nanoparticles [9].

A unique technique for hompolymerization of methyl acrylate using microemulsions was first
realized in the 1980’s in the presence of either 1-pentanol [10] or 4-pentene-ol [11). Styrene (St) has
subsequently been polymerized in the presence of SDS and short chain alcohol cosurfactants [12],
with 1-butanol resulting in the highest level of flocculation of the polymeric product [13].
Copolymerizations in microemulsions were also reported for St as comonomer of acrylic acid [14],
acrylonitrile [15] and for butyl acrylate and acrylonitrile [16]. In addition, alcohols were employed as
cosurfactants in microemulsion copolymerizations of vinyltoluene with methyl methacrylate
(MMA) and St [17]. In many of these studies, the effect of the alcohol chain length [18, 19],
functional group number [20-22] and aromaticity [23] were investigated to determine cosurfactant
localization in micelles. The results showed that BuOH and 1-pentanol were effective

cosurfactants because they selectively resided in the interface[24-26].

In many instances the application of alcoholic cosurfactants in microemulsion reaction mixtures
resulted in seemingly inexplicable changes in molecular weight and particle size of polymeric

nanoparticles. Some explanations for these observations included macroradical chain transfer by
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the cosurfactant [27] and film formation [28, 29] around the surface of the micelle, both of which

stunt chain propagation.

In an effort to investigate these effects, a copolymer series, poly(styrene-co-ethyl methacrylate)
(P(ST-co-EMA)), was synthesized using various levels of cosurfactant, surfactant, temperature
and monomer mixture combinations. This study demonstrated concurrent variations in molecular
weight and radius of gyration of the particles as a consequence of the variation of BuOH
concentration. It is suggested that BuOH modulated micellar aggregation in the microemulsion
due to hydrogen bonding interactions between BuOH molecules and with the alkyl chains of the
surfactant. Subsequently the molecular weight and size varied as determined for the redispersed
artificial polymer latexes [30, 31] of the isolated products. The copolymers invariantly illustrated
compact, random coil configurations in the theta solvent, THF. The composition of the

copolymers was virtually perfect templates of the monomer feed ratio.

4.2 EXPERIMENTAL
4.2.1 Materials

Ethyl methacrylate (EMA) was donated by Degussa (Diisseldorf, Germany) and styrene (St) was
purchased from Merck (Modderfontein, South Africa). EMA and St were purified prior to
polymerization by adsorption of the inhibitors onto dried neutral alumina-packed glass columns.
A slightly yellow band was noted for St at the top of the alumina column. BuOH, >99%) was
purchased from Merck (Modderfontein, South Africa) and incorporated as cosurfactant. Ultra
pure (>99%) SDS and hydroquinone (HQ) were obtained from Sigma-Aldrich (Kempton Park,
South Africa). Potassium persulfate (KPS) was employed as reaction initiator and double-

deionized water was utilized to produce the dispersion medium.

4.2.2 Synthesis procedure and latex treatment

4.2.2.1 Reaction procedure
A report by Tauer et al.[32] on the polymerization of butyl acrylate and was used as a formulation
guideline to devise the compositions of the microemulsions (in comparison to the compositions of

emulsion, suspension, solution and mini-emulsion polymerizations) by variation of the monomer

concentration, surfactant and dispersion media. A 500 mL three-necked flask was charged with
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the requisite quantities of the reagents according to a fractional 3-level-4-factor factorial design, to

comprise a final mixture weight of 100 g (Table 1).

Table 4.1: Copolymerization conditions/mixtures according to the factorial design. Each reaction
employed one level per factor.

Concentration (% wt)
Factor/Level Low Intermediate High
SDS 2 4 8
BuOH 1 3 5
%St* 60 70 80
Temperature (°C) 60 70 80

"% St in monomer mixture with a total weight of 6 g monomer mixture. This ratio was converted

to %mole fraction and denoted fsr in the text.

According to the factorial design water (to 100 g), 500 mg KPS (all experiments), SDS and BuOH
were added to a three-necked flask equipped with a condenser and thermometer. The reactor
vessel was maintained at the desired reaction temperature (60, 70 or 80 + 1 °C) to decompose KPS
to produce initiator radicals (at least 60 °C is required for decomposition). The reaction proceeds
with KPS providing the initiator radicals to form primary monomer radicals that propagate the
polymer chains. The mixture was magnetically stirred at 500 r.p.m. whilst continuously purged
with filtered nitrogen. Afier 15 minutes of nitrogen purging at the specified reaction temperature,
6 g of degassed, vortex-mixed monomer reagents (in the desired ratio) were added to the
dispersion medium through a syringe fitted with a 0.22 pm Teflon® (Cameo™, Fisher Scientific)
filter. After monomer addition, colloidal particle growth was observed from the slightly blue,
translucent microemulsions. Figure 4.1 renders a depiction of the colloidal reaction environment
in the glass reactor vessel. A reaction time of 2 h was employed for all experiments and after this
period, the reaction was quenched with an excess of HQ. The design and procedures were

performed in duplicate to render 54 experiments.
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Figure 4.1: (A) The colloidal reaction environment is created in the charged reactor (B) Micelles
form as BuOH and SDS interacts with monomer droplets and surrounding aqueous medium. The
alkyl chains of SDS show some penetration of monomer core with the charged head groups
associating with the water medium (C) Micellar aggregation takes place as BuOH interacts with
SDS alkyl tails (D) Monomer molecules diffuse from the micelle core to the o/w interface and are
engaged by initiator radicals. Primary radicals are produced and these propagate the copolymer
chain (E) The interface comprises of monomer molecules, BuOH molecules, SDS alkyl chains as
well a SDS charged head groups, KPS radicals and water. The growing polymer chain remains
associated with the interface and eventually extend to some degree to the aqueous medium. The

aggregation of SDS alkyl chains is also shown. (Not a scale drawing).
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The polymer latex was collected in 50 cm® centrifuge tubes in an excess of methanol and allowed
to cool to room temperature. The fractions were then centrifuged at 3500 r.p.m. for 10 minutes
and redispersed and washed in fresh aliquots of methanol and repeated until the latex could no
longer be redispersed. Subsequently, the latex was dried in a fume hood until the material was
brittle and this material was then milled to produce a fine, white powder. The powdered product
was dried under a vacuum of 13 mbar for 24 hours at a regulated temperature of 40 °C (well below
T of the copolymers ~90-100 °C). Finally, the dried polymer samples were stored in opaque,

airtight containers.

4.2.3 Sample analysis

4.2.3.1 GPC-MALLS

A DAWN® DSP photometer (Wyatt Corp., Santa Barbara, California) was employed for absolute
weight measurements utilizing a size exclusion chromatography setup. The multi-angle laser light
scattering (MALLS) detector consisted of a 5 mW He-Ne laser that illuminated samples at a
wavelength of 632.8 nm. The MALLS detector was carefully calibrated with filtered HPLC grade
toluene (BDH, Merck) and its diodes normalized with an isotropic scattering polystyrene standard
@ w 30 000 g.mol™, polydispersity < 1.05, Pressure Chemical). The MALLS was connected to a
refractive index (RI) detector (Agilent® 1100 series) to determine concentration of the eluting
species. On-line determination of the specific refractive index (dn/dc) was performed as reported
elsewhere [33-35] by addition of a small, accurately known quantity of a low weight polystyrene

standard @ 2550 g.mol™, 0 /0 , < 1.05, Pressure Chemical) to the polymer sample.

Samples were prepared at a concentration of 3 mg.mL™ by sonication of the appropriate quantities
of polymer and dn/dc standard in HPLC-grade THF (BDH, Merck) for 10 minutes. Sample
solutions were filtered utilizing Teflon® 0.45 pm (Cameo", Fischer Scientific) filters. All the

sample artificial latexes were prepared and injected in duplicate.

100 pl polymer samples were injected with an HPLC (Agilent® 1100) into the GPC columns using
THF as both solvent and mobile phase. The columns comprised of a PLGel® mixed bed type C™
(7.6 x 300 mm, exclusion range 300 — 2 000 000 g.mol”, particle size of 5 pm) and a Phenogel™
(Phenomenex®, 7.8 x 300 mm, exclusion range > 5000 g.mol'l, particle size of 5 um). HPLC-
grade THF (BDH) was employed as elution liquid at a regulated flow rate of 1 mL.min™ whilst

maintaining the system temperature at 30 °C.
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ASTRA™ for Windows® version 4.73.04 (Wyatt Corp., Santa Barbara, California) was utilized to
record, overlay and analyze the MALLS and RI detector signals. The software calculated the
number average molecular weight (O ), the weight average molecular weight (U ), the radius of
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gyration (<s>>'") and the conformation of the copolymer in the solvent, THF. All computations

were made according to the Zimm formalism.

Conformational analysis was performed by evaluation of the linear segment of the data if plotted

as a double-logarithmic plot and fitted to a power law regression equation [36, 37] of the form (1):
<s2>1/2 o« M? @)

where the z-average root mean square radius of gyration is <s*>17 is related to the weight average
molecular weight M, of the copolymer chain. The exponent g is derived by fitting a power law

regression on the linear segment of the double-logarithmic plot of <s>1?

versus [ v,. The slope
of this regression curve is equal to g and revealed the bulk chain conformation of the polymer
chains. For the theoretical condition of ¢ = 1/3 a spherical, compact conformation of the chain is
demonstrated. Under ideal conditions where ¢ = 1/2, the € condition prevails indicating that a
cluster of chains has been separated by solvent and no resultant intra-and intermolecular force
exists, however limited chain expansion is evidenced and a more compact conformation is still
present. A chain that revealed 0.5 < g < 0.6 indicates that a random coil conformation is assumed
and the solvent resulted in some degree of swelling of the species. Values of ¢ > 3/5 indicate that

the chain assumed a rigid, rod-like conformation possibly with a constant diameter.

Calculation of reliable conformation exponents necessitated eliminating size values and their

corresponding weights with a correction factor (2):

/ 1,
O =50 @
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Where I is representative of the source wavelength. The limit at which a reliable radius of
gyration could be determined in vacuo is set at 1/20% of the I. Below this limit, intensity of
Rayleigh scattering declines as Debye scattering prevails at this limit [38, 39]. Additionally,
scattering becomes isotropic below 10 nm and therefore, angle-independent. However, in reality

2 in these

the refractive index of the solvent, n, lowers the limit. The limit for reliable <g>
calculations was therefore determined at approximately 20 nm. In addition, adjustment of the start
and endpoints of the light scattering peak made data evaluation possible in the section of low
dispersity as well as excluded the minimum radius limit and uncertainties at the high end of the

double logarithmic plot of <s>>'? versus[ ..

STATISTICA 7.1 (Statsoft Inc., Tulsa, Oklahoma, USA) was used to evaluate data for possible
linear or non-linear single factor effects as well as for two-way linear by linear interactions
between the experimental factors and to determine the significance of factor influences by Pareto

density analysis.

4.2.3.2 ATR-FTIR

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) is a popular method for
quantitative analysis of copolymer composition.[40-43] The (ATR) procedures were performed in
the mid-IR region and spectra were recorded in the region 4000-650 cm™. An Equinox™ 55
(Bruker, Germany) IR spectrometer was employed for all data collections. The spectrometer
employed a He-Ne laser operated at 632.8 nm and was equipped with a micro ATR sampling
accessory containing a ZnSe crystal. Spectra were recorded by co-addition of 32 scans with a
spectral resolution of 4 cm™. Opus™ 5.1 software (Bruker, Germany) was employed to collect and
process the ATR spectra. Baseline correction was performed on all spectra. The spectrometer was

operated under continuous N purge.

Low weight homopolymers of low polydispersity were selected to prepare homopolymer blends
varying in composition. Suitable quantities of poly(ethyl methacrylate) (PEMA) (Fluka & Riedel
de Haén, USA) and poly(styrene) (PS) (Scientific Polymer Products Inc., USA) were dissolved in
THF and then precipitated. The polymer blends were subsequently vacuum-dried for at least 12
hours. Subsequently, the precipitates were ground to produce fine powders. These standards were
analyzed directly on the ATR crystal and four spectra were collected per standard. Calibration

curves were constructed by plotting the absorbance ratio of two peaks, which could be assigned
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unambiguously to either the styrene monomer (~699 cm™ for the out of plane deformation of the
phenyl ring) and for the methacrylate monomer (saturated alkyl ester carbonyl stretch at ~1725
cm'l), versus the mole fraction ratio (fsy/fgma ) of the two homopolymers employed in each set.
Four spectra of the experimental samples were acquired by recording two spectra of a copolymer

sample followed by analysis of a duplicate sample of the same specimen.

4.3 RESULTS AND DISCUSSION
4.3.1 Statistical analysis

All 54 reactions produced polymeric materials under the conditions shown in Table 4.1 and their
molecular weights and radii of gyration were characterized with GPC-MALLS. Compositional
content of St and EMA was determined by ATR-FTIR analysis. In Figure 4.2 an example of the
chromatograms obtained with GPC-MALLS/RI for two copolymer samples are shown.

Rl detector (nRIU)

8 9 10 11 12 13 14 15 16 17
Time (minutes)

Figure 4.2: Chromatograms of P(St-co-EMA) samples synthesized under different conditions (A)
2 %SDS, 1% BuOH, 70 °C and fs; of 81.4% and (B) 2% SDS, 1% BuOH, 80 °C and fs; of 81.4%.
The primary peak represents the synthesized polymer whilst the smaller secondary peak represents

the standard that was included to determine dn/dc.
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Figure 4.3 illustrates an example of the weight distributions as a function of elution volume

calculated from these chromatograms.

10 000
T 1000
o]
£
[#))
=
2
S 100
101*! T T ] T T T T T v 31 T . s .a
9 10 11 12

Volume (mL)

Figure 4.3: The weight distribution of P(St-co-EMA) samples synthesized under conditions of (A)
2% SDS, 1% BuOH, 80 °C and fg; of 8§1.4%and B) ) 2% SDS, 1% BuOH, 70 °C and fs; of 81.4%.
Secondary distributions of the dn/dc standard could not be observed at its corresponding elution

volume, confirming that it did not interfere with the sample analysis.

A selection of the results that was calculated from the GPC-MALLS raw data and ATR-FTIR is
listed in Table 4.2.
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Table 4.2: Excerpt of the results for P(ST-co-EMA) as categorized by 2% SDS'.

Reaction conditions Results
%BuOH °C fs: (%) %St %EMA 0. 0 w 0w, <s>"(nm) q
60 62 61+7.6 39+7.6 234.2+1.0 414.143.0 1.7740.0 30.3+24 0.482+0.01
1 70 82 83+0.1 17+0.1 221.5+45  411.1£85 1.96:0.1  28.1+8.3 0.495+0.01
80 72 76+1.8 39+2.5 217.2£7.0 3759445 1.73£0.0  31.4+6.2 0.475+0.04
60 82 83+0.9 17+£0.9 265.1£36  394.2+13 1.81£0.0  28.3+8.9 0.472+0.03
3 70 72 7443.0 26+3.0 257.9+24  385.6+88 1.85+0.0  23.7+0.6 0.466+0.04
80 62 61+8.9 39+8.9 247.2+47 4473481 1.89+0.2  29.148.3 0.467+0.01
60 72 75+3.5 2543.5 141.249.0  255.9+21 1.78+0.0  23.5+4.7 0.498+0.01
5 70 62 63+11 37+11 232.6+£5.0  375.1445 1.81+0.0  22.9+3.2 0.489+0.02
80 82 82+1.7 18+1.7 96.35+17 193.2+18 1.91+0.2  15.545.1 0.48440.01

TAll molecular weight values are reported in kg.mol
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The data was collected and the factorial design analyzed with STATISTICA 7.1 (Statsoft, Inc.,
Tulsa, OK) followed by Pareto analysis with the same software. The Pareto principle had its
origins in economical science [44] and has been applied in various recent polymer studies to
determine effect probability and optimize polymerization reaction parameters.[4547] An
example of a Pareto graph of standardized factor effects on [l , for P(ST-co-EMA) is shown in
Figure 4.4

% BUuOH (Q) +2.83
(4)Temp. (°C) (L) -2.421

(2) %BuOH (L)

2L by 4L

(1) %SDS (L)

1L by 2L

fsr(Q)

2L by 3L

1L by 3L

Temp. (°C) (Q)

%SDS (Q)

(3) fsr (L)

3L by 4L

1L by 4L

+0.112
+0.080

i A

p = 0.05

Figure 4.4: Pareto graph of standardized factor effects on O , for P(ST-co-EMA). Linear
effects are denoted as ‘L’ and the non-linear (or quadratic) as ‘Q’. Interactions are denoted as,
‘by’. Numbers preceding the factors were generated from the spreadsheet column number and

are not intended to rank effects.

According to the Pareto analysis a quadratic (Q) effect was seen as BuOH concentration
increased with a maximum turning point from the sign of the coefficient (Q, +2.83). In
contrast, the effect of temperature proved to be significantly negative (-) linear (L), (L -2.421).
Pareto coefficients were calculated for all responses and these are tabulated in Table 3. The
Pareto analysis calculated in this experimental design stipulated that a minimum coefficient
value of 2.023 should be exceeded for significance at a 95% confidence interval (Figure 4.4,
Table 4.3). Additional graphs were constructed to illustrate the significant effects identified by

Pareto analysis to further refine the factorial design analysis.
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Table 4.3: Pareto coefficients for the full population of P(ST-co-MMA). For explanation of the
abbreviations used in the Factor/ Interaction column see experimental section and Figure 4.4.

P(ST-co-EMA)
Factor/
0, 0 Ow0, <s> q %ST
Interaction’

(1) SDS (L) +0.861 +0.709 -1.151 -1.012 -0.533 -0.009
SDS (Q) -0.286 -0.347 +0.832 +0.287 -0.310 -0.629
(2)BuOH (L) | -2.038° 2237 23617 2.170° +1.454 -0.132
BuOH (Q) +2.825° +2.880 -0.127 +1.282 -1.423 -1.318
(3) fst (L) -0.177 -0.326 -0.927 -0.362 +0.166  +8.053"
fst (Q) +0.861 -0.062 +2.052° -0.659 -0.191 +0.067
(4) Temp (L) 2.422" 2269 +2.086" -1.871 +0.287 -0.647
Temp (Q) -0.307 +0.050 +1.004 +0.209 -1.374 -0.191
1L by 2L +0.570 +0.449 -1.104 +1.378 -0.196 -0.181
1L by 3L -0.407 -0.258 +0.343 -0.668 -1.225 -1.464
1L by 4L +0.079 -0.152 -1.904 -0.373 -0.048 -1.173
2L by 3L +0.480 +0.355 +0.689 -0.253 -0.823 -0.063
2L by 4L -1.168 -0.688 +1.836 -1.176 +0.866 -1.170
3L by 4L +0.112 +0.044 -1.473 +0.016 +0.629 +0.252

“Effects are significant (p < 0.05) if the Pareto coefficient exceeds as value of 2.023.
Effects not noted according to rank.
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4.3.2 Molecular weight

4.3.2.1 Number average molecular weight

Pareto analysis indicated the dominance of the effect of the cosurfactant in the determination of
the O , for the set of P(ST-co-EMA). A quadratic response was observed for BuOH (Q, +
2.825) and the linear effect of butanol was bordering on significance (L, -2.037). The
differences observed for [ ; for the cosurfactant at 1% (series average of 197.5 kg.mol™) to 3%
(series average of 228.2 kg.mol™) were marginal (Figure 4.5). However, a more distinct
decrease in the value is seen at 5% (series average of 151.1 kg.mol'l), resulting in the surface

plot to assume a parabolic continuance.

M, (kg.mol™)

Figure 4.5: Surface plot of the effect of BuOH and temperature on the [1 , of P(ST-co-EMA).

This change in direction of the [1 ; continuance was surprising, however, it was reported that
alcohols could have a significant solubilization effect on the methacrylates. The chain length
of the alcohol with higher solubility in the higher length alcohols and the basicity of the
methacrylate (increasing as a function of ester alkyl group size) markedly influenced the
solubilization of the methacrylate in the alcohol and stability of the system [48, 49]. From this
one could conclude that for the low and intermediate levels, the increase in interfacial BuOH
concentration would result in an increase in particle weight due to the increase in the local

monomer concentration.
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Howeyver, as the level increased to 5% a more significant diffusion barrier could be posed to
the monomer in the interface surrounding the micellar core in addition to aggregation of
micelles. This additional interfacial effect of BuOH could retain both monomers to the point

where it would possibly not be available for reaction to the same extent as seen at 1% or 3%.

Temperature had a negative linear effect (L, -2.442, Table 5.3) and resulted in a decrease [1 , as
it progressed from 60 - 80 °C. The series average obtained for 60 °C was 225.6 kg.mol™”, 194.0
kg.mol™ at 70 °C and 173.7 kg.mol'1 at 80 °C (r* ~ 0.98), implying that the highest number of

effective reactors were present at 80 °C and the least at 60 °C due to clustering of micelles.

A rise in temperature might surmount the clustering of reactors and could explain the decrease
in number average weight as a temperature-dependent function. The effect of temperature was
also more pronounced at the 5% level than at 1 and 3% indicating the likelihood that once the
effect of clustering due to BuOH was overcome, a more pronounced decrease was seen than at
the lower cosurfactant levels. The changes in [ , as function of %BuOH were still more
significant than that induced by temperature and confirmed the ranking of BuOH as the most

dominant factor in the observations made.

4.3.2.2 Weight average molecular weight

The effects of BuOH and temperature were in agreement as found for the trends seen in
number weight and we again correlate these observations to the reactor conditions in the
microemulsion. A prominent quadratic effect (Q, +2.880) was observed for BuOH,
dominating the linear effect (L, — 2.269) of temperature. The average values for [ , were
again calculated for each temperature and showed a linear decline of 403.0 kg.mol™ at 60 °C,

360.5 kg.mol™ at 70 °C and a minimum of 314.5 kg.mol™ at 80 °C (r* = 0.9995) (Figure 4.6).
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Figure 4.6: Classification of (A) U 5 and (B) U  of P(ST-co-EMA) according to cosurfactant

concentration.

A higher degree of monomer retention in the cosurfactant layer could decrease the efficiency of
monomer polymerization, even at a comparable micellar number (related to [1 ) as that found
at 1% BuOH and therefore the monomer assembly was significantly reduced at the 5% level of

BuOH.
4.3.2.3 Polydispersity index

The P(ST-co-EMA) systems also demonstrated a broad dispersity index with values ranging
1.5— 2.0 for the 54 evaluated species. The change in [] y, closely followed the change in [J ,

values as shown in Figure 4.6.

The Pareto distribution (Table 4.3) indicated that the ratio of St to EMA (fs;) demonstrated a
significant non-linear effect (Q, +2.060), however, surpassed yet again by the effect of BuOH
(L, -2.361).

The increase in cosurfactant level seemed to counteract the uniqueness of the micellar reactors
resulting in higher polydispersity. The most probable cause could again be attributed to an
increase in the interfacial concentration of BuOH that solubilized the monomers to a higher
extent. Classification of the data according to temperature demonstrated the negatively linear
effect of BuOH (L, -2.361) on polydispersity. The 60 °C series proved most sensitive (slope =
-0.0353, > ~ 0.97) to the increase in %BuOH and 80 °C the least sensitive (slope = -0.0037, r
~0.91). The 70 °C series showed intermediate sensitivity to the %BuOH (slope = - 0.0183, r
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=0.9994). The effect of temperature was observed to be detrimental to polydispersity (Figure
4.7).

M./M,

Figure 4.7: Effect of temperature and BuOH on the weight polydispersity of P(ST-co-EMA)
copolymers.

The increase in temperature levels from 60-80 °C also increased micellar mobility and
therefore increased the probability of radicals encountering each other to terminate. The 80 °C
series additionally showed that micellar mobility overshadowed the advantageous effect of
micellar clustering induced by BuOH as was evident from the 60 °C series. The mobility could
result in a higher level of radical termination and increase polydispersity. Polydispersity
remained at a high level and were virtually constant over the whole series of BuOH

concentration.

The polydispersity for the 80 °C series averaged 1.87, 1.86 and 1.85 at 1, 3 and 5% BuOH
respectively and contradicted the more pronounced changes observed for 60 °C. The 60 °C
series averaged 1.88, 1.78 and 1.73 at 1, 3 and 5% BuOH respectively. The result at 80 °C was
an increase in the amount of unique reactors that could be observed as the concurrent increase

in polydispersity.

Since the polydispersity is a reflection of changes in [J  and [J ,, and these both showed linear
increases as function of increasing temperature, the effect of temperature will be shortly

discussed in this section.
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In examples of copolymerizations systems between St and some acrylate derivatives, an
increase in the number of radicals as a function of the increase in temperature was found [50-52].
The kinetic parameters such as polymerization rate and activation energy are affected by
different temperatures. This would additionally contribute to changes in both 0 , and [ ,
with rates of termination and propagation being influenced. Since these steps occur in
competition one could argue from the values of I , and I ,, that the higher number of radicals
favored termination steps at high temperatures and favored propagation at lower temperatures.
This was illustrated by the Pareto coefficients for the effect of temperature and subsequently
reflected in polydispersity. One should note that seen from this perspective, the effect of
BuOH in terms of clustering and the effect of radical termination as influenced by temperature
are indeed compensating each other to some extent, therefore explain the opposite signs of the

Pareto coefficients for the effects of BuOH and temperature respectively (Table 4.3).

As noted, the ratio of the monomers had a significant non-linear effect (Q, +2.060) on
polydispersity and the decrease on polydispersity is observed in Figure 4.7. At first glance one
might question why an increase in St content would affect the polydispersity. However, it
should be realized that the level of EMA also varied with St content in the reaction flask. At
the highest level of EMA content, i.e. the lowest ratio value, polydispersity attained a minimum
with a series average of 1.79 at a monomer ratio of 1.64. A maximum (1.88) was observed at
the intermediate level of 2.56 and a second minimum at the highest St content of 1.84. It was
argued that the increase in BuOH would result in an increase in EMA level in the interface.
Consequently EMA could also contribute to the total amphiphilic effect observed and therefore
result in more particles of unique character due to an increase in the number of micelles. The

effect of BuOH and EMA seemed to compliment each other.

It would seem at the highest level of EMA, dispersity reached a minimum possibly also
attributed to the effect of self-association due to a comparatively high level of interfacial EMA.
At the intermediate level, the amphiphilic effect e.g. the oil in water dispersion effect was
probably the dominant effect and resulted in higher reactor variation and number. At the
highest monomer ratio, EMA was present in the lowest concentration and had no significant
amphiphilic action. The overall polarity of the interface was most probably at a level where
some clustering was possible due to self-association although not as pronounced as for a higher

level of EMA.
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We again emphasize that the effect of cosurfactant dominated the ranking of the observations
and again illustrated the powerful analyses provided by the factorial design and Pareto analysis

to determine the significance of experimental variables in measured properties.

Additionally, the polydispersity did not suggest chain transfer upon increases in BuOH since

the polydispersity index ranged between 1.5 and 2.0 for all samples produced.
4.3.3 Radius of gyration

The immediate observation from the data was that all the synthesis products were in the
nanoscale range. The particles ranged from 10-40 nm as far as <s>'7 was concerned. The
current definition of nanoparticles defines that at least one size dimensional aspect of the
material in question should be between 1-100 nm [50] and the particles here fall well within this
range if the diameters were extrapolated from <s>" As seen with the molecular weight
results, the increase in cosurfactant concentration from 1-3% resulted in no change in average
particle size, however narrowed the distribution range by one category. A more significant
decrease in the average radius of gyration, 26 to 20 nm, was seen as the concentration of BuOH
increased to 5%. It could also be noted that particle size distribution became even narrower as

the cosurfactant level increased from 1-5% wt (Figure 4.8).

Since the change in particle size was also related to the changes seen in the molecular weight, it
could be suggested that the micellar aggregation and monomer diffusion arguments could be
applied to explain the concurrent movements in particle size distribution and molar weight.
The classification of particle size according to the concentration of BuOH, the sole determinant

of size, is shown in Figure 4.8.

125



2)// \\'

5§ 10 15 20 25 30 35 40 45

<52>1I2 (nm)

—T T T T T T -t 1

B

6-
I ™\
.'9.4L
| -
: L
(o]
8 ,| \
_/ N
0 1
5 10 15 20 25 30 35 40 45
<sz>1I2(nm)
6!l /\ C .
o 4
| -
=
3
27
| N

5 10 15 20 25 30 35 40 45

<sz>112 (|1m)

Figure 4.8: Classification of radii of gyration of P(St-co-EMA) according to A) 1% BuOH B)
3% BuOH and C) 5% BuOH.
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Higher misciblity of nanoparticles were reported compared to their larger microscale
counterparts and therefore we might be able to exploit these particles in polymeric blends that

tend to phase separate [53].

4.3.4 Conformation

GPC-MALLS allows determination of the bulk chain conformation of the copolymers. The
conformation of polymer chains is the result of intra and intermolecular force interactions
between polymer-polymer and solvent-polymer associations. Solubility in the solvent could
have a significant influence on polymer conformation with different solvent inducing compact
through extended conformations of the polymers. Since the copolymers in this study all
approached the maximum solubility in THF, they could not show significant extension. This is
clearly evident from the values of the g exponents all of which assumed values close to the

theoretically ideal value of 0.5 (Table 2 and data not shown).

Pareto analysis of copolymer conformation did not reveal statistically significant effects (Table
4.3), however could still rank the factors and magnitude of the effects. The cosurfactant again
prevailed to be the most dominant factor. These observations were probably related to the
effect that the interfacial cosurfactant had the most profound impact on the polymer size and
weight properties during the synthesis. This is an important fact to consider when working
with these materials in THF. One could manipulate film coating applications by depositing a
layer of these compact nanoparticles onto a substrate if the diameter could be equated to film

thickness preceding drying.

4.3.5 Composition

ATR-FTIR analysis revealed two spectral regions of interest for the analysis of the copolymers.
The out-of-plane ring deformation of the phenyl ring in St was clearly observed at ~699 cm’
and the stretching of the saturated ester carbonyl groups of EMA at ~1725 cm™. Several
spectra were recorded and calibration curves constructed. Figure 4.9 compares typical spectra

of PS, PEMA and a copolymer.
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Figure 4.9: Expanded ATR-FTIR spectra of (A) phenyl ring out-of-plane bending of PS (B)
saturated alkyl ester carbonyl stretch of PEMA and (C) synthesized P(St-co-EMA) comprising
of 61% St and 39% EMA.

The standards showed strong linearity plotting absorbance ratio versus (fsy/fgma) with r* > 0.99
for calibration curves. Pareto analysis revealed that only the monomer feed determined the
copolymer composition. The effect of feed ratio was clearly dominating (L, +8.053) and
should serve as the only classifier to correlate copolymer composition (Table 4.3). Figure 4.10

illustrates the excellent correlation between the copolymer and feed compositions.
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Figure 4.10: Copolymer composition as function of monomer feed composition.
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These copolymers were virtually perfect templates of the feed (® = 0.99999). Copolymers
containing 64% St were produced from a feed containing 62% St, 73% (copolymer) from feeds
of 71% and 81% (copolymer) from feeds of 81% St.

It is known that PMMA and PS are usually immiscible [54] and the copolymer could provide a
means of producing composites containing sections of the desired monomers as alternative to
blending. The syntheses here allowed excellent templating of the polymer composition for the

feed ratio employed here.

4.4 CONCLUSIONS

Only a single study could be found in the literature in which styrene was copolymerized with
ethyl methacrylate employing an emulsion polymerization, however in the absence of a
cosurfactant [55]. The study showed a dependence of molecular properties on surfactant
concentration and temperature. In our study the effect of the cosurfactant was evaluated was

exploited in this study to synthesize copolymeric nanoparticles in an aqueous medium.

The cosurfactant, BuOH, dominated the molecular weight properties of P(St-co-EMA)
resulting in a parabolic continuance for both number average and weight average molecular
weights. It could be argued that micellar aggregation was induced by the interfacial presence
of the cosurfactant, resulting in changes in the reactor number and the amount of monomer
available for chain propagation. The partitioning of the EMA could be stunted by the increase
in the BuOH concentration to 5% and prohibit the formation of EMA monomer radicals that
would nucleate the micelles. At 1-3% BuOH the partitioning of EMA was still high enough to

nucleate micelles to result in higher molecular weight particles in this concentration range.

The copolymers were prepared as nanoparticles and these particles should prove useful in
future applications i.e. film coatings. The effect of the cosurfactant prevailed again as the
primary determinant of particle size, complimenting the changes in molecular weights as a

function of BuOH concentration.

In addition to allowing manipulation of weight and particle size, it was also demonstrated that
the microemulsion copolymerizations here lent themselves to excellent compositional
templating for the feed ratios employed in this study. The EMA and St probably resided in the

micelle cores and therefore resulted in templating of the copolymer composition.
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Abstract

Two sets of copolymers comprising of styrene and either methyl or ethyl methacrylate as
comonomer were conveniently synthesized by microemulsion copolymerization. The purified
materials were characterized by GPC-MALLS and were shown to form artificial nanolatexes in
THF. ATR-FTIR analysis revealed differences in copolymer composition and based on the
copolymer properties, a selection of copolymers was chosen to cast drug-loaded, microporous
films that exhibit microencapsulation of drug agglomerates. The contact angles of the
copolymers suggested potential applications in medical devices to prevent the formation of
bacterial biofilms that commonly result in infections. Additionally, the different copolymeric
films showed two phases of drug release characterized by a rapid initial drug release followed
by a zero-order phase. Depending on the application, one could select the copolymer films that
best suited the application i.e. for short-term drug release applications such as urinary catheters

or long-term applications such as artificial implants.
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5.1 INTRODUCTION

Several studies have reported the introduction of infections in patients which received polymer-
based medical devices i.e. orthopedic surgical implants [1], urinary catheters [2],
cardiovascular stents [3] and ventilator-associated pneumonia with use of endotracheal tubes
[4]. The procedures associated with the use of these devices are invasive and compromise

natural barriers of the body that protect it from infection [5].

In the event of bacterial accumulation, a so-called biofilm is created on a surface i.e. a polymer
film or coating. This biofilm is often a very resistant and physically strong structure
comprising of several stacked layers of microorganisms [6]. Once the biofilm has been
established the onset of an infection could be observed. Therefore, the development of
strategies to curb infections associated with the use of polymeric devices'is warranted if the

devices should actually benefit, not compromise, the health of patients [7,8].

Circumvention of biofilm formation could entail a number of approaches. Some techniques
modify the surface chemistry of the polymer film to hinder bacterial attachment by methods
such as thioncyanation since thiol groups could be microbiocidal [9]. Other methods employed
loading the polymer device with an antimicrobial agents i.e. rifampin, fusidic acid and
mupirocin combinations [10], rifampin and minocycline [11], gentamicin [12,13], vancomycin
[14] and ciprofloxacin [15] that release low quantities of the drugs over prolonged periods that

effectively eradicate the biofilm.

Several tests could be conducted to establish the surface properties and the contact angle of the
polymer film could serve as a first, although not absolute, indicator of the potential adhesion
properties of bacteria onto film surfaces. Bacteria usually adhere to polymer substrates of

similar hydrophobicity or hydrophobicity [16,17].

A convenient way to produce a polymer film is by solvent casting of a pseudolatex or artificial
latex [18] produced from a characterized material. The production of a film from a
pseudolatex is advantageous since unwanted monomer and other materials or remnants from

polymerization reactions could be removed from the material before it is used [19].

At the molecular level, it is very difficult to truly blend polymer materials and one of the
classic examples of phase separation occurs in blends of poly(methyl methacrylate) (PMMA)
and poly(styrene) (PS) [20,21]. Despite the incompatibility of PS and PMMA, it might be
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advantageous to incorporate different polymers comprised of methacrylate and styrene units to

modify an application.

A method to produce a true blend of different monomers (and therefore avoid phase separation)
is by copolymerization of the desired monomers. It was shown that the phase separation
observed for blends of PS and PMMA was not observed for a copolymer of styrene and methyl
methacrylate [22]. Furthermore, copolymers consisting of monomers corresponding to those
found in immiscible homopolymers could act as compatibilizers to augment miscibility [23].
Microemulsion copolymerization lends itself to the production of nanoscale random copolymer
latexes which could be purified to produce a final copolymeric material comprising of the

desired chemical composition [24].

Several random copolymers are available that incorporate methacrylic monomers. Typical
examples of random methacrylic copolymers in the pharmaceutical industry are marketed as
Eudragit® that was applied in various film coatings for numerous purposes including. taste-

masking and controlled release of drugs [25].

Some applications could be found for poly(styrene-co-methyl methacrylate) (P(St-co-MMA))

as bone cement i.e. Endurance®

cement [26]. However, no pharmaceutical application could
be found for poly(styrene-co-ethyl methacrylate) (P(St-co-EMA)) copolymers. Subsequently,
P(St-co-EMA) and P(St-co-MMA) copolymers were synthesized, characterized and evaluated

for potential pharmaceutical applications.

5.2 EXPERIMENTAL SECTION
5.2.1 Materials

Rifampin (RIF) was purchased from Youhan Corp. (Seoul, Korea). The homopolymers used in
this study PMMA, poly(ethyl methacrylate) (PEMA) and PS (Scientific Polymer Products,
Inc., Ontario, NY). Copolymers comprising of styrene (St) and either methyl (MMA) or ethyl
methacrylate (EMA) were synthesized by microemulsion copolymerization. Tetrahydrofuran

(THF) (Fisher Scientific, Pittsburgh, PA) was used as solvent for all the polymers and RIF.

5.2.2 Copolymerization procedure

The microemulsion copolymerization was conducted according to a 3-level-4-factor fractional
factorial design applying some formulation guidelines provided in literature [27]. Briefly the
reactions employed double deionized water (gs 100% wt.) (Milli-Q®, Microsep, Sandton,
South Africa) as dispersion medium with ultrapure sodium dodecyl sulfate (SDS) (Sigma-
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Aldrich, Kempton Park, South Africa) as surfactant (2-8% wt.). The cosurfactant, 1-butanol
(BuOH) (Merck, Modderfontein, South Africa) was incorporated in all reaction mixtures at
levels between 1-5% wt. Potassium persulfate (KPS) (Sigma-Aldrich, Kempton Park, South
Africa) was used as the reaction initiator at 0.5% wt. for all reactions. A mixture of 60-80% of
styrene (St) (Merck, Modderfontein, South Africa) and 20-40% either methyl methacrylate
(MMA) or ethyl methacrylate (EMA) (donated by Degussa, Diisseldorf, Germany) were added
to the reaction medium. These monomer mixtures constituted 6% wt. of the total reaction
mixture and were copolymerized for 2 h. The reactions were performed at a specified
temperature between 60-80 °C. All reactions were performed with magnetic stirring at 500
r.p.m. under continuous N, purge. An excess of hydroquinone (Sigma-Aldrich, Kempton Park,
South Africa) was added to quench the reaction after 2 h.

The copolymer latexes were a tfanslucent blue color, indicating the existence of very fine
colloidal particles. The latex was precipitated with copious quantities of methanol (MeOH)
(Merck, Modderfontein, South Africa). The mixtures were vortex-shaken (Vortex Genie 2%,
Daigger®, A. Daigger & Company, Vernon Hill, IL) and centrifuged in 50 cm?® tubes at 3500
r.p.m for 10 min. The sediments were subsequently redispersed and washed with MeOH

followed by centrifugation until no redispersion could be effected by addition of MeOH.

Susequently, the copolymers were dried in a fume hood until only brittle material remained.
These white products were finely pulverized and then dried for an additional 24 h under a
vacuum of 13 mbar. The powders were then sealed in opaque, airtight containers until further

use.

5.3 COPOLYMER CHARACTERIZATION
5.3.1 GPC-MALLS

GPC-MALLS was utilized to characterize the absolute molecular weight and particle size of
the polymer samples. A DAWN® DSP laser photometer (Wyatt Corporation, Santa Barbara,
CA) in and a refractive index detector (Agilent® 1100 series) were used as detectors. Briefly,
100 pL of 3 mg/mL polymer samples dissolved in THF were injected into the GPC columns
(PLGel® mixed bed type C™, 7.6 x 300 mm, exclusion range 300 — 2 000 000 g.mol™, particle
size of 5 pm and a Phenogel™ Phenomenex®, 7.8 x 300 mm, exclusion range > 5 000 g.mol'l,
particle size of 5 pm, Separations Scientific CC, Honeydew, South Africa) with THF as mobile
phase. The weighted molecular weight and radii of gyration averages (Equation 5.1-2) as well

as conformation of the copolymer chains were calculated from the scattering data (Equation
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5.3) (ASTRA™ 4.73, Wyatt Corp.) according to the Zimm formalism employing all MALLS
scattering angles between 17-155° [28]:

%@ = MP(®) — 24,cM*P*(©) + ... (5.1)
c

where M is the molecular weight of a slice of the sample chromatogram, Rgis the excess
Rayleigh ratio at the scattering angle ® . Additionally, the wavelength and scattering angle-
dependent particle scattering factor is represented by P(®). Furthermore, the concentration of
the particles is denoted as c(determined with the refractive index detector) and 4, is the

second virial coefficient which becomes negligible at low concentrations as employed here).

The constant K was derived by employing Equation (2):

2,2 2
k=" [@] (5.2)
AN \dc

where the refractive index of the solvent in vacuum is n,at the incident wavelength of the

vertically polarized laser radiation, 4,, the Avogadro number is N and the specific refractive

increment of the polymer is dn/dc .

Evaluation of the linear segment of the data if plotted as a double-logarithmic plot and fitted to

a power law regression according to Equation (3):

()" o M3 (5.3)

w

where the z-average root mean square <s>>'? radius was related to the weight average

molecular weight A, .
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53.2 ATR-FTIR

The composition of the copolymer particles was determined with attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR). The ATR-FTIR (Bruker, Ettlingen,
Germany) comprised of a ZnSe crystal and a microsample accessory. Sufficient quantities of
the samples were transferred to the crystal sample accessory and clamped onto the crystal. 32
spectra were collected at a spectral resolution of 4 cm™ for each sample. Wave numbers could
be assigned for quantitative analysis i.e. the out-of-plane bending of the phenyl ring in styrene
units at ~699 cm™ and the saturated alkyl ester carbonyl of the methacrylates at ~1729 cm’
[29]. Monodiperse, low weight standards of PMMA and PS (Fluka, St. Louis, MO) were
prepared to contain various mole fractions of St and either MMA and EMA.

5.3.3 Film casting

Following the synthesis of the copolymers, analysis of the polymers by GPC-MALLS and
ATR-FTIR revealed suitable candidates for application in film casting. Pseudolatexes of the
homopolymers and copolymers were prepared in THF (5% w/v) by sonication, allowing a 12 h
swelling period. RIF was dissolved in THF (5% w/v) before film casting. The requisite
quantities of the synthesized copolymer or homopolymer and drug solution were mixed to

produce mixtures of 20% drug/80% polymer.

These solutions were cast onto previously cleansed, weighed glass surfaces and left to slowly
dry under ambient conditions at 23 °C for 12 h followed by additional drying in a vacuum oven
at 40 °C for 12 h (to obtain constant weights). The complete film cast with glass surface was
weighed to determine the weight of the film. Strips measuring 6 x 2.5 cm were cut and
weighed. The theoretical amount of drug in the strip was calculated. Film strips were stored in

a desiccator preceding additional evaluations of the films.

5.4 FILM CHARACTERIZATION

5.4.1 Scanning electron microscopy

Scanning electron microscopy (SEM) studies were performed on film samples taken before and
after release studies. These samples were affixed on carbon-taped stubs and thinly coated with
Au/Pd in an Argon-filled bell jar under vacuum of ~130 Torr. A Hitachi S570 was used to
photograph the samples employing Gatan DigitalMicrograph™ imaging software (Gatan, Inc.,
Warrendale, PA). All micrographs were recorded with a crystal emission of 10 keV.

139



Additional SEM micrograph analysis was conducted with automated image analysis routines

utilizing ImageJ 1.38x imaging analysis software [30].

5.4.2 Contact angle

Contact angle measurements were made by carefully depositing a drop of 10 pL of deionized
water or release medium on various spin-coated films of the (co)polymers or (co)polymer/drug
solutions. The droplet was photographed via a remote-controlled digital camera (Canon USA,
Inc., Lake Success, NY) that was interfaced with a computer. The obtained images were

analyzed with ImageJ 1.38x to measure the contact angle [31,32].

5.4.3 Release studies

Drug release from the films was evaluated in triplicate according to the USP apparatus II
basket rotation method utilizing a VanKel VK 7000 dissolution tester (VanKel Technology
Group, NJ) adjusting the rotational speed to 50 r.p.m. 500 cm3 phosphate buffer [33] pH 7.40
served as the release medium and was maintained at 37+0.5 °C. Samples (5 cm’) were
collected at predetermined intervals over a 24 h period through 0.45 pm MCE membrane
syringe filters (Fisher Scientific, Pittsburgh, PA) ) and release vessels were immediately
replenished with 5 cm3 fresh buffer. Sample were analyzed by UV spectrophotometry at a
wavelength of 333 nm [34, 35] with a Beckman DU® 640 UV/Vis spectrophotometer
(Fullerton, CA). Linear calibration curves could be constructed in the range 0.5-40 pg/mL RIF
(® > 0.9999) using the release medium as solvent and blank. Different release kinetics models

were used to investigate the release mechanism of the drug from the films:

The Peppas-model [36,37]:

<

Lok (5.4)

<

where M, is the amount of drug released at time #, and M, is the amount of drug that is released
after infinite time-lapse, therefore approaches the maximum potential release. K is a constant
and n is the exponent characterizing the release process. If typical Fickian diffusion was

observed, » would assume values of 0.5, 0.45 and 0.43 for thin films, cylinders and spheres
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respectively. This equation should be used carefully as with all other power law descriptions to

model release up to the fraction MyM,< 0.6

Higuchi-model [38, 39]:

M,=4[D(2c,-C,)C,}” (5.5)

where M; is the amount of drug release until time ¢, 4 defines the release area, D is the drug
diffusion coefficient, Cy is the initial concentration of the drug in the delivery system and C;
denotes the solubility of the drug.

A zero-order release kinetics model could also be applied in the secondary release phase
[40,41]:

C,=C, —k,t (5.6)

where C; is the concentration of the drug that is released at time ¢, Cy is the initial concentration
of the drug incorporated in the delivery device, ky is the zero-order release constant that

describes the constant release rate for any time point in a zero-order release phase.

5.5 RESULTS AND DISCUSSION
5.5.1 Copolymers

5.5.1.1 Copolymer molecular weight, radius of gyration and conformation

Two replicates of 27 copolymers were synthesized for each monomer pair and analyzed to
determine their molecular weight, polydispersity, radius of gyration, conformation and
chemical composition. Statistical analysis of the factorial design revealed that the cosurfactant
dominated the molecular weight properties as well as determined the size of the polymer

chains.

The effect of the cosurfactant on O , (Figure 5.1) was clearly not similar for both series of
copolymers. A linear increase in polymer weight of P(St-co-MMA) was seen with weight
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ranging from 250-700 kg.mol'1 as the concentration of BuOH increased. The P(St-co-EMA)
series demonstrated weights ranging 150-600 kg.mol'l.

Mw (kg.mol™)

Figure 5.1: The effect of the cosurfactant on I y of (O) P(St-co-MMA) and () P(St-co-EMA)

copolymers.

At the highest concentration of BuOH, P(St-co-EMA) copolymers had the lowest weight and
this was the only point where significant differences in weight was seen, although the P(St-co-
EMA) polymers were comparatively lighter than the P(St-co-MMA) produced under the same

conditions.

The effect of BuOH on <s*>!? (Figure 5.2) paralleled the effect on[] y as can be seen from the

212 for P(St-co-MMA) versus the parabolic continuance for P(St-co-

linear in crease in <s
EMA). All the copolymer particles illustrated sub 50 nm values for <5172 with P(St-co-EMA)

ranging between 20-26 nm and P(St-co-MMA) between 25-37 nm.
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Figure 5.2: The effect of the cosurfactant on <s*>'? of (O) P(St-co-MMA) and (#) P(St-co-
EMA) copolymers.

Based on the HLB value of 7.0 for BuOH [42] one could envision that micelles clustered
together during the polymerization since BuOH would reside in the surfactant alkyl tail in the
interface of the micellar reactors. The local concentration of the monomers would therefore
increase as BuOH concentration increased and P(St-co-MMA) molecular weights increased.
At the highest concentration of BuOH, the partitioning of EMA (more hydrophilic than St) to
the interface is limited. Subsequently, a decrease in monomer oligomer radicals formed in the
interface, reducing radical entry into the monomer swollen micelles (reaction locus) that could

nucleate the micelles [43].

The conformational analysis (Figure 5.3) was performed to determine the suitability of the
solvent, THF, to disperse the polymer chains. The conformation was determined with
consideration of the limitation of MALLS detection of small particles below ~20 nm [44-46].
The polymers predominantly illustrated conformation values of ¢ =~ 0.4 -0.5. The samples

indicating a g value of ~0.5 were selected, since these illustrated the ideal & conformation.
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Figure 5.3: Conformation plot of P(St-co-MMA) comprising of 37% MMA and 86% St. The

power law regression was performed by negating the uncertainties for particles under 20 nm.

The 6 condition for a polymer chain dispersed in a solvent is found at a specific temperature (in
this case ambient temperature) and could be compared to the state at which a sample would
start to melt [47]. This indicated that both the intra- and intermolecular attractive forces were
in equilibrium and that polymer chains could interpenetrate each other freely with no nett

interaction [48].

Therefore optimal copolymer dispersion would occur in THF if copolymers were chosen that
illustrated conformations close to the & condition, facilitating the mixture with a drug solution

in THF. Not surprisingly, these copolymers were found in the lower weight range of both sets.

Studies found that melting of RIF resulted in decomposition of the drug [34,35,49].
Furthermore, the copolymers melt at temperatures higher than the melting point of RIF,
precluding the melting method for producing films. Subsequently THF solutions of the
selected copolymers and RIF could be utilized for solvent casting of films. Additionally, THF

is a volatile, pharmaceutically acceptable class III solvent [50].

5.5.1.2 Copolymer composition

The statistical analysis revealed that copolymer composition was determined solely by the

monomer feed composition (Figure 5.4).
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Figure 5.4: The effect of the feed fraction of St on the polymer fraction of St for (O) P(St-co-
MMA) and () P(St-co-EMA) copolymers.

It was argued that the clustering of micelles, induced by BuOH would ultimately determine the
number of radicals that could nucleate the micelles and therefore determine the molecular
weight of the copolymer particle. However, MMA is slightly more hydrophilic than EMA and
therefore MMA partitioned to a higher extent to the interface where primary radicals were
formed that could re-enter and nucleate the micelles. This also reflected in the composition,
since higher fractions of MMA was found in the corresponding copolymer. Subsequently
higher fractions of St was found in the P(St-co-EMA), indicating that both monomers resided

to a larger extent in the micelle compared to the uneven partitioning of MMA systems.

Table 5.1 lists the properties of the copolymers that were selected for development of a

pharmaceutical application.
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Table 5.1: Properties of the copolymers synthesized by microemulsion copolymerization.

P(St-co-MMA)
0 w (kg.mol " 1
Polymer 1) OWwd, <s>"(nm) q %MMA %St
1 474.2 1.8 32 0.492 19 81
2 309.1 1.8 23 0.502 37 63
3 183.1 1.8 18 0.459 52 48
P(St-co-EMA)
U w (kg.mol s 1p
Polymer N 0w, <s>"(nm) q %EMA %St
1 244.0 2.0 22 0.500 14 86
2 217.5 1.8 18 0.458 24 76
3 314.6 1.8 18 0.527 34 66

These copolymers (Table 5.1) were subsequently dissolved in THF and solvent cast to produce

films that are characterized next.
5.5.2 Films

5.5.2.1 Morphology

The cavities of the honeycomb structures of P(St-co-MMA) films had Feret-diameters ranging
from 12-17 pm, circumferences ranging 40-73 pum, and projected areas of 89-98 pm® resulting
from an increase in MMA content from 18-52%. P(St-co-EMA) films had cavity Feret
diameters of 4.6-5.9 pm, perimeters of 14-19 um with projected areas of 15-20 um” as EMA
content increased from 14-34%. Figure 5.5A & B shows that the surface cavities of P(St-co-
MMA) was approximately double the size of those found for P(St-co-EMA). In addition all

146



these cavities exhibit circularities of 0.9-1.0, indicating that an oblong to circular type of shape
could describe the cavities. The P(St-co-EMA) films therefore seemed more porous and the
P(St-co-MMA) films more dense.

(A) ®)

Figure 5.5: Top surface cavities of blank films of (A) P(St-co-MMA) (52% MMA) and (B)
P(St-co-EMA) (14% EMA).

The honeycomb structure of the copolymer films evolved due to a complex set of events.
Figure 5.6 shows various SEM micrographs of different films that were loaded with RIF.
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(A) (B)

© (D)

Figure 5.6: Cross section of RIF-loaded P(St-co-MMA) films (37% MMA) (A) honeycomb
structure before release, (B) tilted view of the film after release and (C) magnified cross
sectional view of the film after release. (D) Cross-section of P(St-co-EMA) (14% EMA)

showing that RIF was still present in the micropockets after a release period of 24 h.
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The solubility parameters (6 in J W pom?

found for THF (6=18.6-19.47) [51,52], RIF (6=20.76) [53], PS (6=18.19) [51], PMMA
(6=19.65) [51], PEMA (6=20.46) ([52]) and the corresponding copolymers (6=18.85) [51].

These values indicated that these matenals would all be miscible in a THF solution since the

) based on the Hansen and Hildebrandt methods was

values of A8 was small - a prerequisite for miscibility [54].

The free energy of mixing theory [47] was applied to explain the morphology of the drug-
loaded films:

AG, = AH, — TAS, (5.7)

where AGy, is the free energy of mixing and should be negative to favor mixing, AHy, 1s the
exothermic mixing enthalpy (therefore if spontaneous, it should be negative), " is the Kelvin
temperature and ASy, is the mixing entropy (which should be positive to show and increase in

the disorder, therefore mixing in the system).

According to the Flory-Huggins theory [47], the heat of mixing is determined by the volume
fraction of each component that should be mixed as well as the solubility parameter of each
component. Furthermore, the interaction energy between the polymer and solvent is described
by the interaction parameter. Equation 5.8 was derived [47] to describe the free energy of

mixing in a polymer-solvent system:

AG, = RT(n Ing, + m,Ing, + zn,) (5.8)

where AGpy, 1s the free energy of mixing, R and 7' are the universal gas constant and absolute
temperature respectively, n; and n; are the molar quantities of the solute and solvent

respectively, ¢ and ¢, and y is the interaction parameter of the sofute and the solvent.

In Equation 5.8 the first two terms represent the enthalpy of mixing and the third term the
entropy of mixing. For the following argument, RIF should be seen as a small oligomer that is

monodisperse (RIF has a molecular weight of 822.94 g.mol”) and in combination with the
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copolymer, formed the polydisperse component 1 (Equation 5.8). Additionally, the molecular
welght of this oligomer is much lower than any of the copolymer fractions (the O  of the
copolymers were ~10° kg.mol™, Figure 5.3), therefore not overlapping with any copolymer
weilght fraction. Finally, due to the weight polydispersity of component 1, y should be summed

as an index of the different weight fractions [47].

When casting the film, the solvent starts to evaporate and subsequently the interaction between
the solute component and solvent becomes weaker and the interactions between the solute
components increase (@ condition dissipates). Additionally, the volume fraction of the solvent
decreased as evaporation proceeded. Ultimately, AG, becomes less negative, mixing becomes

improbable and therefore phase separation occurs [55].

Phase separation also occurs as a series of steps with the higher weight copolymer fractions
showing the highest propensity to precipitate, followed by lower weight fractions. During this
process of precipitation, the polymer latex extrudes some of the THF, producing two liquid
phases. The one phase is rich in the polymer fraction that is about to precipitate, the other is
richer in solvent and species less prone to precipitate i.e. the oligomer [55]. This coacervation
phase finally results in numerous liquid-filled pockets in the film. Since the oligomer was still
encapsulated in these pockets, the oligomer finally precipitated in these pockets once the
solvent evaporated. Consequently, a film with polymer-encapsulated drug micropockets

assembled into a honeycomb structure.

5.5.2.2 ATR-FTIR characterization

ATR-FTIR spectra were recorded for the copolymer films before and after loading with RIF
(Figure 5.7).
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Figure 5.7: Expanded ATR-FTIR spectra of (A) RIF Form Il and RIF-loaded copolymer films
of (B) P(St-co-MMA) (19% MMA) and (C) P(St-co-EMA) (14% EMA).

The characteristic peaks of RIF was identified as the symmetric (C-O-C acetyl) ~1020 em’
vibration, the amide II vibration at ~1534 cm™', the (C=C) vibration at ~1565 cm’, the amide |
vibration at 1650 cm™ and 971 cm™ [34,35,56]. The characteristic phenyl ring out-of-plane
bending for St was observed at 699 ¢m™ and the characteristic saturated alkyl ester carbony]
stretch for the methacrylate was observed at 1729 cm™. RIF showed its characteristic carbonyl
stretch in the same spectral region as the methacrylate ester carbonyl and therefore the spectra
was significantly overlapped in this region, although these peaks did not shift. Note that Form
II of RIF showed 2 peaks in the carbonyl region at 1712 ecm™ and 1730 cm™ whereas the
amorphous form showed only 1 peak at 1725 cm’™.

This suggested that no interactions could be detected between RIF and the copolymers.
Additionally, the SEM micrographs in Figure 5.6, illustrated that drug molecules were present
in the micropockets as seen from the agglomerate spheres. This confirmed findings that RIF

did not interact with methacrylate-based non-ionic Eudragit® copolymers [57,58].
5.5.2.3 Contact angles

The contact angles of all the homopolymers were fairly high at around 80°, indicating a
hydrophobic character. The contact angle of rifampin that was spin-coated from a THF

solution also indicated a poor wetting ability from an angle of 70°. From these findings one
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would expect that the copolymers should possess the same hydrophobicity. One would also
expect that the inclusion of RIF would not affect the contact angle significantly. However,

Figure 5.8 depicted that the contact angles that were obtained, contradicted these expectations.

85 - B \Water OPBS B RIF PBS B RIF PBS 24h
80 -
75
70 -
65 1
60 -
55
50

Contact angle {°)

14 24 34
A %EMA in copolymer

m Water OPBS @RIF PBS B RIF PBS 24h

Contact angle (°)

19 37 52
B %MMA in copolymer

Figure 5.8: Contact angles of (A) P(St-co-EMA) and (B) P(St-co-MMA) copolymers that were
spin-coated onto glass surfaces. RIF indicates the films loaded with rifampin and the films
after 24 h release is indicated as RIF PBS 24 h. PBS is phosphate buffer solution at pH 7.4

(release medium). Error bars indicate standard deviations.

Of note was that the inclusion of RIF resulted in a decrease in the contact angle of the film
relative to the blank polymer film. This could indicate a potential application of the drug
solely for decreasing the contact angle, thus minimizing the accumulation of bacteria. The
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decrease in contact angle with the incorporation of RIF was observed for both the P(St-co-
EMA) and P(St-co-MMA) copolymer films. Additionally, the contact angles for the blank
P(St-co-EMA) films showed a linear decrease as the content of EMA was increased producing
angles from 80-55°. However, blank P(St-co-MMA) films produced consistent contact angles

despite the variation in MMA content.

Seen from the perspective of the contact angles, the application of the copolymers would pose
an advantage compared to homopolymer films with regards to limiting bacterial biofilm
formation of certain bacterial strains. It is known that hydrophobic bacteria i.e. Pseudomonas
aeruginosa would preferentially adhere to a hydrophobic substrate compared to hydrophilic
Staphylococcus liquefaciens that prefers hydrophilic surfaces [17].

5.5.3 Release studies

5.5.3.1 Homopolymer films

The films demonstrated that they possessed favorable properties regarding contact angles and
the possible application to limit biofilm formation. The question, however arose whether the

contact angle would affect the drug release pattern as well.

An attempt was made to load PS, PMMA and PEMA with 20% RIF followed by monitoring
the release of RIF over a 24 h period. The release studies revealed that the loading of the
poly(methacrylate)s were more successful than that seen for the PS film as observed from the
initial release of drug from the films. Figure 5.9 shows the release patterns of RIF from the
homopolymer films.
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Figure 5.9: Release profiles of RIF from a PEMA, o PMMA and ¢ PS films. Error bars
indicate standard deviations.

The PS films released approximately 20% of the drug in the first hour of the 24 h period
followed by a seemingly negative release or in fact no release in the remainder of the study. It
was therefore predicted that fairly quick release would be seen if high styrene content was
found in the copolymers. The PEMA and PMMA films released approximately 3 and 6%
respectively in the first hour followed by no obvious release or more erratic release as seen
from the fluctuation in release values for the remainder of the 24 h period (Figure 5.9). No
time-correlated release patterns could be observed for these homopolymer films since zero-

order and Higuchi kinetics demonstrated poor fits of the release curves with r* < 0.5,

It would however seem that the incorporation of a methacrylate monomer in the copolymer
would be beneficial in curbing the extent of the unwanted quick initial release. Additionally
one couid conclude that the solubility of the drug was higher in the methacrylate polymers
compared to PS and that the methacrylate units would favor the efficiency of drug loading.

5.5.3.2 Copolymer films

5.5.3.2.1 Initial phase

The Peppas model was fitted to the release profiles and could not describe the initial release as
a typical Fickian diffusion-controlled process during the initial release phase of the drug.

These regressions produced exponent values of much lower than the expected exponents of n =
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0.5. One could most probably state that a combination of diffusion and dissolution of surface

molecules was possible for drug that was not incorporated in the polymer film.

However, the Ad value between the copolymer and the solvent/oligomer could reach a
maximum value as the methacrylate content increased. This would result in a larger extrusion
of solvent/oligomer during coacervation, finally depositing drug on the surface. The higher
prevalence of pores in P(St-co-EMA) could enhance this extrusion compared to P(St-co-
MMA) up to certain critical composition. Furthermore, it was illustrated that polar solvent flux
through copolymers of styrene and a more hydrophilic monomer could facilitate solvent
pervaporation, therefore an increase in methacrylate levels could facilitate solvent and drug

flux to surface of the film [59].

The initial release phases showed an approximate proportionality to an increase in the
methacrylate content in both sets of the copolymers (Table 5.2). Additionally, no obvious
relationship could be found to correlate the initial release phase with the contact angles of the

copolymer films.
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Table 5.2: The release of drug in the initial and secondary release phases.

P(St-co-EMA) (onset of secondary phase at ~6h)

%EMA  Initial (mg)®  Ringa (%)°  Secondary (mg)°  %Load" Yowt/wt®
14 17.4 37.8 10.8 62.2 12.4
24 17.5 435 9.9 56.5 11.3
34 17.2 68.5 5.4 31.5 6.3

P(St-co-MMA) (onset of secondary phase at ~3h}

%MMA  Initial (ing) Rinitial (%0) Secondary (mg) %Load Yowt/wit
19 17.4 15.3 14.8 84.7 16.9
37 17.3 19:5 13.9 80.5 16.1
52 17.2 75.5 422 24.5 4.9

®The average amount of drug per film strip (n=3).

*The average %release of the initial dose.

°Amount of drug captured in micropockets at onset of secondary release phase.
percent of drug available for controlled release.

‘Concentration of drug in film at onset of zero-order release.

In contradiction to the homopolymer films, the copolymers resulted in drug release patterns
that could be correlated to time at least for some part of the release profile. Figure 5.10
displays the release patterns of RIF from P(St-co-EMA) and P(St-co-MMA) films respectively.
The most obvious observation was that both sets of polymer films released the drug in an initial
phase at a high rate and then at a significantly slower rate for the remainder of the monitored

period.
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Figure 5.10: Release profiles of RIF from films of (A) P(St-co-EMA) comprising of ¢ 14%, A
24% or 0 34% EMA and (B) P(St-co-MMA) comprising of ¢ 19%, A 37% or © 52% MMA.

In both sets, two of the polymers released a high quantity of drug (~60% for EMA and ~70%
for MMA copolymers) within the first hour and this corresponded to the highest content of the
methacrylate in the copolymer i1.e. 34% EMA and 52% MMA respectively. It was suggested
that a large fraction of RIF was deposited in the surface cavities of the 52% MMA film (Figure
5.11 A & B) and a large fraction of the drug in cavities on the film surface for the 34% EMA
composition (Figure 5.11C). This indicated a limit in the methacrylate content if the release of
a substantial quantity of drug should be controlled over an extended period (Table 5.2).

157



(A) (B)
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Figure 5.11: Surface of RIF-loaded P(St-co-MMA) films (52% MMA) (A) before release and
(B) after release. (C) Surface deposition of a RIF-loaded P(St-co-EMA) (34% film) before the

release study was performed.

Indeed the amount of initial release was lower for the copolymers that contained the low and
intermediate content of the methacrylates i.e. 14% EMA and 24% EMA for P(St-co-EMA),
19% MMA and 37% MMA for P(St-co-MMA).
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The release profiles of the 14% and 24% EMA content P(St-co-EMA) films indicated
approximately 40% release within the first 6 h or release before a zero-order rate of release was
observed. On the contrary, approximately 20% initial release was measured for the 19% and
37% MMA content P(St-co-MMA) films, before a stable release tempo could be obtained after
3 h. The morphology of the films could play some role in this release phase since the P(St-co-
EMA) films illustrated a more porous material compared to the MMA copolymer films.

It was concluded that P(St-co-EMA) films should not exceed a composition of more than 24%
EMA and P(St-co-MMA) should not incorporate more than 37% MMA in order to curb a high,
unwanted initial release phase. The different sets of copolymers could however be employed
to provide a different quantity of initial drug release, followed by prolonged release. The
second phase of release will now be discussed to determine the usefulness of the copolymer

films as sustained drug delivery systems.

5.5.3.2.2 Secondary phase

For the discussion here, the assumption was made that the initial phase considered the drug
molecules that were released primarily without being controlled by the polymer film matrix.
Therefore, the secondary phase considered the release of the drug molecules that was

successfully loaded into the polymer film.

Despite the larger initial release of drug from the copolymers compared to the homopolymers,
they could still provide the advantage of drug release during the second phase of release. More
importantly, these copolymers show potential to control the release of drug at a predictable
rate. Inspection of Figure 5.10 revealed a strong tendency towards zero-order release for P(St-

co-EMA) and P(St-co-MMA) films respectively (indicated by the dotted lines).

At the initial point of zero-order release one could find an approximate loading of the drug in
the polymer matrix. At this point one could state that all the drug molecules that were not
incorporated in the matrix have now been released and that the remaining drug molecules will
now be released by the matrix according to the properties of the matrix. Table 5.2 lists the

release values obtained for the secondary release phase of the various films.

The percentage of drug that was effectively captured in the matrix could be calculated and this
is often described as the drug load. Table 5.2 reported the percentage of RIF that was
successfully captured in the copolymer film micropockets. The percentage load of the drug
corresponded closely to the copolymer composition with a decrease in the drug load as

methacrylate concentration increased (or St content decreased). This illustrated one advantage
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for the copolymer films over the homopolymer films in that the homopolymer could
incorporate a larger quantity of drug in the matrix, however with no apparent extended release
pattern. Table 5.3 lists the values that were calculated for the secondary phase release kinetics
of RIF that was successfully captured in the micropockets of the film.

Table 5.3: Kinetic parameters calculated for the secondary phase of RIF release from the
various copolymer films.

P(St-co-EMA)
Zero-order Higuchi
%EMA r ko (%/day)  tin (days) tmax (days) r k (p.g/cmz/hl ! 2)
14 0.9964 14.27 (0.49) 3.5 7.0 0.9901 3442
24 0.9949 9.463 (0.38) 5.3 10.6 0.9919 31.06
34 0.9797 0.631 (0.06) 79 158.4 0.9562 1.290
P(St-co-MMA)
Zero-order Higuchi
%MMA r* ko (%/day)  tin (days) tmax (days)' r k (ug/cm?/h'?)
19 0.9939 5.801 (1.21) 8.6 17.2 0.9916 8.748
37 0.9944 2.868 (0.10) 174 349 0.9906 3.966
52 obscured

"All ko values in the table are statistically different from each other (p < 0.05)

Ttmax is the calculated time required for complete release of the matrix-captured drug via zero-
order kinetics.

Clearly, the zero-order release rate also decreased as the RIF captured in the film micropockets
in the different copolymer films decreased. This suggested a diffusion-type release pattern.
Subsequently the release data was converted to illustrate the flux of drug from a fixed surface
of 30 cm® versus the square root of time. These Higuchi plots for P(St-co-EMA) and P(St-co-
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MMA) films (Figure 5.12A & B) illustrated a good fit with * > 0.95 for all curves. Higuchi
kinetics describes the diffusion of molecules through a polymer matrix to the surface of the

matrix with the diffusion distance increasing an infinitesimal amount per unit time towards the

core of the matrix.
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Figure 5.12: Higuchi release plots of RIF after initial release from (A) P(St-co-EMA)
comprising of & 14%, 0 24% or A 34% EMA and (B) P(St-co-MMA) comprising of & 19 or B
37% MMA. Error bars are too small to display on this scale.

The thickness of the films measured 40+£2 pm for all films and remained constant since the

films did not degrade in the release medium. Thus, the assumption was made that the diffusion
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distance to the film surface did not vary significantly. The fact that zero-order release kinetics
showed slightly better fits of the data (r* > 0.97), one could conclude that the diffusion of
dissolved drug molecules to the release medium was regulated by the polymer barrier,

therefore resulting in zero-order release.

Closer analysis of the second, controlled-release phase also revealed correspondence to
copolymer composition. An inverse relationship was seen between the zero-order release rates

and the concentration of the methacrylate in the P(St-co-EMA) films (Figure 5.13).

1 P =0.9718

Rate (%/day)

%EMA

Figure 5.13: The linear dependence of zero-order release on copolymer composition of P(St-

co-EMA).

The conclusion was made that the methacrylate did indeed decelerate the zero-order release
rate, a fact that was suggested by the drug release from PMMA and PEMA. Since the drug
loads decreased as a function of methacrylate content in the copolymer, it is suggestive that
diffusion rate was determined by the load, again indicating a diffusion-controlled release

mechanism maintained by copolymer properties.

It could be predicted from the zero-order release rates that 35% EMA would be the maximum
concentration in the copolymer if any zero-order phase release was expected for RIF.
Additionally it would seem that the content of MMA in copolymers could be higher than that

of the EMA in order to still obtain zero-order release.
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The P(St-co-MMA) films illustrated lower release rates (~0.5 fold) compared to the P(St-co-
EMA) films with higher quantities of the drug captures in the P(St-co-MMA) films. These
systems could probably be suited for longer-term use i.e. coating of prosthetic implants or
medicated devices as seen from the calculated ty 5 values of 8.6 and 17.4 days for the 19% and

37% MMA films respectively.

The P(St-co-EMA) films could release a higher quantity of drug over a shorter period of time.
This could indicate shorter term applications such as application in temporary urinary catheters
predicting a maximum usage period of 7-10 days for the 14% EMA and 24% EMA P(St-co-
EMA) films respectively. Figure 5.14 shows the predicted release periods that were calculated
from the zero-order rate constants for RIF from the P(St-co-EMA) films.
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Figure 5.14: Predicted release periods for RIF from P(St-co-EMA) for @ 10, & 50 or A 100%

of RIF loaded in the film at the onset of zero-order release.

5.6 CONCLUSION

A series of nanosized styrene-methacrylate copolymers with molecular weights in the 10
kg.mol! range were synthesized by microemulsion copolymerization. The cosurfactant
dominated the size and weight properties of these copolymers due to induction of micellar
coagulation during the reaction. Additionally, copolymer composition was primarily

determined by the monomer feed ratio, however with some deviation from the feed. All these
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copolymers resulted in the formation of pseudolatexes if dissolved in THF as was indicated by

the prevalence of the 8 conformation of the copolymer chains as determined by GPC-MALLS.

The Ad values, suggested that all components were miscible in THF. However, casting of the
nanoscale drug-loaded pseudolatexes resulted in coacervation, phase separation of the drug and
copolymer species and finally microencapsulation of the drug. Additionally, the copolymeric
microcapsule walls interpenetrated resulting in a film that bridged yet another size hierarchy

into the macroscale region.

No interaction between the drug and copolymers could be illustrated. The copolymer
composition determined the magnitude of the initial release phase, subsequently also that of the
second release phase. The second phase seemed to be a diffusion-controlled zero-order release
phase. Predictions of release patterns showed that the copolymers could be useful in delivering

drugs at zero-order release rate for a few days up to a few months.

As a compromise to their lower loading capacity, P(St-co-EMA) demonstrated a decrease in
the contact angle upon incorporation of the drug or an increase in the EMA content. The use of
these copolymers therefore seems promising despite their comparatively shorter controlled
release phase. Different applications may be realized for these copolymers i.e. short-term use

as catheter coatings or long-term employment in implants.
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CHAPTER 6

CONCLUSION

6.1 THE APPLICATION OF NANOTECHNOLOGY

The development of nanotechnology predominantly arose from improvements in the
characterization techniques and technology available to study materials. The sub 100 nm
benchmark was realized for the production of materials including polymeric materials with the
advent of microemulsion polymerization in the 1980’s. Since then the application of the
technique was expanded to copolymerization in the 1990’s and applications of this technique in
various other scientific disciplines began to appear in the early 21% century. Pharmaceutical
industry is currently beginning to reap the benefits of this multidisciplinary effort to improve or

develop specialized drug delivery systems.

6.2 CONTEXT OF THIS PROJECT

In this study several copolymers were synthesized employing microemulsion copolymerization
of styrene and selected methacrylate monomers. Some applications could be found for styrene
copolymers applied as bone cements i.e. Endurance® bone cement and some pharmaceutical
applications were found for methacrylate-based copolymers i.e. Eudragit®. However, the
search for new materials and applications thereof is continuous. In this study the synthesized
styrene-methacrylate copolymers were employed to cast drug-containing films, an application
that has not been employed in pharmaceutical industry to a wide extent. Before the application
could be realized, some development of the materials were required to make appropriate

copolymer selections.

6.3 SYNTHESIS OF NANOMATERIALS
6.3.1 Experimental design

The microemulsions of the monomers were prepared according to a guideline found in the
literature and subsequently all these reaction dispersions could be polymerized. The
concentration of the surfactant (sodium dodecyl sulfate), cosurfactant (1-butanol), monomer
feed ratio and temperature level were investigated as reaction parameters. These reaction
variables were interplayed as determined by a factorial design that simultaneously varied the
four factors at three levels. Although several experiments were devised, the factorial design
provided a method to still minimize the number of experiments whilst covering a statistical

range of variables for maximum data evaluation. This exploration was performed to
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investigate which of the variables would affect the final polymer properties the most. Pareto-
analysis served as a refinement of the global trends observed in response-surface curves
devised by the factorial design. The Pareto analysis determined if the effects of the variables
on the response-surface was linear, non-linear and if linear-by-linear interactions of the

different variables contributed significantly to the observations.
6.3.2 Key experimental findings

6.3.2.1 Copolymer properties

The molecular weight and size properties of the copolymers synthesized in this project were
dominated by the cosurfactant. Variation in the concentration of the cosurfactant, 1-butanol,
resulted in different extents of coagulation of the monomer swollen micelles in the

microemulsion that were produced here.

The copolymerization depended on the nucleation of the micelles by primary monomer radicals
that in turn was formed by reaction of monomer molecules with initiator radicals. Potassium
persulfate was utilized as a water-soluble initiator that could engage monomer molecules that
diffused into the interface between the monomer rich micellar core phase and the aqueous
dispersion phase. The interface was established by a palisade of sodium dodecyl sulfate
molecules of which the hydrophobic alkyl tales associated with the monomer core and the
polar head groups with the surrounding aqueous medium. Due to the HLB balance of 1-
butanol (HLB 7.0), it would preferentially reside in the micellar interface and induce
coagulation of micelles due to association of surfactant alkyl chains by hydrogen bonding.

Due to this aggregation of micelles, the number of effective particles could be reduced,
resulting in larger cluster reactors. Since fewer reactors were found the competitive nature of
propagation and termination steps in the copolymerization could be adjusted to favor
propagation in the P(St-co-MMA) copolymer series. Subsequently the molecular weight and
radius of gyration values increased for P(St-co-MMA) as the concentration of 1-butanol

increased.

The P(St-co-EMA) did not demonstrate the butanol-dependent increases in molecular weight
as well as radius of gyration as was seen for P(St-co-MMA). It was argued that the partitioning
of the EMA monomer was stunted to a larger extent than the more hydrophilic MMA monomer
due to the cosurfactant-induced aggregation of the micelles. Subsequently a decrease in
molecular weight and radius of gyration was observed as the concentration of 1-butanol

increased.
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This suggested that the methacrylate monomers were more prone to initiate the polymerization
reaction since they would partition to a larger extent to the interface than styrene. This
observation was also confirmed by compositional analysis of the copolymers. It was observed
that P(St-co-MMA) contained larger fractions of methacrylate in the final polymer, whereas
P(St-co-EMA) polymers showed closer agreement to the monomer feed ratio.

Additionally, conformational evaluation of these copolymers illustrated that THF could be a
useful solvent for these materials. The copolymers predominantly exhibited conformation
between 0.4-0.5, with 0.5 indicating the ideal 6 conformation. At this conformation state the
intra- and intermolecular forces between the polymer chain and solvent is effectively
neutralized and polymer chains could interpenetrate without any resultant interaction force.
This could be helpful in the selection of both polymers and solvents that could be utilized for

polymer dispersion.

To conclude, several nanoscale copolymer particles were conveniently synthesized by
microemulsion copolymerization. The copolymer molecular weight ranged between 150-700

nl

kg.mol"™" whilst radius of gyration was in the region 20-45 nm. The cosurfactant 1-butanol
could be employed to control these properties whereas the monomer feed ratio could

independently vary the chemical composition of the copolymer species.

6.3.2.2 Pharmaceutical application

The analyses of the synthesized copolymers revealed the invaluable role of GPC-MALLS in
determining the effect of reaction variables on the polymerization reaction, however, also
provided the basis for the selection of the materials for the chosen pharmaceutical application.
Copolymer nanoparticles could have several advantages over other materials of which one
property is the limitation of phase separation between immiscible polymers. In addition, the
small size of nanoparticles could facilitate the mixture with other substances.

In this study, artificial latexes were reconstituted from selected copolymer samples that
presented conformations close to the ideal 6 conformation. A drug, rifampin, was selected as
model drug since its application in films was already proven in some polymeric medical
devices, i.e. orthopedic implants and catheter coatings. The drug was also soluble in THF and
this ensured thorough mixing with the copolymer latex.

Films of the drug-copolymer solutions were cast and through a mechanism of coacervation and
finally encapsulation, a film could be produced with drug captured in micropockets of the
produced honeycomb structure.
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