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Abstract

The research work presented in this thesis focuses on the synthesis, characterization and
preparation of biologically responsive polymers and their nanoparticles containing sulfur in
the main chain. Polymerization using click chemistry is relatively new, simple and easy way
for the synthesis of linear polymers. Since the discovery of click reactions a decade ago,
researchers were much interested in coupling small molecules but eventually more reports
have been published in the recent past were polymers and hyper branched structures were
prepared by clicking multifunctional groups. Stimuli responsive linear polymers synthesized
by click chemistry is one of the less discussed and interesting fields for polymer chemists due
its feasibility and unseen potentials. Three different libraries of polymers, polysulfides, poly
(B-hydroxy thioethers) and poly(B-thioesters), were synthesized by thiol-yne reactions, thiol-
epoxide ring opening polymerization and thiol-ene reactions.

Intensive research is carried out in the area of biologically responsive nanocarries. Many
different approaches and methodologies were adapted in the past years for the development
of polymer based drug delivery systems. Stimuli based on enzyme response, chemical, pH or
temperature changes are already been thoroughly exploited. Response to oxidation is much
less investigated, even though there are few literatures based on oxidation sensitive materials
there is still a wide area to be explored and understood. Hydrophobic polymer chains of some
of the synthesized polysulfides and poly(B-hydroxy thioethers) can be transformed into more
hydrophilic ones by oxidation of sulfur to sulfoxides or sulfones using mild oxidizing agents
like hydrogen peroxide. A hydrophobic drug/dye encapsulated in the polymer can be thereby
released upon an oxidative trigger. Herein polysulfides and poly(B-hydroxy thioethers)
polymers were used to prepare nanoparticles by nanoprecipitation, single emulsion and
double emulsion techniques. The nanoparticle morphology, size, zeta potential and stability
depend on the method of particle preparation which was optimized to meet the final
applications. Oxidation responsive drug/dye release was studied under pathological and
physiological concentration of hydrogen peroxide. Cellular uptake and cell viability was
studied using Hela cells and HUVEC.

Biodegradable polymers are always a good choice for medical applications. In another
approach a new library of poly(B-thioesters) was synthesized via base catalyzed thiol-ene
polymerization. The presences of B-thioesters bonds make these polymers liable to hydrolysis
and hence biodegradable. Synthesized polymers were further used to prepare surfactant
stabilized nanoparticles by nanoprecipitation. Nanoparticle size and surface charge was
controlled by changing parameters like polymer and surfactant concentrations. Encapsulated



drug/dye release kinetics was then studied; an accelerated release of the payload was
observed in more acidic condition and lesser in neutral pH.

In conclusion, three different libraries of linear polymers were synthesized using thiol-
yne/ene and thiol-epoxide ring opening polymerization. Nanoparticles were then prepared
using these polymers and oxidative and pH dependent stimuli response was studied. One of
the interesting aspects of this kind of polymerization is its simplicity, mild conditions and less
work out procedures. Some of these polymeric nanoparticles efficiently respond to the stimuli
applied, release kinetics and nanoparticle degradation were also studied. Cellular uptake and

cell viability results confirms good uptake of nanoparticles with minimal toxicity.



Zusammenfassung

Der Schwerpunkt dieser Dissertation liegt auf Synthese, Charakterisierung und Herstellung
von biologisch aktiven, schwefelhaltigen Polymerketten, sowie auf aus diesen Polymeren
erhaltenen Nanopartikeln. Polymerisierungsreaktionen unter Verwendung von Click-Chemie
bieten eine relativ neue und einfache Maoglichkeit zur Synthese linearer Polymere. Bei der
Entdeckung der Click-Reaktionen vor etwa einer Dekade galt das Interesse vor allem
Kupplungsreaktionen unter Beteiligung kleiner Molekdle. In jlingster Vergangenheit wurden
jedoch in zunehmendem Male Arbeiten verdffentlich, die sich mit der Herstellung von
Polymeren und hyperverzweigter Strukturen durch Click-Reaktionen mit multifunktionellen
Gruppen beschaftigen. Durch Click-Chemie synthetisierte stimuliresponsive, lineare
Polymere ist eines der weniger diskutierten Forschungsfelder, die fur Polymerforscher
aufgrund ihrer generellen Darstellbarkeit und des noch nicht realisierten Potentials von
Interesse sind. Drei verschiedene Polymerbibliotheken, Polysulfide, Poly(B-hydroxy
thioether) und Poly(B-thioester), wurden durch Thiol-Alkin Reaktionen, Thiol-En Reaktionen
und Thiol-Epoxid-Ringdffnungspolymerisationen synthetisiert.

Im Bereich biologisch aktiver Nanotrégersysteme wird aktuell intensiv geforscht. Zahlreiche
unterschiedliche Herangehensweisen und Methoden wurden in den letzten Jahren fir die
Entwicklung polymerbasierter Drug-delivery-Systeme adaptiert. Systeme, die eine
spezifische Antwort auf Enzymaktivitat, chemische Reize, pH- oder Temperaturdnderungen
zeigen, wurden bereits vielfach beschrieben. Oxidations-sensitive Systeme dagegen wurden
bislang wenig untersucht. Obwohl es in der Literatur einige Arbeiten zu
oxidationsresponsiven Materialen gibt, sind grofle Bereiche dieses Forschungsfeld bislang
unverstanden und bedurfen weiterer Untersuchungen.

Hydrophobe Polymerketten aus Polysulfiden und Poly(B-hydroxy thioestern) kénnen durch
Oxidation von Schwefelatomen zu Sulfoxiden oder Sulfonen unter Verwendung milder
Oxidationsmittel wie beispielsweise Wasserstoffperoxid zu hydrophileren Polymeren
umgewandelt werden. Ein hydrophober Wirkstoff/Farbstoff, der im Polymerstrang verkapselt
ist, kann somit durch ein oxidatives Agens freigesetzt werden.

In dieser Arbeit wurden entsprechende Nanopartikel aus Polysulfiden und Poly (B-hydroxy
thioestern) durch Nanoprazipitation bzw. durch einfache oder doppelte Emulsionverfahren
hergestellt. Morphologie, GroRe, Zeta-Potential und Stabilitat der Nanopartikel sind von der
jeweiligen Herstellungsmethode abhangig und wurden entsprechend den Anforderungen der

letztendlichen Anwendungen optimiert. Experimente zur oxidationsresponsiven Freisetzung



von  Wirkstoffen/Farbstoffen  wurden mit  pathologischen und physiologischen
Konzentrationen an  Wasserstoffperoxid  durchgefiihrt.  Zellulare ~ Aufnahme von
Nanopartikeln und Zellvitalitat wurde mit HeLa-Zellen und HUVEC untersucht.
Bioabbaubare Polymere sind stets eine gute Wahl im Hinblick auf medizinische
Anwendungen. In einem anderen Ansatz wurde eine neue Bibliothek aus Poly p-thioestern
durch basenkatalysierte Thiol-En-Polymerisation synthetisiert. Durch die B-Thioestergruppen
neigen die Polymere zur Hydrolyse und sind somit bioabbaubar. Diese Polymere wurden zur
Herstellung von Tensid-stabilisierten Nanopartikel mittels Nanoprézipitation eingesetzt.
GroRe und Oberflachenladung der Nanopartikel wurde hierbei durch Variation der
eingesetzten Konzentrationen an Polymer und Tensid gesteuert. Anschlielend wurden die
Freisetzungskinetiken verkapselter Substanzen untersucht. Im sauren pH-Bereich wurde eine
beschleunigte Freisetzung beobachtet im Vergleich zu Messungen bei neutralem pH-Wert.
Kurz lasst sich zusammenfassen: Es wurden drei verschiedene Polymerbibliotheken durch
Thiol-Alkin Reaktionen, Thiol-En Reaktionen und Thiol-Epoxid-
Ringoffnungspolymerisationen synthetisiert. Daraus wurden oxidations- und pH-responsive
Nanopartikel hergestellt und charakterisiert. Interessante Aspekte dieser Art der
Polymerisationsreaktion sind deren Einfachheit sowie die milden Reaktionsbedingungen.
Einige der Polymer-Nanopartikel reagierten deutlich auf die angewendeten Stimuli.
Freisetzungskinetiken und Degradationsverhalten der Nanopartikel wurden ebenfalls
experimentell ermittelt. In vitro Zellversuche zeigten, dass die Nanopartikel gut von den

Zellen aufgenommen wurden und dabei allenfalls minimal toxisch waren.

Vi
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1. Introduction
The production of reactive oxygen species (ROS) as a result of oxidative stress is an example

of a response towards a particular stimulus.[1] Other example is the release of insulin to
initiate glycogen formation as a result of higher glucose levels in blood.[2] Response to a
stimulus is an inevitable natural process to regulate various bodily actions such as fighting of
diseases.[3] These examples inspired the researchers and led to the development of “smart”
polymers based on biologically active stimuli such as pH, light, temperature, oxidation etc.[4,
5] Stimuli responsive and biodegradable properties of polymers are often exploited in the
area of targeted drug delivery systems due to their unique ability to either chemically or
physically transform upon induced stimuli.[6, 7] Nanoparticle derived from these “smart”
polymers can act as an external matrix to efficiently and site specifically delivers a cargo.
Some solid tumor tissues are known to have a slightly acidic pH (~ 6.5) compared to the
healthier ones pH (~ 7.4). Target specific delivery of drugs to solid tumors without affecting
the healthy tissues was recently achieved using pH sensitive material with sharp
physicochemical properties.[4, 8-10] In spite of the existing methodologies, the ability to
specifically target therapeutics inside the cells is becoming more important and challenging
due to the complexity within the cells and design therapies.[11] Interaction of nanoparticles
with cells and the cellular response to physicochemical properties of prepared nanoparticles
are the prime factors to optimize for efficient uptake and targeting. However, to achieve the
most efficient design and materials are quite challenging because of multiple factors which

affects the interaction between nanoparticles and cellular structures.

The design of new smart polymers is always interesting, the main goal of this thesis was to
develop new set of polymer libraries which can be used as a matrix to encapsulate molecular
cargos and can release site specifically. Stimuli responsive polymers based on pH and
temperature have already been thoroughly exploited.[12, 13] Oxidation responsive materials
are relatively new area of research, so herein the main focus was in developing new oxidation
responsive polymeric systems. To accomplish this, polymer containing molecules which are
capable of oxidizing in the presence of mild oxidizing agents such as hydrogen peroxide
(H202) were preferred. Sulfur, like oxygen, is an essential element for life; it displays
oxidation states ranging from -2 to +6. The nonmetallic nature and lesser toxicity compared
to other chalcogens make them an interesting candidate for designing oxidation sensitive

materials.[14] Polymers comprising sulfur are known for their immense and versatile



application for commercial purposes including materials ranging from high end
thermoplastics to low oligomers used in lubricants.[15, 16] Sulfur containing polymers are

less explored for biomedical applications including target specific drug delivery systems.

The first example on oxidation responsive polymeric vesicles was reported by Tirelli,
Hubbell and coworkers in 2004.[17] Polymersome derived from block polymer of PEG-PPS-
PEG (poly(ethylene glycol)-poly(propylene sulphide)-poly(ethylene glycol)) was degraded in
the presence of 10 % H.O>. This led to quest for new polymeric systems with enhanced
sensitivity. PPS based polymers and its nanoparticles were further systematically analyzed
and optimized by the same authors. This also includes its synthesis, characterization,
oxidation response and interaction with cells. Synthesis of poly(alkylene sulfide)s and
relevant nanoparticles were mainly achieved via three different strategies, step-growth
polymerization, anionic ring-opening polymerization (ROP), and emulsion anionic ROP
combined with subsequent crosslinking or functionalization. Drawbacks such as the
complexity to perform the polymerization, uncontrollable molecular weight and PDI still
prevailed. Interestingly recent findings such as selenium-based responsive polymers and
supramolecules, aryl oxalate-containing polymers and phenylboronic ester-containing
polymers have improved the efficiency and sensitivity by the order of few millimolar
concentrations of H202. However pathological and physiological concentration of H20- is

much lower.

To overcome the current situation and to address the problems involved in the synthesis such
as complexity, the work presented in this thesis also emphasize a simple, easy and efficient
click polymerization using thiol-yne/ene and thiol-epoxide reactions. Libraries of linear
polymers containing sulfur were prepared using the above mentioned synthetic routes. Three
different sets of polymers were produced; polysulfides, poly(B-hydroxy thioethers) and
poly(B-thioesters). Further nanoparticles were prepared using these polymers. Even though
there exists few reports on oxidation responsive polymeric systems, one of the main concerns
and challenge was to design nanoparticles with superior properties and enhanced sensitivity.
Herein, libraries of linear polysulfides and poly(B-hydroxy thioethers) were successfully
synthesized using thiol-yne and thiol-epoxide reactions.[18] One of the advantages of this
click reaction was its feasibility to perform even under ambient conditions. Some of the
nanoparticles prepared from these polymers were even sensitive to micromolar

concentrations of H>O».



The need for new materials for biomedical applications is widely increasing. Biodegradable
and biocompatible materials are interesting choice because of its low side effects on tissues
and cells.[19, 20]

Poly(B-thioesters) polymers synthesized using thiol-ene neucleiophilic addition using amine
catalysts was reported by Vandenbergh et al.[21] However biodegradability of poly(B-
thioesters) nanoparticles was not discussed earlier. Herein biodegradable poly(B-thioesters)
was also prepared using thiol-ene neucleiophilic addition. Nanoparticles were prepared form
these polymers using surfactant stabilized nanoprecipitation method. The poly(B-thioesters)
polymers are hydrolysable due to the presence of p-thioesters bonds present. The degradation
and decrease in molecular weight of the poly(B-thioesters) polymers under the influence of
NaOH or acetic acid was earlier reported by Vandenbergh et al.[21] This findings motivated
to use poly(B-thioesters) polymeric nanoparticles as biodegradable drug delivery systems in
this thesis. The study concludes that the release of Nile red dye from poly(B-thioesters)
polymeric nanoparticles depends on pH and was observed to be faster under acidic condition
(pH 5.01) when compared with neutral pH (pH 7.4).

A brief overview of various sulfur containing molecules, polymers and stimuli responsive

polymers are discussed in the following section.

1.1. Sulfur containing organic compounds
Organosulfur compounds play a vital role in many biological functions and hence sulfur is an

essential and irreplaceable element for life.[22, 23] Sulfur exists in different forms in many of
the naturally occurring compounds such as coal, petroleum and natural gas. Methionine,
cysteine, homocysteine, and taurine are the four common amino acids containing sulfur.[24]
Important antibiotics derived from fungi, such as penicillin and cephalosporin also contain
sulfur.[25] Diallyl disulfide and diallyl sulphide are the major constituents of garlic oil and
are responsible for the flavour and fragrance of garlic.[26] Organosulfur compounds are
commonly used to prepare artificial food flavoring agents. Food and beverages used in daily
life for example: cheese, wine, chocolate etc. also contain organosulfur compounds which are

responsible for their unique flavor and odor.[27-31]

1.1.1. Important organosulfur compounds and their application
Thiols: Thiols are compounds with a functional group R-SH (R= alkane, alkene, or other

carbon-containing groups). Thiols are sulfur analogues of alcohol, where oxygen is replaced

by sulfur. The (—SH) group is also referred to as sulfhydryl group. The lesser difference in


http://en.wikipedia.org/wiki/Penicillin
http://en.wikipedia.org/wiki/Cephalosporin

electronegetivity between the sulfur and hydrogen makes it less polar compared to alcohols.
When compared with alcohol, thiols are also more acidic and can be easily oxidized. Thiols
are usually characterized by strong odor, and easily detectable by human nose even at a
concentration of ten parts per billion.[32]

Thiyl radicals are derived from thiols and are well known for their use in vulcanization
process. Besides they are also involved in the synthesis of nucleotides.[33] Thiyl radicals are
produced as intermediates during the oxidation of antioxidant glutathione.[34] Thiol groups
present in the amino acid cysteine are converted to cystine unit having a disulfide bond (S-S)
during protein folding.[35]

Thioethers: Functional group with a chemical structure R*-S-R? is known as thioethers; in
this case the oxygen atom in ether group is replaced with the sulfur atom. Similar to thiols,
thioethers also have a strong or foul odor. Thioethers are less volatile and hydrophilic than
the corresponding ethers. Thioethers are also important for their biological role and are found

in amino acid methionine and co-factor biotin.

Dimethyl sulfide is the simplest thioether which was found in a marine algae and also the
most abundant biological sulfur compound emitted to the atmosphere. Dimethyl sulfoxide
(DMSO) is produced by the oxidation of dimethyl sulfide, and is commonly used in the

industry as a solvent.[36]

Thioesters: The esterification of carboxylic acid and thiol gives rise to a thioester with the
chemical structural formula R!-S-CO-R2. Thioester derivatives are well-known for
biochemical reactions. Acetyl coenzyme A is an important thioester derivative formed as a
result of glycolysis of carbohydrates and oxidation of fatty acids.[37] In recent years,
thioester chemistry was used to develop a traceless reversible PEGylation strategy to regulate
the activity of protein by Jianwei Chen et al.[38] This technique can be applied in small

molecule conjugation, protein cross-linking, and protein—polymer conjugates.[39, 40]

Disulfides: Adjacently bonded sulfur atoms give rise to a disulfide bond or disulfide linkage.
They can be represented by the chemical formula R-S-S-R2. In biology the formation of

disulfide bond is mainly due to the oxidation of thiols.[41]

Polysulfides: Polysulfides are chemical compounds containing multiple sulfur atoms in the
chain and are mainly classified as anions and organic polysulfides. The general formula for

the anion polysulfide can be written as Sn? and for organic ones, RSiR, where (R = alkyl or

4
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aryl). Organic polysulfides are usually referred to a class of polymers with alternating sulfur
atoms in the chain. They can be synthesized by condensation polymerization of organic
dihalides and alkali metal salts of polysulfide anions. Organic polysulfides are commercially
used as sealants due to their inertness towards solvents, oils and water. The rigidity of
elastomers is enhanced by vulcanisation using polysulfide crosslink.[42] The thesis refers to
polymers containing multiple sulfur atoms in the chain. A brief literature overview of various

polysulfide polymers, its synthesis and application is introduced.

1.1.2. Sulfur containing polymers
Sulfur containing polymers are widely used in many commercial applications due their

inherent versatile nature. Depending on the oxidation state of sulfur, it may be highly reactive
or an inert substance. Polymers substituted with sulfo groups find numerous applications, for
example as emulsifiers, flocculants, thickeners, tanning agents. Sulfonated polymers are also
used in ion-exchange membranes for electromembrane processes, such as electrodialysis,

polymer electrolyte membrane electrolysis and polymer electrolyte fuel cells.[42-44]

Sulfopolymers are also used in biomedical systems. Much effort has recently been expended
to improve blood-contacting biomaterials (e.g., segmented polyurethanes) and develop
various polysulfates and polysulfonates as antithrombotic or antiviral agents. Polysulfates
have great potential in biomedical applications (e.g., as antithrombotic agents).[45]
Polysulfates together with sulfated polysaccharides show activity against a wide variety of
enveloped viruses.[46, 47] Sulfated polysaccharide known as carrageenan, are used in ice

creams and other food products.[48]

Commercial applications of sulfur containing thermoplastics are mainly focused in the area of
polymers with high thermal stability. Poly(thioester)s, poly(thiocarbonate)s, and
poly(thiouretane)s are important class of thermoplastics. Poly(thiocarbonate)s are also used
as high refractive index materials for optical applications. Thermoplastic elastomers are

produced from thiopolyesters and thiopolyurethanes.[49]

Functional polymers based on polysulfoxides can be used as polymeric oxidizing reagents,
compatibilizers, and polymer solvents. Polysulfoxides containing chiral sulfonyl groups are

used as stationary phases of chiral HPLC column or as polymeric reagents.[50]

1.1.2.1. Biological significance and application of sulfur containing polymers
Sulfur is an equally important element as carbon, nitrogen, oxygen or phosphorous and plays

a significant role in many biological functions. Sulfur occurs in biomolecules, such as
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proteins, vitamin, cofactors, sugars, nucleic acids, and metabolites, and is an essential
component for living organisms. Many of the functional roles and biosynthetic origins of

these molecules are yet to be resolved.[51]

Sulfur and oxygen being the part of the same periodic groups, share many characteristic
features in their chemical reactivity. However distinct property of sulfur makes it more useful
to biological systems. Thiols are more nucleophilic than the respective alcohols and hence
better activating groups for thioesters biochemistry; similarly disulfides bonds are more
stable than respective peroxides which make it a better choice for protein structures. The
higher electronegativity and the number of oxidation states of sulfur compared to oxygen is

an advantage to perform versatile functions in biological systems.[52]

1.2.Biodegradable polymeric systems

Biodegradable polymers during the degradation process are transformed into less harmful by-
products. For this reason they are extensively researched in the field of drug delivery, bio-
implants, tissue engineering etc.[53, 54] Poly(lactic acid) (PLA), poly(lactic-co-glycolic
acid), poly(glycolic acid), polycaprolactone (PCL) and their copolymers, have been widely
investigated for biomedical application because of their, biocompatibility, biodegradability,
and bioresorbability.[55-57] Biodegradable polymeric nanoparticles provide controlled and
sustained release propert;.[58] Properties such as low toxicity, nonthrombogenic,
nonimmunogenic, noninflammatory, biodegradability make them versatile and the most
preferred choice as a drug delivery matrix.[59] Some of the most commonly used synthetic

biodegradable polymers are discussed in the following sections.

1.2.1. Polylactide (PLA)
Polylactic acid or polylactide (PLA) are essentially biodegradable polyesters. This type of

polymer can be prepared by condensation or ring opening polymerization of biologically
derived monomers like starch. The lactic acid monomer is usually obtained via microbial
fermentation of agricultural resources or chemical synthesis.[60] PLA generally can exist in
three stereochemical forms: poly(L-lactide) (PLLA), poly(D-lactide) (PDLA), and poly (DL-
lactide) (PDLLA). Poly lactic acid (PLA) has extensive applications in biomedical fields,
including suture, bone fixation material, drug delivery microsphere, and tissue
engineering.[61] As a thermoplastic its used in bioplastic, useful for producing loose-fill

packaging, compost bags, food packaging, and disposable tableware. The difficulties in



achieving mechanical and barrier properties comparable with conventional synthetic

polymers while maintaining biodegradability is one of the major technical challenges.

1.2.2. Polyhydroxyalkanoates (PHAS)
Polyhydroxyalkanoates are prepared from renewable resources by fermentation. Different

monomers, and thus (co)polymers obtained by this method depend on the carbon substrates
and the metabolism of the microorganism.[62] Poly hydroxybutyrate homopolymer (PHB), is
the main biopolymer of the PHA family. Different poly(hydroxybutyrate-
cohydroxyalkanoates) copolyesters exist such as poly(hydroxybutyrate-co-hydroxy valerate)
(PHBV), poly(hydroxybutyrate-co-hydroxyhexanoate) (PHBHX), poly(hydroxybutyrate-co-
hydroxyoctanoate) (PHBO), and poly(hydroxybutyrateco-hydroxyoctadecanoate) (PHBOdJ).
Poly(hydroxybutyrate-co-hydroxy valerate) (PHBV) is used as packing material, due to its
toughness. Polyhydroxyalkanoates are used in medical application, for example in the
preparation of surgical tools such as surgical mesh, bone plates, ligament and tendon
grafts.[63]

1.2.3. Polycaprolactone (PCL)
Polycaprolactone (PCL) was developed by the Carothers group in the early 1930s.[64] PCL

can be prepared by either ring opening polymerization of e-caprolactone using a variety of
anionic, cationic and co-ordination catalysts or via free radical ring opening polymerization
of 2-methylene-1-3-dioxepane. PCL is widely used in the medical field: in wound dressing,
sutures, contraceptive devices, fixation devices,[65] dentistry and tissue engineering.[66-70]
PCL degrades slower than polyglycolide (PGA), poly d,I-lactide (PDLA) and its copolymers
and therefore was originally used in drug-delivery devices that remain active for over 1 year

and in slowly degrading suture materials (Maxon™).[57]

1.2.4. Biodegradable sulfur containing polymeric systems

1.2.4.1.Polythioesters
Synthetic polythioesters, which are analogus to polyesters, were first reported by Marvel and
Kotch in 1951.[71] The synthetic approach was the reaction between dithiols and adipoyl
chlorides or terephthalyl chlorides. Even though there are many different preparation
methods, the application of polythioesters so far was limited due to their complex synthesis.

The first biosynthesis of polythioesters were reported by Lutke-Eversloh et al. in 2001.[72]



1.3.Stimuli-responsive polymers
Stimuli responsive polymers are the class of polymers that show response to stimuli such as

temperature, pH, light, oxidation-reduction, enzymes etc.[73] The most extensively studied
stimuli are temperature and pH, due to their physiological significance.[19] Novel hybrid
materials based on multi-responsive systems are hot topics of interest in the area of stimuli-
responsive polymers. In recent studies one of the prime criteria in the designing of responsive
polymeric systems was the incorporation of dynamic covalent bonds (DCB), referred also as
a reversible covalent bond. These bonds are capable of formation or deformation in the
presence of an external stimulus.[74] Polymeric nanostructures with inherent and induced
reversible properties make them a significant candidate in the area of drug research, tissue
engineering, optical systems, biosensors, coatings and textiles.[73, 75] Some of the important
drug-polymer conjugates are shown in Table 1.1.[76] This thesis emphasizes on two major

stimuli based on oxidation and pH.

Table 1.1 Applications of various stimuli responsive polymeric drug delivery systems.

Drug Polymer Application Ref.
Fibroblast growth Poly(n-isopropylacrylamide-co- To improve [77]
factor propylacrylic acid-co-butylacrylate) angiogenesis in
infracted
myocardium
Ketoprofen Poly(acrylamide)-g-carrageenan and For colon-targeted [78]
sodium alginate delivery
Dexamethasone Poly(methoxyl ethylene glycol- For oral drug [79]
caprolactone-co-methacrylic acid-co- delivery
poly(ethylene glycol)
methylethylenemethacrylate)
Protein drug Alginate and chemically modified For oral delivery [80]
carboxymethyl chitosan
Docetaxel Conjugated linoleic acid coupled with Peritoneal [81]
pluronic F-127 dissemination of
gastric cancer
Exenatide PLGA-PEG-PLGA Treatment of type Il [82]
diabetes
Ethosuximide Chitosan with glycerophosphate Injectable gels for [83]
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Drug Polymer Application Ref.

disodium salt and glycerol depot therapy
Human Chitosan-beta glycerophosphate For the treatment of  [84]
mesenchymal stem critical limbic
cells and ischaemia
desferroxamine
Leuprolide Polybenzofulvene For treatment of [85]
tumours

1.3.1. Temperature
Smart materials based on thermoresponsive polymers are widely studied, since the past

decade. Polymers exhibit thermoresponsive behavior as a result of their lower critical
solution temperature (LCST) and upper critical solution temperature (UCST) nature. Poly(N-
isopropylacrylamide) (PNIPAM), and its co-polymers are extensively exploited as a
thermoresponsive polymer due to its unique property. [86-88] These materials are having
high potential in emerging biomedical and materials fields because of their increased
biocompatibility and tunable response. The thermal phase transition of PNIPAM was first

observed by Scrapa et al. during late 1960s.[89]

1.3.2. pH
The pH responsive materials can either swell (increase the size) or collapse, depending upon

the chemical properties and surrounding pH. There are mainly two types of pH responsive
materials. With acidic group (-COOH, -SOsH) and swelling behaviour in basic pH, like
polyacrylic acid or with basic groups (-NH2) and swelling behaviour in acidic pH (chitosan).
These materials are mainly used in controlled drug delivery, personal and home care,
industrial coatings, biological and membrane science, viscosity modifiers, colloid

stabilization, and water remediation.[90-93]

1.3.3. Enzyme
Enzyme responsive materials are generally restricted to biological applications, like drug-

delivery system and injectable scaffolds. Enzyme induced micro- or macroscopic changes in
the physical or chemical properties of the material are also more specific in their nature,
distingusing them from other stumili responsive materials.[94] In the case of polymeric

hydrogels with highly crosslinked three dimensional structure, enzyme responsiveness is



introduced into the crosslinks parts. This causes the swelling or degradation of hydrogel. [95-
98]

1.3.4. Redox
Redox-responsive polymeric systems have fascinated researcher due to their immense

potential in biomedical applications. The stimuli based on redox is induced by the change in
the redox potential in the surrounding environment.[99] Redox responsive polymers are
either reduction or oxidation responsive. Polymers with disulfide and diselenide linkages are
broadly applied in reduction-responsive polymeric drug delivery systems[99-101]. Besides
disulfide and diselenide bonds, there are a few reduction-responsive linkers that were less
explored and are based on trimethyl-locked benzoquinone (TMBQ) and 4-N-amino- 2,2,6,6-
tetramethylpiperidin-1-oxyl-4-yl (TEMPO) compounds.[102, 103]

1.3.5. Oxidation responsive polymeric systems
Reactive oxygen species (ROS), such as superoxide anion (O27), hydrogen peroxide,

hydroxyl radical (OH-), hypochlorite (OCIl") and peroxynitrite (ONOO"), are often
overproduced locally in diseased cells and tissues and are associated with oxidative
stress.[104, 105] Moreover, oxidative stress plays an important role in the development of
inflammation,[106] cancer,[107] Alzheimer disease[108, 109] and heart failure.[110, 111]
Figure 1.1 shows the possible production of ROS in cells due to different physical and

chemical factors.
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Figure 1.1 Schematic representation of production of ROS in cells.
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Accordingly, oxidation-sensitive biomaterials have attracted much attention as nanocarriers
of anti-inflammatory drugs, in order to achieve controlled delivery to the inflammation
sites.[112] By the same manner, polysulfides,[113, 114] selenium containing polymers,[115,
116] and boronic ester protected polymers[117, 118] have been proposed for the preparation
of nanoparticles with ROS-responsive properties. One of the interesting aspects of
hydrophobic polysulfides is their ability to oxidise to more polar sulfoxides or sulfones in the
presence of oxidizing agents. Furthermore, polysulfides can be synthesized via different
polymerization reactions, like ionic ring opening polymerization, “immortal” polymerization
or radical-initiated step-growth polymerization.[119-122] The hydrophilicity of the polymer
is a crucial factor for achieving fast and efficient oxidation and thus, degradation of
nanoparticles. The sensitivity of polysulfides can be improved by adding hydrophilic modules
in the polymer backbone or side chains. The advantage of this method is a reduced ratio of
sulfide in the polymer, and subsequently a smaller amount of H20. needed to oxidize the
polymer. Although oxidation-sensitive polymers have been widely investigated,[113-118]
there are only a few publications where these polymers have shown a response to
physiological or pathological concentrations of H202.[118, 123] The best results were first
achieved by Tirelli, Hubbell and co-workers, where the lowest concentration of H.O; to
oxidize the polysulfide was 10 vol. %. [113] They also described for the first time the

nanoparticles dispersion based on oxidation-responsive polysulfides.

1.3.5.1. Oxidation responsive systems based on polysulfides
One of the first reports on oxidation responsive polymeric system based on poly(ethylene

glycol)-poly(propylene sulphide)-poly(ethylene glycol) (PEG-PPS-PEG) block polymers
was published in 2004. Napoli et al. described the oxidation response of the polymeric
vesicles.[17] The poly(propylene sulphide) (PPS) has a low glass-transition temperature, and
most importantly can be oxidized from a hydrophobic to a hydrophilic, poly(propylene
sulphoxide) and ultimately poly(propylene sulphone). Oxidative conversion was first
introduced to destabilize carriers. Oxidant agent, such as hydrogen peroxide (H202) was used
to transform the polymersome to more hydrophilic form. This publication opened up a new
approach for developing a new class of oxidation-responsive polymeric materials. For this
reason polysulfide based polymers may find potential applications in the area of nanocarriers
in drug delivery, biosensing and biodetection. In following reports, researches used similar
mechanism based on oxidation of sulfur. Further, Hubbell et al. investigated the efficiency of

polysulfides to encapsulate and release cyclosporine A as a model drug. [124] Both peroxide-
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and superoxide-responsiveness of block copolymer were achieved by Hu and Tirelli who also

used superoxide dismutase (SOD) in combination.[125]

Later developments included the pH-responsive poly-thioether ketal nanoparticles by
Mahmoud et al.[126] Dynamic light scattering (DLS) results showed that these nanoparticles
would not degrade completely unless in the buffer solution with both H>0. and acid. The
complete release of the cargo can only be attained by using both H20. and acid; otherwise
only partial release was observed when only oxidation stress was used. The minimal toxicity
of carriers confirmed their potential in clinical applications. Polysulfide containing oxidation
responsive polymers have not been reported extensively. There is a widespread necessity of
novel drug delivery systems for anti-inflammatory diseases, and therefore more synthetic
methods are required for polymers with various architectures to function in different

applications.

1.4. Synthesis of sulfur containing polymers and polysulfides
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Figure 1.2 Aliphatic polysulfides synthesized by step polymerization.
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Polysulfides can either be synthesised using step—growth polymerization or chain
polymerization reactions. In a step —growth polymerization, mainly nucleophilic substitution
or sometimes nucleophic addition of thiols or alkali metal sulfides with electrophilic halides
are involved. Free radical addition of thiols and olefins are also used for the synthesis of
polysulfides. Poly(alkylene sulfde) synthesized using diolefins and dimercaptans in the
presence of UV light was reported by Marvel in 1948.[127] Similar polyenolthioether was
prepared by free radical polyaddition of 1, 3-dimercaptobenze and 1, 5-hexadiyne.[132]
Figure 1.2. shows various aliphatic polysulfide synthesized by step polymerization.

1.4.1. Thiol-yne/ene click chemistry
Thiol-yne or thiol-ene click chemistry is a kind of click reaction in which either an alkyne or

an alkene reacts with a thiol functional group. Posner in 1950 first reported the addition of
thiols to olefin.[133] In 1938 a free radical mechanism was proposed by Kharash et al.[134]
The thiol-alkene coupling reactions, whether mediated by a radical[135] or catalyst[136,
137] follows all the necessary conditions for a click reaction, with many advantages. Since
the discovery of reversible addition of thiyl radicals onto alkenes, more research work was
carried out due to its easiness to perform under mild reaction conditions as well as its
versatility on designing materials and even generating polymers via click chemistry
approaches. Thiol-alkene addition have been reported for a wide range of alkenyl groups such
as haloalkenes,[138-141] enol ethers, fluro enol ethers,[142] vinyl sulphides,[143] vinyl
acetates,[144] vinyl phosphonates,[145] acrylates[144] etc.

Radical and photo-initiators including 2,2"-azobis(2-methylpropionitrile) (AIBN), cumyl
hydroperoxide and oxygen are commonly used.[146] Photoredox catalysts are also reported
in the literature.[147] The radical mediated thiol-ene reaction involves a chain process, Figure
1.3. Thiyl radicals are generated as a result of a photo initiation process during the irradiation
of thiols. In the propagation step an intermediate carbon-centred radical is formed due to the
addition of thiyl radical across C=C bond, followed by the chain transfer to a second
molecule of thiol to give the thiol-ene addition product, which follows the anti-Markovnikov
addition, with the generation of a new thiyl radical. Radical-radical coupling results in the
termination of the reaction processes. So the radical thiol-ene photo-polymerization processes
are also radical step-growth polymerizations. Depending upon the ene and thiol radical thiol-
ene reaction can vary considerably.[148]

The Michael addition reaction can be performed under mild reaction conditions, with high

conversions and minimal by-product formation. The thiol-ene reactions mediated by a
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nucleophilic catalyst such as primary or secondary amines and certain phosphines are also

known. The thiol-ene addition in the presence of a phosphine catalyst is shown in Figure 1.4.
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Figure 1.4 Schematic representation of reaction mechanism for nucleophile mediated hydro-

thiolation of an acrylic carbon—carbon bond under phosphine catalysis.



Thiol-yne polymerization reaction is similar to the thiol-ene reactions;[149] the addition
of thiyl radical to an alkyne group takes place followed by the abstraction of hydrogen
from another thiol group by the carbon — centered radical species generated as a result of
initial addition. This leads to the formation of a vinyl sulphide moiety and regenerating a
thiyl radical. In the case of thiol-ene reaction the thioethers are generated instead of vinyl
sulphide. Vinyl sulphides are capable of propagating the reaction further by the addition
of a second thiyl radical. A dithoether is finally formed after the completion of reaction
between an alkyne and thiols, alkyne act as a difunctional monomer in this step growth
polymerization by adding up two thiols to generate a dithioether. The reaction mechanism

is shown in Figure 1.5.
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Figure 1.5 Schematic representation of thiol-yne polymerization reaction mechanism.

1.4.2. Thiol-epoxide ring opening polymerization
Thiol-epoxide ring opening polymerization involves a reaction between a thiol and an

epoxide group. The highly strained epoxide rings can be opened in presence of a catalyst
under suitable conditions. The syntheses of B-hydroxy sulphides are usually carried out using
the thiol-epoxide ring opening reactions.[150, 151] B-hydroxy sulphides are important
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intermediates which can be used for the synthesis of biologically interesting molecules and
natural products.[152-154]

The base catalyzed thiol-epoxide polymerization mechanism involves a nucleophilic ring-
opening reaction.[155] Thiolate anions are generated from the reaction between the base
catalyst and the thiol, Figure 1.6.B. The ring opening of the epoxide by thiolate anions is then
initiated, followed by the protonation of the alcolate anion takes place via the quaternary
ammonium, which was originally formed via reaction of the base catalyst and thiol to

generate the initial thiolate, as shown in Figure 1.6.B.
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Figure 1.6 Schematic representation of reaction mechanism for the thiol-epoxide

polymerization.

Strong bases are used as catalysts, through deprotonation of the thiol. Figure 1.6.C. shows,
deprotonation of the thiol in the second step to regenerate the thiolate and complete a two-

step anionic chain propagation process.
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2. Scope of the thesis

Stimuli responsive and biodegradable polymers have fascinated researchers since long time.
Polymeric nanoparticles prepared from these materials are promising for biomedical
applications. A number of drugs, such as Adagen, Cimzia, Copaxone, Mircera, Oncaspar,
Pegasys and Renagal, approved by FDA (Food and Drug Administration) are either based on
polymer nanoparticles or contain polymer chains (e.g. PEGylation) as a part the
formulation.[156] Stimulus such as temperature and pH have been thoroughly investigated.
Oxidation responsive polymeric systems are relatively new and hence less explored. This
work mainly focuses on the design and practical application of oxidation responsive polymers
and their nanoparticles in the field of biomedicine.

Inflammatory response and related diseases are one of the major concerns of human
morbidity and mortality around the world.[157] Inflammatory response in humans occurs due
to many reasons including small cuts, inhalation of foreign bodies, mosquito bites, virus
infections etc. Inflammation is a result of body’s defense mechanism. Acute inflammation is
shorter and less harmful comparing with chronic inflammation which lasts longer and can be
even fatal.[158, 159]

Auto-immune diseases, infections, wound healing, or even carcinomas are general
pathological reactions associated with inflammatory responses in humans. Anti-inflammatory
drugs are often administrated to fight these conditions. Steroids based anti-inflammatory
drugs are well known since 50 years and are used for the treatment of chronic inflammatory
diseases such as rheumatoid arthritis.[160] Aspirin, ibuprofen, and naproxen etc. are famous
non-steroidal anti-inflammatory drugs (NSAIDs).[161] Immune selective anti-inflammatory
derivatives (ImSAIDs) are recently developed and are a new class of anti-inflammatory
drugs.[162]

All kinds of anti-inflammatory drugs are still widely used even though they are known to
cause a lot of unwanted side effects. Poor solubility and stability, reduced selectivity etc. are
few problems to be addressed to enhance the drug efficiency. Responsive carriers which are
site specific to inflammation could be an ideal choice for the site specific delivery of anti-
inflammatory drugs. Suitable drug carriers developed from oxidation sensitive sulfur
containing polymers are assessed in this work.

In this thesis we aim to develop three different libraries of biologically responsive polymers

containing sulfur in the main chain, polysulfides, poly(B-hydroxy thioethers) and poly(p-
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thioesters). These polymers were synthesized by thiol-yne, thiol-epoxide ring opening
polymerization and thiol-ene reactions. Preparation of nanoparticles by nanoprecipitation,
single emulsion and double emulsion methods using the above mentioned polymers were
established.

Therefore the aims of this thesis can be summarized as follows:

1. Synthesis of two different sets of oxidation sensitive and one set of biodegradable

polymer libraries, using thiol-yne, thiol-epoxide and thiol-ene reactions.

2. Preparation of nanoparticles from these polymers using three different techniques,

nanoprecipitation, single emulsion and double emulsion techniques.

3. To study the nanoparticles size and zeta potential variations with different preparation

techniques employed.

4. Estimation of degradation and oxidation responsive properties of these polymers

under the influence of various concentration of hydrogen peroxide or various pH.

5. Nile red was used as a model dye to study the release kinetics and encapsulation

efficiency.

6. Cellular experiments on Hela and HUVEC cells such as cell viability and cellular
uptake were also monitored to determine the toxicity of nanoparticles.
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3. Materials and Methods

3.1.Materials
Chemicals: 1,2-ethanedithiol (98 %), 1,5-pentanedithiol (96%), 1,6-hexanedithiol (96%), 1,8-
octanedithiol (97%), 2-mercaptoethyl ether (95%), 2,2-(ethylenedioxy)diethanethiol (95%),
4-pentynoic acid (95 %), 1-pentyne (99 %), neopentyl glycol diglycidyl ether, di(ethylene
glycol) diacrylate (75%), 2,2-dimethoxy-2-phenylacetophenone (99 %) (DMPA), 1,8-
diazabicycloundec-7-ene (98%), trimethylphosphine solution (1.0 M in THF) DMSO-ds
(99.9 %), CDCl3 (99.8%), poly(vinyl alcohol), Rhodamine B and Nile Red (technical grade)
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased form
Sigma-Aldrich (Steinheim, Germany) and used without purification unless otherwise noted.
4',6-diamidino-2-phenylindole (DAPI), hydrogen peroxide (30%) (H202), dichloromethane
(DCM) and tetrahydrofuran (THF) was obtained from Merck (Darmstadt, Germany).
Dimethyl sulfoxide (DMSO) was purchased from Roth chemicals (Karlsruhe, Germany).

Biological reagents: Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS) donor bovine serum (DBS), phosphate buffered saline (PBS), penicillin/streptomycin
mixture and trypsin were purchased from Invitrogen (Karlsruhe, Germany). Endothelial Cell
Growth Medium (EGM-2) was purchased from Lonza Colonge AG(Colonge, Germany).
Cells: Hela cells were cultivated in 175 cm? tissue culture flasks at 37°C, in a humidified (90
%) and CO2 (5 %) containing atmosphere. Cells were then trypsinized and passaged every
second or third day. For passaging the cell culture medium is removed, about 13 mL of PBS
are used to wash the cells. PBS is removed as well and about 3 mL trypsin solution (37°C)
are pipetted into the flask and spread evenly all over the bottom. Excess of trypsin is removed
and the flask is placed in the incubator for around 3 minutes. Trypsinized cells are gently
resuspended by several times up/down pipetting in DMEM, and transferred into a new tissue
culture flask or well plates.

HUVEC cells were also cultivated in 175 cm? tissue culture flasks at 37°C, in a humidified
(90 %) and CO2 (5 %) containing atmosphere. Cells were then trypsinized and passaged
every second or third day. For passaging the cell culture medium is removed, about 13 mL of
PBS are used to wash the cells. PBS is removed as well and about 3 mL trypsin solution
(37°C) are pipetted into the flask and spread evenly all over the bottom. Excess of trypsin is
removed and the flask is placed in the incubator for around 3 minutes. Trypsinized cells are
gently resuspended by several times up/down pipetting in EGM-2, and transferred into a new

tissue culture flask or well plates.
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3.2.Methods

3.2.1. Instruments used and theoretical background

3.2.1.1.Nuclear magnetic resonance (NMR) Spectroscopy
Nuclear magnetic resonance (NMR) Spectroscopy is one of the most important and
prominent analytical techniques often used by chemists to determine the structure of an
organic compound. NMR spectroscopy is a non-destructive analytical method, using a very
small amount of a sample (milligrams).[163] In the field of polymer science NMR
spectroscopy is used for the determination of polymer structure, microstructure and also

polymer dynamics.

The atomic nuclei posses spin or angular momentum, and the spinning of charges generate a
magnetic moment associated with the angular momentum. The maximum experimentally
observable component of the angular momentum of a nucleus possessing a spin is either a
half-integral or integral multiple of h/2x, where h is the Planck’s constant, according to the
principles of quantum mechanics. If ‘I’ is the maximum component and known as the spin
quantum number. There are 21 + 1 possible orientations or states of the nucleus. The two
most important nuclei in the polymer field are protons (*H) and carbons (**C) and they both

have | = 1/2, so the possible magnetic quantum numbers are +1/2 and —1/2.

In the presence of a strong external magnetic field (Bo) they behave like small magnets and
orient themselves with respect to the magnetic field, whereas in the absence of an external
magnetic field the nuclei would randomly spin in their atomic or molecular environment.
There are two possible alignments, either with the field, or against it, which differ very
slightly in their energies, and it is this energy difference that can be supplied by the radio
frequency radiation allowing the nuclear spins to change their state. The energy difference
(AE) between spin states is directly proportional to the magnetic field strength, and because
AE = hv, the frequency of resonance v, is also directly proportional to the strength of the
external magnetic field. The proportionality constant can be shown to be y/2n where vy is the
magnetogyroscopic ratio of the nucleus. The magnetogyroscopic ratio y and the magnetic
field strength Bo determine the observation frequency for NMR signals. The sensitivity
depends on the magnetogyroscopic ratio and the natural abundance. Protons have the highest

sensitivity because they have the highest magnetogyroscopic ratio and natural abundance.

All polymers were first re-precipitated in n-hexane and then thoroughly dried overnight under

reduced pressure (~10-15 mmHg) to remove all the solvent impurities. 10-15 mg of polymer
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was weighed and dissolved in 0.5 mlI NMR of solvents. All *H NMR spectra were acquired in
DMSO-ds or CDCIz using a Bruker AVANCE DPX spectrometers operating at 500 MHz.
Chemical shifts (5) are given in ppm relative to the internal standard tetramethylsilane (TMS,
6 =0.00 ppm).

3.2.1.2.Raman spectroscopy
Raman spectroscopy is a well known vibrational spectroscopic technique used to study

vibrational, rotational, and other low-frequency modes in a system.[164] Raman scattering is
an inelastic scattering phenomena were the incident photons either gain or loose energy and
causes a change in frequency. Wavenumbers in inverse length are generally used to report the
Raman shifts. Spectral wavelength is converted to wavenumbers, using the following
equation 1.
1 1
Ao (_ _ _) (1)
A0 A1
Where, Ao Raman shifts in wavenumbers, A0 is the excitation wavelength and Al is the
Raman spectra wavelength. To express the wavenumbers in inverse centimeters (cm™), the

equation can be modified to equation 2.

1
20(nm)  Al(nm)

)

Aw (cm™) = ( ) x (107nm)/(cm)
Raman spectroscopy was initially used to determine the molecular fingerprints of organic
compounds. Recent advances in instrumentation like the introduction of diode-array detector,
tunable lasers and Fourier transform (FT) made Raman spectroscopy a suitable analytical
technique for the characterization of polymers and polymerization process. Raman
spectroscopy is not only used to monitor the kinetics of polymerization, but also to retrieve
information on the extent of polymerization and structural information on the end-product.
The intensity of the v(C=C) stretching vibration is relatively strong in Raman spectrums,
polymerization of unsaturated diene monomers shows a decrease in the intensity of the
v(C=C) stretching vibration, as the reaction proceeds.[165] A comparison between the
magnitude of initial and final peak intensities are done to calculate the conversion of

monomer as a function of time at any given temperature.

In this work all Raman Spectra were acquired using a multiRAM, stand alone, Bruker RFS
27 Instrument. The spectral range is 4000 — 50 cm™. The laser source is Nd: YAG 1064 nm.
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Samples were placed on the sample holder and directly measured, whereas nanoparticle

suspension in water were filled in a 2 ml glass vial and measured.

3.2.1.3.Gel permeation chromatography (GPC)
Gel permeation chromatography (GPC) is also referred to as size exclusion chromatography

(SEC), and is a commonly used analysis technique to determine the molecular weight and
polydispersity index of a macromolecule. GPC/SEC is also a kind of chromatographic
technique involving stationary and a mobile phase. The principle of separation is based on the
size of polymer molecule in the solution. The stationary phase is comprised of stagnant liquid
present in pores or beads and the flowing liquid act as the mobile phase. A GPC/SEC
instrument consists of a pump that push the solvent through the instrument, an injection unit
to introduce the sample to be tested onto the column, a column that holds the stationary
phase, one or more detectors to detect the components as they leave the column, and software
to control the different parts of the instrument and calculate and display the results.

All the polymers characterized were dissolved in THF, GPC grade (Merck, Darmstadt
Germany) 2-4 mg/ml. The samples solutions were filtered using a 0.2 um membrane filter
prior to injection. Molecular weight (Mw) and polydispersity index PDI (Mw/Ms) values of the
polymers were obtained by GPC using a Tosoh EcoSEC, TOSOH BIOSCIENCE GmbH
(Stuttgart, Germany) equipped with an auto sampler and Tosoh EcoSEC RI refractive index
detector. THF was used as eluent (flow rate 1 mL/min) at 30°C. All determinations were
performed relative to linear polystyrene standards (Polymer Standard Service, MP 474—
2520000 Da).

3.2.1.4.Ultraviolet-visible spectroscopy (UV-Vis)
The response of a sample towards ultraviolet and visible region of an electromagnetic

spectrum is measured using ultraviolet-visible spectroscopy. The sample is subjected to a
light source with wavelength in the UV-Vis region, which leads to electronic transitions from
the ground state to the higher excited state in molecular levels. Electronic transitions
involving n, o and = electrons are classified as; (a) o to o* transition that is present in
compounds containing single bonds. (b) = to «* transition that takes place in compounds that
contain double bonds. (c) n to ¢* and n to =* transitions which are present in compounds
containing lone-pair of electrons. The wavelength and amount of light that a compound
absorbs depends on its molecular structure and the concentration of the compound used. The
amount of light absorbed is usually expressed as either transmittance or absorbance, which is

the difference between the incident radiation (lo) and the transmitted radiation (1).
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Transmittance is given in terms of a fraction of 1 or as a percentage and is defined as follows,

equation 1:
1 — (! 1
T_E or % T—(E)xloo @
Absorbance and transmittance are related by the equation 2:
A=—-logT 2

The Beer-Bouguer-Lambert law is shown in equation 3.

T = L — e—kbc (3)
Io

Where the incident intensity is lo, the transmitted intensity is I, e is the base of natural
logarithms, k is a constant, b is the path length (in centimeters) and c denotes the
concentration of the absorbing species usually expressed in grams/liter or milligrams/liter. A
linear expression can be derived using logarithmic values and commonly known as the Beer’s

law, equation 4

I I
A = —logT = —log (E) = log (T()) = ebc “)

Here ¢ is known as the molar excitation coefficient, which is also dependent on wavelength,
solvent and temperature. It is the characteristics of a substance under precisely defined set of
conditions.[166]

UV-VIS spectra of nanoparticles dispersions were recorded at specified time intervals using a

Varian Cary Eclipse spectrometer in a 1 cm quartz cuvette.

3.2.1.5.Dynamic light scattering (DLS)
Dynamic light scattering (DLS) referred also as a photon correlation spectroscopy, is a

commonly used analytical technique to determine the hydrodynamic radius or particle size of
a sample. Particles suspended in a liquid are constantly exhibiting Brownian motion
(Reference). So as a result in a scattering experiment the phase relations of the light scattered
by different particles change randomly. The number of particles in the scattering volume also
fluctuates. The combined effects lead to a fluctuation of the scattering intensity, Figure 3.2
(a) which contains information about the time scale of the movement of the Brownian
particles, or more physically, their diffusion process in terms of a time correlation function
(Pecora, 1985). The correlation function is given by a digital correlator which is a signal

comparer. The intensity of a signal is compared with itself at a particular point in time ‘t’ and
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a small time later t+z., if the intensity of signal at time =t is compared to the intensity a very
small time later (t+ot), there will be a correlation between the intensities of two signals. Thus
the autocorrelation function is given by equation 1

G (r):< [().1(t+7)> 1)
? <1(t) >

However, for a fluctuating signal the correlation reduces with time. In the conventional DLS
experiment the auto correlation function is given by equation 2. The Figure b shows the
correlogram, i.e. correlation function, which decays with time. The auto correlation function

is related to the diffusion coefficient by equation 2

G,(r) =exp(-q°D,(7)) @)

This is obtained from the measured intensity auto correlation function using the Siegert
relation (Berne & Pecora 1976b).

The size of a particle is calculated from the translational diffusion coefficient by using the

Stokes- Einstein equation 3;

KT ©)
3rznD,

d

Where, dn = hydrodynamic diameter, D: = translational diffusion coefficient, K =

Boltzmann’s constant, T = absolute temperature, n = viscosity.

In the case of polymeric nanoparticle suspension, it is assumed that the light is scattered by a
single scattering event i.e. multiple scattering is negligible. However, in real situations this
assumption is valid only if the sample is very dilute (typically 10° to 102 weight %).
However, study of concentrated (turbid) suspensions is significant from the industrial as well
as fundamental research point of view. Additional averaging due to multiple scattering occurs
in dynamic light scattering. The dynamic experiment shows additional spectral components at
higher frequencies with a decreased resolution.[167] Thus investigation or characterization of
turbid systems cannot be achieved by conventional dynamic light scattering.
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Figure 3.1 (a) Scattered intensity vs time in a dynamic light scattering experiment for
polymeric nanoparticle suspension. (b) Auto Correlation function of a polymeric

nanoparticle suspension.

Polymeric nanoparticles suspension were diluted to a concentration ranging between 0.1
mg/ml to 1 mg/ ml in water or buffer, and an optimized concentration of 0.5 mg/ml was
finally used throughout the experiments. The hydrodynamic diameter and zeta potential of
the nanoparticles were measured using a Malvern Zetasizer (Nano-ZS). All DLS
measurements were done with a laser emitting at 632.8 nm at 25+1°C and a fixed scattering

angle of 175°. The intensity distribution was used to measure the particle size.

3.2.1.6.Scanning electron microscopy (SEM)
Scanning electron microscope (SEM) is a microscopic technique used to visualize the surface

morphology of a sample; focused beam of high-energy electrons are used to generate a
variety of signals at the surface of a solid sample. Vital information about the sample
morphology, orientation of materials making up the sample, chemical composition or
crystalline nature are gathered from the signals derived from electron —sample interactions.
An electron gun generates the necessary amount of electron beam, which follows a vertical
path through electromagnetic fields and lenses which focus the beam toward the sample
placed in a vacuum chamber. The beam is focused to a fine point and raster scanned line by
line over the sample.

Kinetic energy of accelerated electrons upon interaction with sample is dissipated in the form
of secondary electrons, primary backscattered electrons, auger electrons and X-rays. These
phenomena are dependent on the topography, the atomic number and the chemical state of
the specimen. The signals from secondary electrons and backscattered electrons are
commonly used for imaging purposes. Elemental microanalysis is done using the X-rays.

25



Images were obtained using the LEO 1530 Gemini scanning electron microscope (Zeiss,
Germany). The samples were sputtered with a 10 nm gold layer using a Cressington 108 auto

sputter coater before SEM measurement.

3.2.1.7. Transmission electron microscopy (TEM)
Transmission electron microscope (TEM) is one of the widely used electron microscopic

techniques; images having higher spatial resolution than light microscopy are generated using
a beam of electrons. Internal structural details, sample morphology, particle size etc. can be
determined using this technique. The electrons are accelerated at high voltage (100-1000 kV)
to a velocity approaching the speed of light (0.6-0.9 c) in a typical TEM. The associated
wavelength is five orders of magnitude smaller than the light wavelength (0.04-0.008 A).
Nevertheless, the magnetic lens aberrations limit the convergence angle of the electron beam
to 0.5° (instead of 70° for the glass lens used in optics), and reduce the TEM.. Atomic level
material imaging and structure determination are possible at this resolution.

A PHILIPS CM 120 BioTwin TEM instrument was used to monitor the morphology of the
resultant nanoparticles. The nanoparticles solution was placed onto carbon-coated copper grid
followed by drying at room temperature for at least 72 h. The images were acquired at 200
kV.

3.2.1.8.Fluorescence spectroscopy
Fluorescence spectroscopy is a type of spectroscopy which is used to analyze fluorescence

from a sample, it’s also known as fluorometry or spectrofluorometry. The samples are
irradiated using a definite wavelength of light (usually ultraviolet), which causes the
excitation of molecules from the sample and hence emission at higher wavelengths.
Qualitative and quantitative information’s can be obtained using the emission spectrum.
Fluorescence is the relaxation of molecule from the singlet excited state to the singlet ground
state with emission of light. The energy gap between the ground state and the excited state
determines the energy and the wavelength of the light emitted. Figure 3.2 shows the
electronic transition during fluorescence, by means of a simplified Jablonski diagram. The
ratio of number photons emitted to the number of photons absorbed is known as the
fluorescence quantum yield (®r), or simply the efficiency of the fluorescence process.

In this research work fluorescent dye Nile red was used as the drug analog. The release of
these dye from the polymeric nanoparticles was determined using the fluorescence
spectroscopy. Fluorescence spectroscopy is recognized as one of the most sensitive

technique, and it is possible to measure the concentration of the fluorescent substance at nano
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Figure 3.2 Electronic transition during fluorescence, a simplified Jablonski scheme.

gram levels. Fluorescence spectra were recorded at excitation wavelengths of 590 and 630
nm to monitor the release profile. Fluorescence spectra were obtained using a Varian Cary

Eclipse fluorescence spectrophotometer.

3.2.1.9.Confocal laser scanning microscopy (CLSM)
Confocal laser scanning microscopy (CLSM) is a sophisticated microscopic technique used

to obtain high resolution optical images with depth selectivity.[168] Optical sectioning is a
process used in confocal microscopy to obtain in-focus images from selected depths, which is
one of the advantages when compared with conventional microscopes.

Confocal images were obtained using a Leica TCS SP5 X confocal laser-scanning
microscope (Wetzlar, Germany). Images were further processed using Leica LAS-AF Lite

software.

3.3.Synthesis of polymers

3.3.1. Synthesis of oxidation responsive polysulfides via thiol-yne
polymerization (General procedure)
Equimolar ratios of a alkyne and a dithiol were dissolved in 1 ml of THF. 2,2-dimethoxy-2-

phenylacetophenone (2 wt % with respect to the monomers) was added to the solution and
the whole reaction system was sealed with septum, and purged with argon for 10 min. The
solution was then irradiated for 2 h under UV cabinet equipped with 5 X 8 W UV tubes (365
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nm, 80 mW/cm?) upon stirring. After the completion of the reaction, the polymer solution
was precipitated using n-hexane. Precipitation was done three times, each time the sample
was dissolved in THF. The final product was dried under vacuum to yield pale yellowish

viscous substance.

3.3.1.1.Synthesis of polymer AU
4-Pentynoic acid (10 mmol, 098 g, 1 eq) was added to a solution of 2,2-

(ethylenedioxy)diethanethiol (10 mmol 1.82 g, 1 eq.) and dissolved in 1 ml of THF. 2,2-
dimethoxy-2-phenylacetophenone (0.056 g, 2 wt % with respect to the monomers) was added
to the solution and the whole reaction system was sealed with septum, and purged with argon
for 10 min. The solution was then irradiated for 2 h under UV cabinet upon stirring. After the
completion of the reaction, the polymer solution was precipitated using n-hexane.
Precipitation was done three times, each time the sample was dissolved in THF. The final
product was dried under vacuum to yield pale yellowish viscous substance.

'H-NMR (500 MHz, (CD3)2SO0, ¢): 1.48-1.63 (m, 1H, -CH>), 1.96-2.14 (m, 1H, -CH>), 2.29-
2.45 (m, 2H, CHy), 2.60-2.75 (m, 5H, -CH>-S-), 2.80-2.95 (m, 1H, -CH-S)), 3.24-3.77 (m, 8H,
-CH-0).

3.3.1.2.Synthesis of polymer AV
4-Pentynoic acid (10 mmol, 0.98 g, 1 eq.) was added to a solution of 2-mercaptoethyl ether

(10 mmol 1.38 g, 1 eq.) and dissolved in 1 ml of THF. 2,2-dimethoxy-2-phenylacetophenone
(0.056 g, 2 wt % with respect to the monomers) was added to the solution and the whole
reaction system was sealed with septum, and purged with argon for 10 min. The solution was
then irradiated for 2 h under UV cabinet upon stirring. After the completion of the reaction,
the polymer solution was precipitated using n-hexane. Precipitation was done three times,
each time the sample was dissolved in THF. The final product was dried under vacuum to
yield pale yellowish viscous substance.

H-NMR (500 MHz, (CD3)2S0, §): 1.52-1.64 (m, 1H, CHy), 1.96-2.12 (m, 1H, CH>), 2.23 -
2.47 (m, 2H, CHy), 2.55-2.78 (m, 5H, -CH>-S), 2.81-2.99 (m, 1H, -CH-S), 3.48-3.68 (m, 4H -
CH2-0).

3.3.1.3.Synthesis of polymer AY
4-Pentynoic acid (10 mmol, 0.98 g, 1 eq.) was added to a solution of 1,8-octanedithiol (10
mmol 1.78 g, 1 eq.) and dissolved in 1 ml of THF. 2,2-dimethoxy-2-phenylacetophenone

(0.056 g, 2 wt % with respect to the monomers) was added to the solution and the whole
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reaction system was sealed with septum, and purged with argon for 10 min. The solution was
then irradiated for 2 h under UV cabinet upon stirring. After the completion of the reaction,
the polymer solution was precipitated using n-hexane. Precipitation was done three times,
each time the sample was dissolved in THF. The final product was dried under vacuum to
yield a pale yellowish viscous substance.

'H-NMR (500 MHz, (CD3)2S0, ¢): 1.22-1.40 (m, 8H, -CH>), 1.45-1.63 (m, 5H, -CH>), 2.00-
2.09 (m, 1H, -CHy), 2.30-2.45(m, 2H, -CHy), 2.57-2.64(m, 5H, -CH>-S), 2.72-2.84 (m, 2H, -
CH-S).

3.3.1.4.Synthesis of polymer ET

1-pentyne (10 mmol, 0.68 g, 1 eq.) was added to a solution of 1,2-ethanedithiol (10 mmol
0.94 g, 1 eq.) and dissolved in 1 ml of THF. 2,2-dimethoxy-2-phenylacetophenone (0.056 g,
2 wt % with respect to the monomers) was added to the solution and the whole reaction
system was sealed with septum, and purged with argon for 10 min. The solution was then
irradiated for 2 h under UV cabinet upon stirring. After the completion of the reaction, the
polymer solution was precipitated using n-hexane. Precipitation was done three times, each
time the sample was dissolved in THF. The final product was dried under vacuum to yield a
pale yellowish viscous substance.

!H-NMR (500 MHz, (CDCls, 6): 0.92-1.03 (t, 3H, -CHs), 1.38-1.62 (m, 3H, -CH,), 1.73-1.84
(m, 1H, CHy), 2.72-2.86 (m, 5H, -CH>-S), 2.86-2.95 (m, 1H, CH-S)).

3.3.1.5.Synthesis of polymer EU

1-pentyne (10 mmol, 0.68 g, 1 eq) was added to a solution of 2,2-
(ethylenedioxy)diethanethiol (10 mmol 1.82 g, 1 eq.) and dissolved in 1 ml of THF. 2,2-
dimethoxy-2-phenylacetophenone (0.056 g, 2 wt % with respect to the monomers) was
added to the solution and the whole reaction system was sealed with septum, and purged with
argon for 10 min. The solution was then irradiated for 2 h under UV cabinet upon stirring.
After the completion of the reaction, the polymer solution was precipitated using n-hexane.
Precipitation was done three times, each time the sample was dissolved in THF. The final
product was dried under vacuum to yield a pale yellowish viscous substance.

'H-NMR (500 MHz, (CDCls, 6): 0.90-0.98 (t, 3H,-CHs), 1.38-1.58 (m, 2H, -CH>), 1.74-1.83
(m, 2H, -CHy), 2.70-2.77(m, 5H, -CH>-S), 2.87-2.95 (m, 2H, -CH-S), 3.61-3.70 (m, 8H, -CH>-
0).
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3.3.1.6.Synthesis of polymer EV

1-pentyne (10 mmol, 0.68 g, 1 eq.) was added to a solution of 2-mercaptoethyl ether (10
mmol 1.38 g, 1 eq.) and dissolved in 1 ml of THF. 2,2-dimethoxy-2-phenylacetophenone
(0.056 g, 2 wt % with respect to the monomers) was added to the solution and the whole
reaction system was sealed with septum, and purged with argon for 10 min. The solution was
then irradiated for 2 h under UV cabinet upon stirring. After the completion of the reaction,
the polymer solution was precipitated using n-hexane. Precipitation was done three times,
each time the sample was dissolved in THF. The final product was dried under vacuum to
yield pale yellowish viscous substance.

!H-NMR (500 MHz, (CDCls, 6): 0.89-0.99 (t, 3H, -CHs), 1.38-1.61 (m, 3H, -CH,), 1.74-1.91
(m, 1H, -CHy), 2.69-2.79(m, 5H, -CH>-S), 2.79-2.96 (m, 2H, -CH-S)), 3.55-3.78 (m, 4H, -
CH2-S).

3.3.2. Synthesis of poly (B-hydroxy thioethers) by thiol-epoxide ring opening
polymerization (General procedure)
Equimolar ratios of a diepoxide and a dithiol were dissolved in 1 ml of THF. 1,8-

Diazabicycloundec-7-ene (0.5 wt % with respect to the monomers used) was then added to
the above solution. The solution was then irradiated for 2 h under UV light (365 nm) upon
stirring. After the completion of the reaction the polymer solution was precipitated using n-
hexane. Precipitation was done thrice, each time redissolving the sample in THF. The final

product was dried under vacuum to yield viscous substance.

3.3.2.1.Synthesis of polymer EP1

Neopentyl glycol diglycidyl ether (10 mmol, 2.16 g, 1 eq.) was added to a solution of 1,2-
ethanedithiol (10 mmol 0.94 g, 1 eq.) in 1 ml of THF. 1,8-Diazabicycloundec-7-ene (0.019 g,
0.5 wt % with respect to the monomers used) was then added to the above solution. The
solution was then irradiated for 2 h under UV light (365 nm) upon stirring. After the
completion of the reaction the polymer solution was precipitated using n-hexane.
Precipitation was done thrice, each time redissolving the sample in THF. The final product
was dried under vacuum to yield viscous substance.

!H-NMR (500 MHz, (CDCls, §): 0.85-0.95 (m, 6H, -CHs), 2.54-2.79 (m, 4H, -CH-S), 2.80-
2.84 (m, 4H, -CH), 3.12-3.35(m, 4H, -CH2-0), 3.38-3.68 (m, 4H, -CH2), 3.93 (br, s, 2H, -
CH-OH).
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3.3.2.2.Synthesis of polymer EP2

Neopentyl glycol diglycidyl ether (10 mmol, 2.16 g, 1 eq.) was added to a solution of 1,5-
pentanedithiol (10 mmol 1.36 g, 1 eq.) in 1 ml of THF. 1,8-Diazabicycloundec-7-ene (0.019
g, 0.5 wt % with respect to the monomers used) was then added to the above solution. The
solution was then irradiated for 2 h under UV light (365 nm) upon stirring. After the
completion of the reaction the polymer solution was precipitated using n-hexane.
Precipitation was done thrice, each time redissolving the sample in THF. The final product
was dried under vacuum to yield viscous substance.

!H-NMR (500 MHz, (CDCls, 6): 0.88-0.96 (m, 6H, -CH3), 1.58-1.80 (m, 6H, -CH>), 2.53-2.70
(m, 8H, -CH>-S), 3.21-3.41(m, 4H, -CH>-0), 3.44-3.66 (m, 4H, -CH>-CH), 3.93 (br, s, 2H, -
CH-OH).

3.3.2.3.Synthesis of polymer EP4

Neopentyl glycol diglycidyl ether (10 mmol, 2.16 g, 1 eq.) was added to a solution of 1,8-
octanedithiol (10 mmol 1.78 g, 1 eq.) in 1 ml of THF. 1,8-Diazabicycloundec-7-ene (0.019 g,
0.5 wt % with respect to the monomers used) was then added to the above solution. The
solution was then irradiated for 2 h under UV light (365 nm) upon stirring. After the
completion of the reaction the polymer solution was precipitated using n-hexane.
Precipitation was done thrice, each time redissolving the sample in THF. The final product
was dried under vacuum to yield viscous substance.

'H-NMR (500 MHz, (CDCls, 6): 0.85-0.95 (m, 6H, -CHs), 2.54-2.79 (m, 4H, -CH>), 2.80-2.84
(m, 4H, -CH), 3.12-3.35(m, 4H, -CH>-0), 3.38-3.68 (m, 4H, -CH), 3.93 (br, s, 2H, -CH-
OH).

3.3.2.4.Synthesis of polymer EP5
Neopentyl glycol diglycidyl ether (10 mmol, 2.16 g, 1 eq.) was added to a solution of 2-
mercaptoethyl ether (10 mmol 1.38 g, 1 eq.) in 1 ml of THF. 1,8-Diazabicycloundec-7-ene
(0.019 g, 0.5 wt % with respect to the monomers used) was then added to the above solution.
The solution was then irradiated for 2 h under UV light (365 nm) upon stirring. After the
completion of the reaction the polymer solution was precipitated using n-hexane.
Precipitation was done thrice, each time redissolving the sample in THF. The final product

was dried under vacuum to yield a viscous substance.
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IH-NMR (500 MHz, (CDCls, 6): 0.88-0.94 (m, 6H, -CHs), 2.64-2.84 (m, 8H, -CH2-S), 3.18-
3.41 (m, 4H, -CH,-0), 3.12-3.35(m, 4H, -CH,-0), 3.41-3.58 (m, 4H, -CH,-CH), 3.58-3.70
(m, 4H, -CH,-0), 3.93 (br, s, 2H, -CH-OH).

3.3.2.5.Synthesis of polymer EP6

Neopentyl glycol diglycidyl ether (10 mmol, 2.16 g, 1 eq.) was added to a solution of 2,2-
(ethylenedioxy)diethanethiol (10 mmol 182 g, 1 eq) in 1 ml of THF. 1,8-
Diazabicycloundec-7-ene (0.019 g, 0.5 wt % with respect to the monomers used) was then
added to the above solution. The solution was then irradiated for 2 h under UV light (365 nm)
upon stirring. After the completion of the reaction the polymer solution was precipitated
using n-hexane. Precipitation was done thrice, each time redissolving the sample in THF.
The final product was dried under vacuum to yield a viscous substance.

'H-NMR (500 MHz, (CDCls, 6): 0.85-0.94 (m, 6H, -CHj3), 2.64-2.93 (m, 8H, -CH-S), 3.20-
3.36 (m, 4H, -CH2-0), 3.38-3.54(m, 4H, -CH2), 3.58-3.74(m, 8H, -CH), 3.93 (br, s, 2H, -CH-
OH).

3.3.3. Synthesis of poly-p-thioesters using base catalyzed thiol-ene Michael
addition (General procedure)

Equimolar rations of a diacryate and dithiol were dissolved in 1 ml of THF. 20 pl of

trimethylphosphine (PMes) solution (1.0 M in THF) was then added to the above solution

followed by stirring for 60 minutes at room temperature. After the completion of the reaction

the polymer solution was precipitated using n-hexane. Precipitation was done thrice each

time redissolving the sample in THF. The final product was dried under vacuum to yield the

polymer.

3.3.3.1.Synthesis of polymer P7
1,2-ethanedithiol (98 %), (10 mmol, 0.98 g, 1 eq.) was added to a solution of di(ethylene
glycol) diacrylate (10 mmol 2.14 g, 1 eq.) in 1 ml of THF. 20 pl of trimethylphosphine
(PMes) solution (1.0 M in THF) was then added to the above solution followed by stirring for
60 minutes at room temperature. After the completion of the reaction the polymer solution
was precipitated using n-hexane. Precipitation was done thrice each time redissolving the
sample in THF. The final product was dried under vacuum to yield the polymer.
'H-NMR (500 MHz, (CDCls, 6)): 2.65-2.67 (t, 4H, -CH,.CO), 2.74-2.76 (t, 4H, -CH.-S),
2.82-2.84 (t, 4H, -CH>-S), 3.69-3.72 (t, 4H, -CH-0), 4.26-4.28 (t, 4H, -CH>.0).
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3.3.3.2.Synthesis of polymer P8

1,5-pentanedithiol (10 mmol 1.36 g, 1 eq.) was added to a solution of di(ethylene glycol)
diacrylate (10 mmol 2.14 g, 1 eq.) in 1 ml of THF. 20 ul of trimethylphosphine (PMes)
solution (1.0 M in THF) was then added to the above solution followed by stirring for 60
minutes at room temperature. After the completion of the reaction the polymer solution was
precipitated using n-hexane. Precipitation was done thrice each time redissolving the sample
in THF. The final product was dried under vacuum to yield the polymer.

'H-NMR (500 MHz, (CDCls, 6)): 1.47-1.51 (m, 2H, -CHy), 1.59-1.61 (m, 4H, -CH>), 2.52-
2.56 (t, 4H, -CH>-S), 2.64-2.66 (t, 4H, -CH,.CO), 2.78-2.80 (t, 4H, -CH>-S), 3.69-3.72 (t, 4H,
-CH»-0), 4.27-4.29 (t, 4H, -CH2.0).

3.3.3.3.Synthesis of polymer P9

1,6-hexanedithiol (98 %), (10 mmol, 1.50 g, 1 eq.) was added to a solution of di(ethylene
glycol) diacrylate (10 mmol 2.14 g, 1 eq.) in 1 ml of THF. 20 pl of trimethylphosphine
(PMe3) solution (1.0 M in THF) was then added to the above solution followed by stirring for
60 minutes at room temperature. After the completion of the reaction the polymer solution
was precipitated using n-hexane. Precipitation was done thrice each time redissolving the
sample in THF. The final product was dried under vacuum to yield the polymer.

!H-NMR (500 MHz, (CDCls, §)): 1.39-1.41 (t, 4H, -CHy), 1.58-1.60 (t, 4H, -CH,), 2.51-2.54
(t, 4H, -CH2-S), 2.64-2.66 (t, 4H, -CH>.CO), 2.78-2.80 (t, 4H, -CH-S), 3.69-3.72 (t, 4H, -
CH»-0), 4.26-4.27 (t, 4H, -CH2.0).

3.3.3.4.Synthesis of polymer P10

1,8-octanedithiol (10 mmol 1.78 g, 1 eq.) was added to a solution of di(ethylene glycol)
diacrylate (10 mmol 2.14 g, 1 eq.) in 1 ml of THF. 20 ul of trimethylphosphine (PMes)
solution (1.0 M in THF) was then added to the above solution followed by stirring for 60
minutes at room temperature. After the completion of the reaction the polymer solution was
precipitated using n-hexane. Precipitation was done thrice each time redissolving the sample
in THF. The final product was dried under vacuum to yield the polymer.

'H-NMR (500 MHz, (CDCls, 6)): 1.30-1.34 (t, 4H, -CHy), 1.34-1.37 (t, 4H, -CH,), 1.58-1.61
(m, 4H, -CHy), 2.51-2.54 (t, 4H, -CH>-S), 2.65-2.67 (t, 4H, -CH,.CO), 2.79-2.81 (t, 4H, -CH>-
S),3.64-3.65(m, 4H, -CH..0), 3.66-3.68(t, 4H, -CH»-0), 3.71-3.73 (t, 4H, -CH>), 4.27-4.29 (t,
4H, -CH2.0).
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3.3.3.5.Synthesis of polymer P11

2-mercaptoethyl ether (10 mmol 1.38 g, 1 eq.) was added to a solution of di(ethylene glycol)
diacrylate (10 mmol 2.14 g, 1 eq.) in 1 ml of THF. 20 ul of trimethylphosphine (PMes)
solution (1.0 M in THF) was then added to the above solution followed by stirring for 60
minutes at room temperature. After the completion of the reaction the polymer solution was
precipitated using n-hexane. Precipitation was done thrice each time redissolving the sample
in THF. The final product was dried under vacuum to yield the polymer.

'H-NMR (500 MHz, (CDCls, 6)): 2.66-2.69 (t, 4H, -CH-S), 2.73-2.77 (t, 4H, -CH».CO),
2.85-2.87 (t, 4H, -CH2-S), 3.64-3.67(m, 4H, -CH>.0), 3.71-3.73(t, 4H, -CH>-0), 4.27-4.29 (t,
4H, -CH,.0).

3.3.3.6.Synthesis of polymer P12

2,2-(ethylenedioxy)diethanethiol (10 mmol 1.82 g, 1 eq.) was added to a solution of
di(ethylene glycol) diacrylate (10 mmol 2.14 g, 1 eq.) in 1 ml of THF. 20 ul of
trimethylphosphine (PMe3) solution (1.0 M in THF) was then added to the above solution
followed by stirring for 60 minutes at room temperature. After the completion of the reaction
the polymer solution was precipitated using n-hexane. Precipitation was done thrice each
time redissolving the sample in THF. The final product was dried under vacuum to yield the
polymer.

'H-NMR (500 MHz, (CDCls, 6)): 2.66-2.69 (t, 4H, -CH-S), 2.73-2.77 (t, 4H, -CH».CO),
2.84-2.86 (t, 4H, -CH>-S), 3.64-3.65(m, 4H, -CH>.0), 3.66-3.68(t, 4H, -CH>-0), 3.71-3.73 (t,
4H, -CH>), 4.26-4.28 (t, 4H, -CH2.0).

3.4.Preparation of polymeric nanoparticles
Nanoparticles were prepared using three different methods, nanoprecipitation, single
emulsion and double emulsion. The methods used determine the final structural and physical
properties of the nanoparticles. Optimization of particle size, zeta potential and surface

morphologies are one of the most important criteria to be achieved before final applications.

3.4.1. Nanoprecipitation
Nanoprecipitation is also referred to as a solvent displacement method.[169] A schematic
representation of nanoprecipitation method is shown in Figure 3.3. It involves the
precipitation of a polymer from an organic solution and the diffusion of the organic solvent in

the aqueous medium in the presence or absence of a surfactant.[169-172] Particle formation
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is due to the spontaneous precipitation and subsequent solidification of the polymer upon
rapid solvent diffusion. The method was first introduced and patented by Fessi and co-
workers.[169] The polymer is first dissolved in a water-miscible solvent (tetrahydrofuran,
dimethyl sulfoxide, acetone etc.) of intermediate polarity, leading to the precipitation of
nanospheres. This phase is then added into a stirred aqueous solution sometimes containing a
stabilizer as a surfactant. Colloidal suspension is formed instantaneously as a result of
polymer deposition on the interface between the water and the organic solvent, caused by fast
diffusion of the solvent.[173] Nanoprecipitation is also considered as one of the easiest and
mild technique for the preparation of polymeric nanoparticles due the fact that no external
energy such as sonication or milling is required for the particle formation.[174] One of the
limitations of this technique is its only limited to water-miscible solvents, in which the
diffusion rate is enough to produce spontaneous emulsification.[173] Nanoprecipitation is
extensively used technique for biodegradable polymers like PLGA, PLA and PCL, but can
also be applied to various other polymers t0o.[175, 176]

Polymer solution in (DMSO, Polymer solution dropped to Polymer self-assembles
THF, acetone etc.) water while stirring to nanoparticle

Figure 3.3 Schematic representation of steps involved in nanoprecipitation.

Nanoparticles were prepared using a previously described nanoprecipitation method [177].
0.5 ml of polymer solution in DMSO (10 mg/mL, filtered with 0.45 pm
polytetrafluoroethylene (PTFE) membrane) was added instantaneously (1 s) into a glass vial
containing 4.5 mL of MilliQ water under stirring (700 rpm). After 30 minutes of stirring, the

particles were separated using a cellulose membrane dialysis tube (MWCO 14,000 Da) from
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Sigma-Aldrich (Steinheim, Germany) and further pre concentrated by centrifugation for 15

minutes at 10,000 rpm.

3.4.2. Single emulsion (O/W) technique
In this method, the polymer is first dissolved in an organic solvent like dichloromethane,
chloroform or ethyl acetate. The drug or dye is then dissolved or dispersed into the above
polymer solution, and this mixture is then emulsified into an aqueous solution to make an oil
(O) in water (W) i.e., O/W emulsion by using a surfactant/emulsifying agent like poly(vinyl
alcohol), gelatin, polysorbate-80, poloxamer-188, etc. This result in the formation of a stable
emulsion, further the organic solvent is evaporated either by increasing the temperature,
under reduced pressure or by continuous stirring.[178, 179] Figure 3.4. shows a schematic
representation of single emulsion (O/W) technique.
The o/w single emulsion solvent evaporation method is one of the widely used
microencapsulation techniques for the encapsulation of water insoluble cargos. Hydrophobic
drugs are successfully retained within the microparticles prepared by this method. However,
this method is not suitable for the entrapment of hydrophilic drugs because of rapid

dissolution of the compounds into the aqueous continuous phase.

Polymer solution in
DCM/THF mixture ” Sonication and Homogenization

Dispersed phase

Solventevaporation

8o~
Continuous phase ® ®
PVAsolution .\ .

Dialysis, Centrifugation
and Washing

Figure 3.41 Schematic representation of steps involved in single emulsion (O/W) technique.
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Nanoparticles were prepared by modification of the method reported by Mahmoud et al.[180]
17 mg of the synthesized polymer was dissolved in 2.5 ml of DCM/THF (10:1 v:v) mixture.
The dissolved polymer was added to 20 ml of MilliQ water containing (0.05-1% w/v; 0.5-10
g/l) PVA. The mixture was then sonicated to prepare an emulsion, using a probe sonicator
(Bandelin sonopuls hd 3200 (Berlin, Germany)) for 2 min (amplitude 50 %). The
nanoparticle suspension was stirred overnight at 1000 rpm using a magnetic stirrer to
evaporate the DCM/THF solvents. Dialysis of the nanoparticle suspension was performed to
remove PVA excess (cellulose membrane dialysis tube (MWCO 14,000 Da), Sigma-Aldrich
(Steinheim, Germany)). The nanoparticle suspension was further concentrated by

centrifugation for 15 min at 10,000 rpm and used for further analysis.

3.4.3. Double emulsion technique (W/O/W) technique

An emulsion in an emulsion is known as double emulsion. A two step emulsification process
is usually required for double emulsion.[181] W/O/W double emulsion technique is one of
the popular methods, and was developed by Ogawa et al.[182] There are two different types
of double emulsion, a water-in—oil-in-water (W/O/W) emulsion and an oil-in-water-in-oil
(O/WI/0Q), the former is more common in use than the latter. Herein we emphasis on (W/O/W)
emulsion technique. Figure 3.5 shows a schematic representation of W/O/W double emulsion
technique.

A W/O/W double emulsion technique mainly consists of four steps.[182, 183] In the first
step, known also as primary emulsification, an aqueous solution of the active agent (internal
water phase, W1) is emulsified into an organic solution containing the biodegradable polymer
(oil phase, O). In the second step re-emulsification process is carried out onto the primary
emulsion. Primary emulsion (W1/O) is further emulsified into a second aqueous phase
containing a stabilizer (external water phase, W) to form a W1/O/W> double emulsion.
Solidification step involves the removal of organic solvent by evaporation or extraction
which leads to the formation of solid particles. Finally the separation and purification of the
particles are done by dialysis, centrifugation or filtration. Double emulsion techniques are
popular and commonly used for the preparation of biodegradable hydrophobic microsphere
containing hydrophilic pharmaceuticals, dyes, proteins and polypeptides for sustained release

applications.
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Polymer solution in Dye solution in
DCM/THF mixture + Water/ Tween-80

|

Mixing and Sonication

Dispersed phase

Solventevaporation

~

Dialysis, Centrifugation
V and Washing

Continuous phase
PVASsolution

Figure 3.5 Schematic representation of steps involved in double emulsion technique (W/O/W)

technique.

Nanoparticles were prepared by modification of the method reported by Liu et al. [184]. 17
mg of the synthesized polymer was dissolved in 2.5 ml of DCM/THF (10:1 v:v) mixture. 50
ul of Tween 80 was then dissolved in 500 pl of MilliQ water. Both solutions were combined
and sonicated for 2 minutes (amplitude 50 %) using a probe sonicator to prepare the first
emulsion. Finally, the first emulsion was added drop wise to 20 ml of MilliQ water
containing (0.05-1% wi/v; 0.5-10 g/l) PVA. The mixture was then sonicated using a probe
sonicator for 2 minutes (amplitude 50 %) to prepare the final emulsion. The nanoparticle
suspension was stirred overnight at 1000 rpm using a magnetic stirrer to evaporate the
DCM/THF solvents. Dialysis of the nanoparticle suspension was performed to remove PVA
excess using a dialysis membrane (cellulose membrane dialysis tube (MWCO 14,000 Da),
Sigma-Aldrich (Steinheim, Germany)). The nanoparticle suspension was further concentrated

by centrifugation for 15 min at 10,000 rpm.
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3.5.Encapsulation efficiency
Encapsulation efficiency (% EE) is one of the most important criteria to be considered after
the preparation of dye/drug encapsulated polymeric nanoparticles. It is an estimate of total
encapsulation in percentage and given by the equation below.[185, 186]

Amount of drug/dye entrapped in NPs

E lation effici % EE) = x 100
ncapsulation efficiency (% EE) Initial amount of drug/dye added

UV or fluorescence spectroscopy can be used to estimate encapsulation efficiency. Because
of the small size of nanoparticles, determinations of drug encapsulation or drug loading are
not always an easy task. Separation of free drug from bound or entrapped drug is firstly done

by ultracentrifugation or ultra filtration.
3.6.Cellular studies

3.6.1. Cellular uptake
The HelLa or HUVEC cells were utilized for the cell uptake experiments. Cells were plated in

6 well plate at a density of 2 X 10* cells per well, in DMEM medium or EGM -2 medium, 10
% Donor bovine serum (DBS) or FBS and 1% Penicillin-Streptomycin one day before the
experiment. Nile Red encapsulated polymeric nanoparticles were reconstituted in DMEM or
PBS. The final concentration was determined to be 50-100 pg/ml, treated with cells and
allowed to react for 4 h at 37°C. After incubation the cells were washed with PBS three
times. 4',6-diamidino-2-phenylindole (DAPI), blue was then used to counter-stain the cells.

Cells were fixed using 3.7 % formaldehyde solution for further experiments.

3.6.2. Cellular viability- MTT assay
Biocompatibility of polymeric nanoparticles was investigated using an established procedure
using the colorimetric MTT assay for quantitative assessment. The principle of this assay is
the conversion of water-soluble MTT into an insoluble formazan dye by mitochondrial
dehydrogenase only present in living cells.[187-190]  Subsequently, the formazan
concentration was determined by measuring the optical density [OD] using an automatic
microplate reader at 570 nm with a background correction at 690 nm. Cytotoxicity was
expressed as cell viability [%] of the treated cells relative to the untreated (negative control)
calculated based on the following equation, and all data were expressed as mean (N=4) and

relative standard deviation.

39



S OD test cells
Cell viability [%] = 0D negetive control X 100 %

HeLa or HUVEC cells were utilized for cell toxicity experiments. Cells were routinely
maintained at 37°C in 5% CO. in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10 % Donor bovine serum (DBS) and 1% penicillin-streptomycin for
Hela cells. DMEM was replaced with EGM-2 for HUVEC cells. In preparation for the MTT
test, the cells were placed in a 96-well plate. Various concentrations of nanoparticle
dispersions were introduced to each well with 100 ul of media. To perform the MTT test, the
media was removed after a 24 h incubation period and the wells were rinsed with 100 ul of
PBS three times. 100 ul of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution (0.5 mg/ml) was added to each well and allowed to react for 4 h at 37 °C.
MTT-formazan crystals were then dissolved in the MTT solvent. Values were determined by
subtracting the absorbance value measured at 690 nm from the value measured at 570 nm

using a PerkinElmer (USA) plate reader.

Mitochondrial

/N tochondi /,N

dehydrogenase
N S N
N/ N—
A Ho N\
A '
O/ ‘\‘\\ O/ =N

Figure 3.6 Conversion of MTT to insoluble formazan.
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4. Results and Discussions

4.1.0xidation-responsive polymer nanoparticles via thiol-yne click reaction

4.1.1. Synthesis of oxidation responsive polysulifides via thiol-yne click
polymerization
Six linear polymers were synthesized via the thiol-yne reaction, employing two different
alkynes (4-pentynoic acid with hydrophilic carboxyl group and hydrophobic 1-pentyne) and
four different dithiols (Figure 4.1). An equimolar mixture of an alkyne with one of the
dithiols in THF was irradiated with UV light (365 nm, 80mW/cm?) for 2 hours followed by
purification and characterization of the solid residue by NMR and Raman Spectroscopy.

Alkynes Polysulfides

Oy _OH

A E {\SES\/\O/\/Od\n ‘fsis\/\o/\/ovﬁ\n
AU EU

OH

Dithiols DMPA, UV 365nm 0
_—
THF, 2h
o
HS/\/O\/\O/\/SH HS/\/ \/\SH {\S SMﬂ \%S S\/ﬁ\
n
AY

U \" ET

Oy OH

/\/SH
HS/\/\/\/\/SH HS E /f/
Y T %S S\/\own fS S\/\O/\%n
AV

EV

Figure 4.1 Thiol-yne click polymerization, reagents used and polymers formed.

4.1.2. NMR and Raman characterization of oxidation responsive polysulifides
HNMR spectra of all six polymers are shown in (Appendix A (a-f)). All measurements were
performed in DMSO-dgs or CDCls, Chemical shifts (d) are given in ppm relative to the internal
standard tetramethylsilane (TMS, & = 0.00 ppm). In all cases -HC-S bond formation at 2.8
ppm and disappearance of (=C-H) alkyne peak at 2.7 ppm were observed.

Monomer conversion was monitored using H-NMR spectroscopy. 87 % conversion was
obtained after 4 hours for the polymer type AU. During polymerization, the alkyne signal
from the 4-pentynoic acid decreased while the peak from S-CH bond increased. Figure 4.2 a
shows a first order kinetic plot for the polymerization of polymer AU. Figure 4.2 b shows the
change in alkyne (=C-H) and -HC-S peaks with time. Table 4.1 shows the monomer

conversion after 2 hours for all the polymers synthesized.
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Figure 4.2 a) First order kinetic plot for the polymerization of AU, b) formation and

disapperences of polymer and monomer peaks from *HNMR.

The plot is In ([Mo]/[M]) (Monomer concentration at O time to total monomer concentration)
vs time The reaction is observed to be first order [191], after the maximum conversion the In

([Mo)/[M]) value stabilizes.

v(-C=C)

v(-0-H), v(=C-H)

——— 4-Pentynoic acid
—— 2, 2-ethylenedioxy diethanethiol
Polymer AU

v(-C-S)

2000

Wavenumber (cm™)

1000

Figure 4.3 Solid state Raman spectroscopy of AU polymer and its monomers.
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To further confirm the thiol-yne polymerization, a selected polymer AU was also
characterized using Raman spectroscopy. Figure 4.3 shows the disappearance of the terminal
alkyne group from 4-pentyonic acid (2117 cm™) and —S-H groups from dithiol (2568 cm™),
as well as the formation of the C-S aliphatic bond (736 cm™).

4.1.3. Molecular weight characterization (GPC) of oxidation responsive
polysulifides

Out of the eight possible combinations between the utilized alkynes and dithiols, six

successfully resulted in polymers with molecular weight ranging between 1400 g/mol and

42700 g/mol according to GPC. Yield of the remaining two polymers (AT and EY) was very

low and these compounds were not used in further experiments.

Table 4.1 GPC traces of polysulfide synthesized.

Polymers M,? PDI?  Conversion® Solubility
(g/mol) (%) THF DMSO H20 Ethanol  Acetone

AU 2600 1.2 85 + + - - -
AV 1400 11 88 + + - - -
AY 8700 14 58 + + - - -
ET 9600 1.8 91 + + - - -
EU 16200 2.1 80 + + - - -
EV 42700 3.9 73 + - - - -

aMeasured by GPC against polystyrene standards in THF, ® Measured by *HNMR, + Soluble — Not soluble

The GPC results show that the reaction of 4-pentynoic acid (A) with the more hydrophilic
dithiols (2,2'-(ethylenedioxy)diethanethiol (U) and 2-mercaptoethyl ether (V) ) vyielded
polymers with the lowest molecular weight (AU: My=2600 g/mol and AV: My=1400 g/mol).
However, when a more hydrophobic dithiol was used (1,8-octanedithiol Y), the My of the
produced polysulfide AY increased to 8700 g/mol. Similar results were reported by Turunc et
al.[192] Polymers with higher molecular weights were obtained when 1-pentyne (E) was used

as the monomer (Table 4.1). GPC traces of polymers are shown in Figure. 4.4.
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Figure 4.4 GPC trace of the polymers synthesized using thiol-yne click polymerization.
Calibration curve polystyrene standards (Polymer Standard Service, MP 474— 2520000 Da).

4.1.4. Preparation of oxidation responsive polysulfide polymeric nanoparticles

A schematic representation of the preparation of oxidation responsive polymeric
nanoparticles, drug loading and the process of controlled nanoparticle dissolution leading to
the drug release in the presence of H202, is shown in Figure 4.5. The nanoprecipitation
technique described by Schubert et al.[171] was implemented in order to investigate the
ability of polysulfides to create nanoparticles in aqueous solution. A first assessment of the
particle size of created nanocarriers was performed by DLS measurement (Table 4.2 and
Figure 4.6).

The hydrodynamic diameter values revealed that the chemical structure of polymers strongly
affects the size of the nanoparticles. Depending on the used polymer, the average particle size
ranged from 61.9 to 210 nm.
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Figure 4.5 Schematic representation of the preparation of oxidation-responsive polymeric

nanoparticles, drug loading and the process of controlled nanoparticle dissolution leading to
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the drug release in the presence of H2Oo.

Zeta potential value was negative for all polymers and varied from -22 mV for AY to -66.5
mV for EU. The dispersion of nanoparticles obtained from ET was not stable, whereas the
dispersion from EV could not be obtained due to its insolubility in DMSO. Scanning electron

microscopy (SEM) images of representative AU polymer confirmed the size of created

nanoparticles (Figure 4.7).
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Table 4.2 DLS measurements of polymeric nanoparticles prepared by nanoprecipitation.

Polymers Average Particle Zeta potential Notes?
size, (nm)? (mV)?2

AU 122.5+ 30.5 -30.5+3.6 Stable

AV 2104 £ 25.8 275141 Stable

AY 61.9+10.1 -22.3+2.7 Stable

ET - - Not stable

EU 94.7+15.1 -66.5+ 3.4 Stable

EV - - Not soluble in

DMSO

& Measured by DLS
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Figure 4.6 Particle size distribution of nanoparticles prepared by nanoprecipitation,

measured by DLS.

a

Figure 4.7 SEM images of nanoparticles prepared by the nanoprecipitation method.

In order to compare and find the best method to produce nanoparticles, single emulsion and
double emulsion techniques were also used for polymer AU (Table 4.3 and 4.4). The change
in particle size as a result of different concentration of PVA was investigated. When the
concentration of PVA was raised from 0.05% w/v to 1 % w/v, the particle size showed an
increase from 151 nm to 222 nm for single emulsion method and from 158 to 175 nm for

double emulsion method.
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Table 4.3 DLS measurements of AU polymeric nanoparticles prepared by single emulsion

technique.
PVA (%) Average Particle Zeta potential Notes®
size, (nm)? (mV)?2
0.05 151.5+1.7 -445+0.9 Stable
0.1 1545+ 0.9 -40.2+0.2 Stable
0.5 2059+2.4 -26.8+0.9 Stable
1 2229+28 -24.9+0.7 Stable

& Measured by DLS

These results indicate that the particle size for nanoparticles obtained by the single and
double emulsion techniques is significantly bigger than obtained by the nanoprecipitation
method (122 nm). Taking this into account and considering that the degradation kinetics of
nanoparticles is faster when using smaller particles, for further investigations the
nanoparticles obtained by the nanoprecipitation method were preferred.

Table 4.4 DLS measurements of AU polymeric nanoparticles prepared by double emulsion

technique.
PVA (%) Average Particle Zeta potential Notes®
size, (nm)? (mV)?2
0.05 1589+ 2.3 -48.9+ 3.6 Stable
0.1 153.4+2.9 -37.0+29 Stable
0.5 156.9+1.9 -269+1.2 Stable
1 175.9+ 1.9 -20.0+0.6 Stable

& Measured by DLS

4.1.5. Nanoparticle degradation induced by oxidation response of polysulfide
nanoparticles in aqueous media

After establishing the best method to prepare nanoparticle dispersion, the oxidation

responsiveness towards hydrogen peroxide (65 mM) in aqueous media was examined. The
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degradation kinetics of the stable nanoparticle dispersion obtained from polymers AU, AV,
AY and EU was investigated using DLS (Figure 4.8 a and b).
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Figure 4.8 DLS data showing the degradation kinetics of various polymeric nanoparticles
upon treatment with 65 mM H20O». (a) Change in mean count rate with time. (b) Change of
the average particle size d (nm) with time.

Nanoparticles from polymer AU showed the fastest oxidation response and were selected for
further experiments. No significant change in particle size or mean count rate was observed
for nanoparticles obtained from the other polymers. These results suggest that the
hydrophilicity of the monomer repeating units and the molecular weight of the polymer,
influence the oxidation response and therefore the degradation kinetics of the nanoparticles.

Subsequently, the degradation of AU polysulfide in the presence of hydrogen peroxide was
investigated using *H-NMR, UV-Vis, DLS and TEM. Figure 4.9 depicts the changes in the
'H-NMR spectra of the AU polymer before and after the treatment with hydrogen peroxide.
These results clearly confirmed the oxidation of the polysulfide to the corresponding
polysulfoxides, evidenced by the shift downfield (from 2.7 ppm (S-CH>) to 3.8 ppm (SO.-
CHy)) of the methylene signal directly bond to the sulfur. The oxidative response of
nanoparticle dispersion was also examined using UV-Vis measurements (Figure 4.10).
During the process of oxidation, the polymer chain become more hydrophilic and started to
dissolve in aqueous solution, causing nanoparticle degradation and hence a reduction in

scattered light intensity from the particle suspension.
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Figure 4.9 Oxidation of native polymer AU in the presence of 1 M hydrogen peroxide.
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Figure 4.10 Change in % transmittance with respect to time in the presence and absence of

hydrogen peroxide.

Nanoparticle suspension in the absence of H202 showed no change in turbidity even after 24

hours (Figure 4.10). A gradual increase in percentage transmittance, with approximately 99

% transmittance achieved in 12 hours, was noticed for the nanoparticle suspension with 65

mM addition of H»O0..

Initial transmittance at 0 hour for both, treated and untreated

suspensions was identical (20 %). Further experiments with variation in the concentration of
H>0, were also conducted. Higher concentration of H2O2 (10 %) resulted in a completely
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transparent solution within five minutes. When lower concentrations of hydrogen peroxide
were used (3 %) the complete transition took less than six hours. The changes in mean count
rate of nanoparticle dispersion was monitored using DLS, which displays a sudden decrease
in mean count rate with increase in the concentration of hydrogen peroxide. (Figure 4.11)
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Figure 4.11 Degradation kinetics and change in mean count rate (kcps) of AU polymeric
nanoparticle suspension (0.5 mg/ml) in water: in the presence of 3 and 10 % H20..

The initial particle size distribution of AU polymeric nanoparticles suspension (0.5 mg/ml) in
water is shown in Figure 4.12a. In the absence of hydrogen peroxide, there was no significant
change in the average diameter or mean count rate over a period of 15 hours measured by
DLS. Figure 4.12b shows the change in particle size distribution and degradation kinetics
over a period of 15 hours in the presence of 65 mM hydrogen peroxide, clearly confirming
the degradation of nanoparticles. A large population of small particles with hydrodynamic
values between 10 and 25 nm is evident in the DLS plot after 14 hours of treatment with
H20.. Initial mean count rate decreased from approximately 160 kilocounts per second (kcps)
to less than 30 kcps within 8 hours. The decrease in mean count rate is caused by both, the
sedimentation and the degradation of AU polymeric nanoparticles under oxidative

environment.
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Figure 4.12 Particle size distribution (DLS) a) in the absence and b) in the presence of H2Oo.
Change in average diameter and mean count rate (DLS) c) in the absence d) in the presence

of H20,. TEM images e) before and f) after H.O treatment.

Transmission electron microscopy data was consistent with the results obtained by DLS
analysis. Well-defined nanoparticles were observed for the AU polymer with an average
diameter of 130 nm. Furthermore, TEM revealed that the particle morphology changed after
H>0, addition. Pore like structures with the diameter ranging from 10 to 30 nm could be
observed on the surface of nanoparticles treated with H2O> as a result of polymer oxidation
(Figure 4.12 e and ).
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Figure 4.13 (a) Degradation kinetics and change in mean count rate (kcps) of AU

nanoparticles prepared by various methods: nanoprecipitation (NP) single emulsion (SE)

and double emulsion (DE) upon treatment with 65 mM H2O, measured by DLS. Change in

turbidity, in the presence and absence of H>O. for nanoparticles prepared by (b)

nanoprecipitation, (c) single emulsion and (d) double emulsion measured by UV-Vis
spectrometry.

Degradation kinetics of AU polymeric nanoparticles prepared by single and double emulsion
techniques in the presence of 65 mM hydrogen peroxide was also measured by DLS. The
nanoparticles prepared by double emulsion showed a slower degradation compared to those

prepared by single emulsion and nanoprecipitation techniques (Figure 4.13).

4.1.6. Encapsulation efficiency
Polymer AU showed the fastest oxidation response to hydrogen peroxide and therefore was
chosen to investigate the creation of a stimuli-responsive drug delivery system. According to
Blanco et al. and Hans et al., the encapsulation efficiency of nanoparticles depends on the
molecular weight and concentration of the polymer used to create the nanoparticles

dispersion [40, 41]. Nile Red is a hydrophobic dye used frequently as a model to investigate
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the encapsulation efficiency and kinetics of dye release. Nile Red is known to be fluorescent
in a hydrophobic environment; however a decrease in the fluorescence is observed when it is
released into water.[193] In this case, the Nile Red encapsulation efficiency determined by
fluorescence spectroscopy and was 32%. The calibration curve is shown in appendix Da. The

low efficiency can be attributed to the low molecular weight of the polymer AU.

4.1.7. Release of encapsulated Nile Red.

Suspensions of polymer nanoparticles (0.5 mg/ml) with encapsulated Nile Red dye were
prepared in PBS buffer (pH 7.4), and treated with 65 mM of H20.. Fluorescence
spectrometry was used to observe the release kinetics over a period of 15 hours. Figure 4.14.
a and b show the gradual reduction in fluorescence intensity from 100 % to less than 20 %
after 12 hours, in contrast to the almost invariable fluorescence intensity observed in control
sample without H2O> (Figure 4.14 a and c). These results indicate that the release of Nile Red
due to the oxidative degradation of nanoparticles is indeed taking place, causing a change in
its hydrophilicity and a reduction of the fluorescence intensity throughout time.

Physiological and pathological concentration of reactive oxygen species such as hydrogen
peroxides in cellular levels are in the order of micromolar.[194] Therefore, in following
experiments the concentration of hydrogen peroxide was reduced to biologically relevant
levels. By this manner, 100 ug/ml of Nile red encapsulated inside AU nanoparticles (pH 7.4
PBS buffer) were treated with varied concentrations of H20> (0, 50, 200 and 500 uM). Figure
4.14 d shows a 50% decrease in the fluorescence intensity after ~ 100 hours of treatment
when 50 uM of H20, was employed. This outcome clearly validates the effectiveness of
controlled release from nanoparticles created from polysulfide AU in diluted concentrations
of H20.. To the best of our knowledge, this is the first time that the degradation of a

polysulfide at a pathological concentration level of H>O> has been demonstrated.
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4.14 a) Change in fluorescence intensity (at 620 nm) of Nile Red encapsulated AU
nanoparticles in the presence and in the absence of H>O. (65 mM). The decrease of
fluorescence corresponds to the release of the dye from the apolar particles to the polar
aqueous solution. (b,c) Corresponding fluorescence spectra of solutions of Nile Red
encapsulated AU nanoparticles with and without H20,. (d) Release profiles of Nile red
encapsulated AU nanoparticles (500 ug/ml) with various pathologically relevant
concentrations of HxO2: 0 uM (black square), 50 uM (red circle), 200 uM (green up
triangle), 500 uM (blue down triangle).

4.1.8. Cell viability-MTT assay
The cytotoxicity and cell viability of the created polymeric nanoparticles was evaluated using
the MTT test. The assay was performed using AU polymeric nanoparticles in a range of 0.1 -
2.0 mg/ml. After 24h of contact with HeLa cells at 1.0 mg/ml nanoparticle concentration only
a decrease of 20 % in cell viability was observed (Figure 4.15a). In the case of HUVEC there

was a decrease of 18% cell viability. In both the cases the AU polymeric nanoparticle showed
less toxicity. (Figure 4.15b).
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Figure 4.15 MTT assay-cell viability of free AU polymeric nanoparticles a) Hela cells b)
HUVEC cells.

4.1.9. Cellular uptake

Nucleus |DAP| Nile red Overa|

Figure 4.16 CSLM images of Hela cells treated with Nile Red encapsulated inside AU

NR@AU

Control

polymeric nanoparticles for 24 hrs at 37°C. The images from left to right show: experiments
with DAPI staining (blue), Nile Red staining (red) and the overlays of both images. The scale

bars are 20 um. The control experiment was performed without Nile Red addition.
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In order to have a clear insight on how the polymeric nanoparticles interact with cells,
cellular uptake studies were also performed on HelLa cell lines. The cellular uptake of
polymeric nanoparticles with encapsulated Nile Red was monitored using confocal laser
scanning microscopy (CLSM). Figure 4.16 shows the comparison of 50 pg/ml Nile Red@AU
nanoparticle cellular uptake as well as the control experiments (without Nile Red). HeLa cell
lines were stained with 4',6-diamidino-2-phenylindole (DAPI). In the control experiment the
characteristic red fluorescence is not visible. In the samples with Nile Red, there is a clear
evidence of particle internalisation due to endocytosis, and uniform distribution of Nile

Red@AU nanoparticle can be observed in the cytoplasm.

DAPI Nile Red Overlay

4.17 CSLM images of HUVECs treated with Nile Red encapsulated inside AU polymeric

Nile Red @AU

Nile red only

nanoparticles for 24 hrs at 37°C. The images from left to right show: experiments with DAPI
staining (blue), Nile Red staining (red) and the overlays of both images. The scale bars are

20 um. The control experiment was performed with only Nile Red addition.

Similar experiments were also done using HUVECs. Figure 4.17 shows the comparison of 50
pug/ml Nile Red@AU nanoparticle cellular uptake as well as the control experiments (with
Nile Red). HUVECs cell lines were stained with 4',6-diamidino-2-phenylindole (DAPI). In
the control experiment the characteristic red fluorescence is not as prominent as that of the of
Nile Red@AU nanoparticle. In the samples Nile Red@AU, there is a clear evidence of



particle internalisation due to endocytosis, and uniform distribution of Nile Red@AU

nanoparticle can be observed in the cytoplasm.

4.1.10. General conclusion
The successful synthesis of novel hydrogen peroxide-responsive linear polysulfides by
applying the thiol-yne click polymerization reaction was herein reported. Dispersions of
stable polymeric nanoparticles were efficiently prepared by nanoprecipitation, and single and
double emulsion techniques. These nanoparticles are sensitive towards biologically relevant
low concentration of oxidising agents such as hydrogen peroxide, and have the potential to be
applied in the control release of hydrophobic and hydrophilic drugs. It was demonstrated that,
when polymers with a low molecular mass were used, the oxidation time and the required
amount of hydrogen peroxide decrease, making them quickly soluble in aqueous solutions.
Moreover, it was also showed that small size of nanoparticles (> 250 nm) improves efficient
cellular uptake, turning these new structures into promising oxidation-responsive molecular

cargos.

4.2.Synthesis of oxidation responsive poly(B-hydroxy thioether)s via thiol-
epoxide ring opening polymerization

Thiol-epoxide ring opening polymerization is a relatively new method for the synthesis of
functional materials. A new class of polymers, poly(B-hydroxy thioether) was synthesized
using a base catalyzed ring opening of epoxides in presence of thiols.[195] This approach
utilizes the nucleophilic characteristics of thiols and the ring strain of epoxides. This method
also facilitates an easy and quick way to generate linear polymers with hydroxyl substitution.
Post modification of these polymers can be carried out by using appropriate and reactive
functional groups.
Here a modified synthetic approach for the synthesis of linear poly(B-hydroxy thioether) is
reported. Five different linear poly(B-hydroxy thioether)s were synthesized using a
combination of one diepoxide (neopentyl glycol diglycidyl ether) and five different dithiols.
Figure 4.18, shows monomers, reagents and polymers synthesized by thiol-epoxide ring
opening reaction. In all the cases the monomer ratio was fixed to be 1:1. The monomer
conversion after 2 hours is reported in Table 4.5. Synthesized polymers were designated as
EP1, EP2, EP4, EP5 and EP6. Obtained polymers are viscous in appearance and soluble in

organic solvents such as THF, acetone ethanol and chloroform ( Table 4.5).
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Figure 4.18 Structure of monomers used and different poly(f-hydroxy thioether) formed.

42.1. 'THNMR and Raman characterization of oxidation responsive poly(B-
hydroxy thioether)s
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Figure 4.19 Solid state Raman spectroscopy of EP6 polymer and its monomers.

!H-NMR spectra of all five polymers are shown in (Appendix B (a-e)). All spectra were

acquired in CDCls, Chemical shifts (5) are given in ppm relative to the internal standard
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tetramethylsilane (TMS, & = 0.00 ppm). In all the cases the -HC-S bond formation at 3.93
ppm and disappearance of epoxide peaks (-CH2) at 2.58 ppm were observed. The monomer
conversion is also reported in the Table 4.5. To further confirm the thiol-epoxide
polymerization, a selected polymer EP6 was also characterized using Raman spectroscopy.
Figure 4.19 shows the disappearance of the epoxide peak (1250 cm™) and the terminal -SH
group from dithiol (2568 cm™).

4.2.2. Molecular weight characterization (GPC) of oxidation responsive poly(p-
hydroxy thioether)s
The GPC results show (Table 4.5, Figure 4.20) that synthesised polymers have average

molecular weight My in the range between 4800 and 8900 g/ mol. The poly dispersity index

(PDI) value was between 1.7 and 1.9.
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Figure 4.20 GPC of various poly(s-hydroxy thioether)s synthesized by thiol-epoxide ring
opening polymerization. Calibration curve polystyrene standards (Polymer Standard Service,
MP 474— 2520000 Da).
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Table 4.5 GPC traces of various poly(s-hydroxy thioether)s.

Polymers  My? PDI2  Conversion® Solubility

(9/mol) (%) THF DMSO H20 Ethanol  Acetone
EP1 5.8 1.8 94 + + - + +
EP2 4.8 1.7 60 + + - + +
EP4 7.3 1.8 66 + + - + +
EP5 5.4 1.7 88 + + - + +
EP6 8.9 1.9 89 + + - + +

aMeasured by GPC against polystyrene standards in THF, ® Measured by *H-NMR, + Soluble — Not soluble

nanoparticles

4.2.3. Preparation

oxidation

responsive  poly(B-hydroxy thioether)s

All five poly(B-hydroxy thioether)s were employed to prepare nanoparticles dispersion by

nanoprecipitation.
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Figure 4.21 Particle size distribution of poly(f-hydroxy thioether) nanoparticles prepared by

nanoprecipitation, measured by DLS.

The poly(B-hydroxy thioether)s were dissolved in acetone and added to MilliQ water. The

stirring was kept at 1000 rpm and the particle formation at the interface was observed with a
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change in solution turbidity. The obtained nanoparticles solution was allowed to stir for an
additional six hours to evaporate acetone from the solution. The nanoparticles solution was
further dialyzed against water using cellulose membrane dialysis tube to remove the
impurities, further the particle solution was pre concentrated by centrifugation. The particle
solutions showed good stability for 6-8 weeks without any significant change in particle size
and zeta potential measured by DLS, over a period of time (Table 4.6). The number average
particle size was between 110 and 195 nm with zeta potential values between -25 and -35
mV. The particle size distrubtion of various poly(B-hydroxy thioether) nanoparticles is shown
in Figure 4.21. TEM image of EP5 nanoparticles are also shown in the Figure 4.21. which

confirms the presence of spherical nanoparticles and in accordance with the DLS datas.

Table 4.6 DLS measurements of poly(f-hydroxy thioether) nanoparticles prepared by

nanoprecipitation.

Polymers Average Zeta Nanoparticle
particle size,  potential, stability®
DLS (nm)? DLS (mV)?

EP1 151.3+ 6.5 -32.0+4.8 Stable

EP 2 1157+ 4.0 -345+ 2.6  Stable

EP 4 1454 +54 -31.4+3.7 Stable

EP5 192.6+ 2.5 -27.7+£2.0 Stable

EP 6 142.9 £8.3 -26.5+3.4 Stable

2 b Measured by DLS.

The EP5 polymer was selected and polymeric nanoparticles were also prepared using single
emulsion and double emulsion techniques. (Table 4.7 and 4.8). The change in particle size as
a result of different concentration of PVA was investigated. When the concentration of PVA
was raised from 0.05% wi/v to 1 % wl/v, the particle size showed decrease from 251.5 + 18.8
nm to 202.8 £ 6.5 nm for single emulsion method. The decrease in particle size is usually
attributed to the presence of higher concentration of the surfactant which makes the
nanoparticle stable; the zeta potential showed an increase in value and the highest zeta

potential value -18.6 + 7.4 was obtained for the smallest nanoparticle.
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Table 4.7 DLS measurements of EP5 polymeric nanoparticles prepared by single emulsion

technique.
PVA (%) Average Particle Zeta potential Notes?
size, (nm)? (mV)?2
0.05 251.5+18.8 -11.9+238 Stable
0.1 2255+154 -15.3+5.6 Stable
0.5 217.9+10.5 -16.8+5.0 Stable
1 202.8 £6.5 -18.6+7.4 Stable

& Measured by DLS

Double emulsion nanoparticles were prepared as described earlier. The smallest value of
average particle size 98.8 = 3.5 was obtained for nanoparticles prepared with the highest
concentration of PVA (1% w/v). An increasing trend in average particle size was seen when

the concentration of PVA was reduced.

Table 4.8 DLS measurements of EP5 polymeric nanoparticles prepared by double emulsion

technique.
PVA (%) Average Particle Zeta potential Notes?
size, (nm)? (mV)?2
0.05 173.7+14.3 -6.6+2.8 Stable
0.1 107.9+6.8 -104+2.8 Stable
0.5 110.8+4.0 -10.8+25 Stable
1 98.8+35 -125+0.5 Stable

& Measured by DLS

These results also indicate that the zeta potential for nanoparticles obtained by single and
double emulsion techniques was significantly lower than that obtained by the
nanoprecipitation method. Taking this into account and considering that degradation kinetics
and nanoparticle stability, for further investigations the nanoparticles obtained by the

nanoprecipitation method were preferred.
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4.2.4. Nanoparticle degradation oxidation response of poly(p-hydroxy thioether)

nanoparticles in aqueous media

Further experiments with different concentrations of H.O> were performed. 50, 100, 200 and

500 mM concentration of H>O> was used to study the kinetics of nanoparticles degradation

using DLS technique. When lower concentration (50 mM) of H20. was used, the complete

transition took more than 36 hours. The change in the mean count rate and the average

particle size of nanoparticles dispersion was monitored. The sudden decrease of the mean

count rate and the particle size was observed for increasing H2O> concentrations. (Figure 4.22

aand b).
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Figure 4.22 Degradation kinetics, change in a) mean count rate and b) average paticle size

for EP5 nanoparticle suspension with various concentration of hydrogen peroxide.

When lower concentration of H>O» was used, the degradation was much slower. The
transition was more visible with an abrupt change in mean count rate after 20 hours due to

prolonged exposure, as seen in figure 4.22 a.
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Figure 4.23 Change in % transmittance with respect to time in the a) absence and b)
presence of 100 mM hydrogen peroxide.

The nanoparticles suspension in the absence of H.O> showed no change in turbidity even
after 24 hours (Figure 4.23 a). A gradual increase in percentage transmittance, with
approximately 99% transmittance achieved in 18 hours, was noticed for the nanoparticle
suspension with the 100 mM addition of H2O. (Figure 4.24 b). Initial transmittance at 0 hour
for both, treated and untreated suspensions was identical (20 %) at 400 nm.

4.2.5. Nile Red encapsulated in poly(B-hydroxy thioether) nanoparticles
Nanoparticles with Nile Red were prepared in a similar way as described earlier in chapter
4.1.4. 10 mg of synthesized polymers and 0.1 mg of Nile Red was dissolved in 1 ml of
acetone. The solution was stirred for 3.5 hours, and finally added to 9 ml of MilliQ water
under magnetic stirring (1000 rpm). Next, the solution was allowed to stir for six hours to
evaporate the organic solvent. Nanoparticles were separated using cellulose membrane
dialysis tube (MWCO 14,000 Da) and further pre concentrated by centrifugation for 15
minutes at 9500 g.

4.2.6. Encapsulation efficiency
Encapsulation efficiency is one of the most important parameters in drug delivery
applications. The nanoparticle suspension with Nile Red was first centrifuged at 9500 g for
15 mins and than the supernatant was removed. Next, nanoparticles were further resuspended
in Milli-Q water and again centrifuged at 9500 g for 15 mins. The final precipitate was
dissolved in acetone and the fluroscence or absorbance measurement was used to determine

the encapsulation efficiency. Standard calibration curve for Nile Red in acetone is shown in
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appendix D. Encapsulation efficiency for the poly(p-hydroxy thioether) nanoparticles were
found to be between 30- 50 %.

4.2.7. Nile Red release and degradation Kinetics of poly(p-hydroxy thioether)
nanoparticles

To investigate the oxidation sensitivity of all the five poly(B-hydroxy thioether) nanoparticle
prepared. Nile red encapsulated nanoparticle suspension was treated with 100 mM of H20..
The release kinetic was monitored over a period of 16 hours. From the Figure 4.24 it is
obivious that the release was faster from EP 5 and EP 6 nanoparticles compared to other
nanoparticles investigated. Nile red fluorescence was reduced to less than 5 % for both EP 5
and EP 6. EP 4 synthesised from 1,8-octanedithiol monomer, showed the slowest release
kinetics compared with other polymers, only 54 % Nile red fluorescence was observed after
16 hours. EP 2 and EP 1 showed around 11 % Nile red fluorescence after 16 hours of H.O>
treatment.
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4.24 Change in fluorescence intensity (at 620 nm) of Nile Red encapsulated EP5

nanoparticles in the presence and in the absence of various concentrations of H2O2 (100mM).

The release of Nile Red from poly(B-hydroxy thioether) nanoparticles induced by H2O2 was
monintored by fluorescence spectroscopy. Compared to polysulfide nanoparticles, poly(p-
hydroxy thioether)s showed slower response to oxidating agent. Figure 4.25 a shows the
release of Nile Red from EP5 nanoparticles with various concentration of H2O, The 80 %
drop in fluroscence intensity was observed after 2-3 hours for suspention with 1 M of H.O..
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With lower concentration of H.O> (100 mM) the degradation time was longer and took 14
hours. Figure 4.25 b shows the change in fluorescence intensity in the absence and presence
of hydrogen peroxide for the Nile red encapsulated EP5 nanoparticle solution. It is not clear
what causes the slight increase in fluorescence at 4 hrs. The Influence of released Nile red

could be one of the possible reasons.
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Figure 4.25 a) Change in fluorescence intensity (at 620 nm) of Nile Red encapsulated EP5
nanoparticles in the presence and in the absence of various concentrations of H,O> (100mM,
200 mM, 500 mM and 1 M). b) Sample fluorescence in the presence and in the absence of
H>0O> after 18 hours.

4.2.8. Cellular uptake

The cellular uptake of polymeric nanoparticles with encapsulated Nile Red was monitored by
confocal laser scanning microscopy (CLSM). Figure 4.26 shows the cellular uptake of EP5
nanoparticles suspention with encapsulated Nile Red with HeLa cell lines were stained with
4'.6-diamidino-2-phenylindole (DAPI). In the control experiment without Nile red the
characteristic red fluorescence is not visible. In the samples with Nile Red, there is a clear
evidence of particle internalisation due to endocytosis and uniform distribution of Nile Red
@ EPS5 nanoparticles can be observed in the cytoplasm.
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Figure 4.26 CSLM images of Hela cells treated with Nile red encapsulated EP5 polymeric
nanoparticles for 24 hrs at 37°C. The images from left to right show: experiments with Nile
Red staining (red), DAPI staining (blue) and the overlays of both images. The scale bars are

100 um. The control experiment was performed without Nile Red addition.

4.2.9. Cell viability-MTT assay
The cell viability of poly(B-hydroxy thioether)s polymeric nanoparticles was evaluated using
the MTT assay. The assay was performed using nanoparticle concentration in the range of O -
2.0 mg/ml. HUVEC cells with a cell density of 5000 cells per well were used. After
incubation for 4 hours with nanoparticle solution, only a decrease of 70-50 % in cell viability
was observed even at a concentration of 2 mg/ml. Nanoparticle derived from EP1 polymer
showed the highest level of toxicity among the rest of polymers measured. (Figure 4.27).
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Figure 4.27 MTT assay-cell viability of poly (B-hydroxy thioethers) polymeric nanoparticles.

4.2.10. General conclusion
The synthesis of hydrogen peroxide-responsive linear poly(B-hydroxy thioether)s by thiol-
epoxide polymerization reaction is herein reported. Stable dispersions of polymeric
nanoparticles were efficiently prepared by nanoprecipitation, and single and double emulsion
techniques. Synthesized poly(B-hydroxy thioether)s are less sensitive towards hydrogen
peroxide, compared to the linear polysulfides prepared by thiol-yne reactions. However, it
was demonstrated that, when 100 mM of H2O> was used, the degradation of nanoparticles
was achieved in 14 hours. The cell viability and the cellular uptake with Hela cells were
efficient. Linear poly(B-hydroxy thioether)s can be utilized as a promising oxidation-
responsive molecular cargos for the delivery of anti-inflammatory hydrophobic drugs for its

controlled and delayed release at the site of a chronic infalammation.
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4.3.Syntheses of poly(p-thioester)s via base-catalyzed Michael-type nucleophilic
thiol-ene polyaddition

Diacrylate Dithiols Poly (B-thioesters)
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Figure 4.28 Structure of monomers used and different poly(f-thioester) formed.

Poly(B-thioester)s were synthesized via base-catalyzed Michael-type nucleophilic thiol-ene
click polyaddition using a combination of six different dithiols and one diacrylate. During
polymerization each diacrylate functional group was combined with one thiol to generate a
thioester bond. Figure 4.28 shows the chemical structures of monomers and polymers
formed. The reaction was carried out in the presence of trimethylphosphine (PMes) as
catalyst. Structures of six linear polymers synthesized are also shown in appendix C (a-f).
Synthesized poly(p-thioester)s were designated as P7, P8, P9, P10, P11 and P12. The
monomers ratio was fixed to be 1:1. Polymerization time was optimized for a minimum
reaction time of 60 minutes to achive the complete conversion of monomers. Obtained
polymers were reprecipitated in n-hexane at least three times and dried under vacuum before
further analysis. All polymers were viscous and gel-like , which is a characteristic property of
polymers synthesized using polar monomers like di(ethylene glycol) diacrylate.[196] The
monomer conversion after one hour and their respective solubility with some common

solvents are reported in Table 4.7.

'H-NMR and Raman characterization of biodegradable poly(p-thioester)s tHNMR spectra of
all polymers were measured in CDCls and are shown in (Appendix C (a-f)). The
disappearance of characteristic C-H peak of alkene at 6.12 ppm, in addition to the formation
of S-CH. peak at 2.85 ppm confirmed successful polymerization.
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Kinetics of the thiol-ene polymerization and the percentage conversion of the monomer was
monitored in detail by *H-NMR. Polymer P10 was synthesized using a 1:1 molar ratio 1,8-
octanedithiol and di(ethylene glycol) diacrylate. Obtained polymers were reprecipitated in n-
hexane at least three times and dried under vacuum before further analysis. *H-NMR spectra
of polymers were obtained at different time points, which shows The gradual disappearance
of characteristic alkene protons (8 5.83, 6.17 and 6.40 ppm) present in diacrylate molecules

together with gradual increase of S-CH> peak at 2.85 ppm were observed (Figure 4.29).
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Figure 4.29 Time lapse *H NMR spectra’s of polymer P10

4.3.1. Molecular weight characterization (GPC) of biodegradable poly(p-
thioesters)
The GPC results show (Table 4.9, Figure 4.30), that obtained polymers have average
molecular weight My in that range of 9800 to 53900 g/ mol. The poly dispersity index (PDI)
was relatively high and varied depending upon the dithiol used. The polymer P7, prepared by
using 1,2-ethane dithiol and di(ethylene glycol) diacrylate showed a higher PDI of 31.7. The
lowest PDI (6.8) was obtained for the polymer P9.
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Figure 4.30 GPC of various poly(p-thioester)s synthesized using thiol-ene click
polymerization. Calibration curve polystyrene standards (Polymer Standard Service, MP
474— 2520000 Da).

Table 4.9 GPC traces of various poly(f-thioester)s.

Polymers M,? PDI?  Conversion® Solubility
(g/mol) (%) THF DMSO H20 Ethanol  Acetone

P7 53.9 317 98 + + ; ; n
P8 16.7 8.7 95 + + - ] +
P9 23.3 6.8 96 + + - - +
P10 13.2 10.5 98 + + - - +
P11 9.8 14.2 96 + + - - +
P12 29.5 9.8 98 + + - - +

3 Measured by GPC against polystyrene standards in THF, ® Measured by *HNMR, + Soluble — Not soluble

4.3.2. Preparation of biodegradable poly(B-thioester)s polymeric nanoparticles
All six poly(B-thioester)s nanoparticle dispersions were prepared by nanoprecipitation (Table
4.10). The poly (B-thioester) were dissolved in acetone and added to MilliQ water containing
(0.05 % wl/v) PVA as a surfactant. While stirring at 1000 rpm the particle formation at the
interface was observed indicated by a change in solution turbidity. The obtained

nanoparticles dispersion was allowed to stir for an additional six hours to evaporate acetone
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from the solution. The nanoparticles dispersion was further dialyzed against water using
cellulose membrane dialysis tube to remove the excess of PVA. Next, the nanoparticle
dispersion was pre concentrated by centrifugation. Polymeric nanoparticles dispersion
prepared from P7 was not stable, whereas P8, P9, P10 P11 and P12 formed stable suspension
of nanoparticles. The nanoparticle dispersions showed considerable good stability for at least
4-5 weeks without any significant change in particle size and zeta potential controlled by
DLS measurements, over a period of time. The number average particle size (d) was between
100 and 180 nm with zeta potential values between -8 and -52 mV.

Table 4.10 Particle size and zeta potential of poly(f-thioester)s nanoprecipitated particles

measured by DLS.

Polymers  Average Zeta Remarks”
Particle  size, potential,
DLS (nm)? DLS (mV)?2

P7 163.5+12.2 -193+14 Not stable
P8 1544 +£2.8 -51.3+2.6 Stable
P9 176.2 £29.4 -174+1.6 Stable
P10 1346 £17.0 -47.1+4.0 Stable
P11 141.4 £ 3.7 -89+1.3 Stable
P12 100.8 £ 6.8 -42.9+3.3 Stable

aMeasured by DLS, ° Stability of nanoparticles after nanoprecipitation.

In order to have a clear insight of the particle morphology, SEM was used to visualize the
nanoparticles. Representative SEM images of P8 polymeric nanoparticles are shown in

Figure 4.31. Depicted nanoparticles are spherical with the size below 200 nm.

Figure 4.31 (a) Representative SEM images of poly (f-thioester) (polymer P8) nanoparticles.

72



4.3.3. Nile red encapsulated poly(p-thioesters) nanoparticles
A schematic representation for the preparation of polymer, encapsulation of dyes and

hydrolysis of poly(B-thioesters) nanoparticle is shown in Figure 4.32.
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Figure 4.32 Schematic representation of preparation, hydrolysis and dye release from poly

e /

(p-thioester) polymer nanoparticles.

Nile red encapsulated nanoparticles were prepared in a similar way as described earlier. 10
mg of polymer and 0.1 mg of Nile Red was dissolved in 1 ml of acetone. This solution was
stirred for 3.5 hours, and finally added to 9 ml of MilliQ water containing (0.05 % w/v or 0.5
g/l) PVA under magnetic stirring (1000 rpm), the solution was allowed to stir for at least six
hours to evaporate the organic solvent. Particles were separated using cellulose membrane
dialysis tube (MWCO 14,000 Da) and further pre concentrated by centrifugation for 15
minutes at 10,000 rpm.

4.3.4. Encapsulation efficiency
Encapsulation efficiency is one of the most important parameters in drug delivery
applications. The nanoparticle suspension with Nile Red was first centrifuged at 9500 g for
15 mins and then the supernatant was removed. Next, nanoparticles were further resuspended

in Milli-Q water and again centrifuged at 9500 g for 15 mins. The final precipitate was
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dissolved in acetone and the fluroscence or absorbance measurement was used to determine
the encapsulation efficiency. The encapsulation efficiency was determined to between 35-55

% Appendix D shows a calibration curve for Nile Red in acetone.

4.3.5. Nile red release and degradation kinetics of poly(p-thioesters) nanoparticles
The Nile red release form the nanoparticles were determined using fluorescence
spectroscopy. 0.2-0.5 mg/ml Nile red encapsulated poly(B-thioester) nanoparticles were
diluted with different buffer solutions. The release kinetics was monitored at 37°C. The
release profile of the dye from polymer P10 under different buffers are show below (Figure
4.33). The most hydrophobic poly(B-thioester) P10 showed the least amount of dye release
when water was used. However, more than 50% of the release was observed in 16 hours
under pH 5.01 when 200 mM of NaOAc buffer was used.
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Figure 4.33 Release profle of nile red from poly(p-thioester) P10 polymer nanoparticles.

4.3.6. Cellular uptake
The cellular uptake of polymeric nanoparticles with encapsulated Nile Red was monitored
using confocal laser scanning microscopy (CLSM). Figure 4.34, shows the comparison of
Nile Red encapsulated P10 nanoparticle cellular uptake. HeLa cell lines were stained by 4',6-
diamidino-2-phenylindole (DAPI). In the control experiment the characteristic red
fluorescence is not visible. In the samples with Nile Red, there is a clear evidence of particle

internalisation, and uniform distribution of Nile Red @ P10 nanoparticle can be observed in
the cytoplasm.
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Figure 4.34 CSLM images of Hela cells treated with Nile red encapsulated inside P10 poly
(B-thioester) polymeric nanoparticles for 24 hrs at 37°C. The images from left to right show:
experiments with DAPI staining (blue), Nile Red staining (red) and the overlays of both
images. The scale bars are 20 um. The control experiment was performed without Nile Red

addition.

4.3.7. Cell viability-MTT assay
The cell viability of poly(B- thioester) polymeric nanoparticles was evaluated using MTT
assay. The assay was performed using nanoparticle concentration in the range of 0 - 1.0
mg/ml. Hela cells with a cell density of 20000 cells per well were used. After incubation for 4
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hours with nanoparticle solution, only a decrease of 20-10 % in cell viability was observed at
a concentration of 1 mg/ml. Nanoparticle derived from P11 polymer showed the highest level

of toxixcity among the rest of polymers measured. (Figure 4.35).
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Figure 4.35 MTT assay-cell viability of poly(s-thioesters) polymeric nanoparticles.

4.3.8. General conclusion
The synthesis of linear poly(B-hydroxy thioesters) by thiol-ene nucleiophic addition
polymerization reaction is herein reported. Dispersions of stable polymeric nanoparticles
were efficiently prepared by nanoprecipitation stabilized by PVA as surfactant. The
nanoparticles undergo hydrolysis when treated with NaOAc buffer at pH 5.01. The cell
viability and the cellular uptake with Hela cells were efficient. So we anticipate that the linear
poly(B-hydroxy thioesters) can be utilized as a promising biodegradable cargo for the

delivery of hydrophobic drugs or dyes.
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5. Summary and Outlook
The aim of this thesis was to synthesize sulfur contacting polymer libraries, which can be
used as delivery matrices for triggered release of payloads. Herein three polymeric libraries
were synthesized using three different synthetic approaches. The coupling of dithiols with
alkynes, diepoxide and diacrylate was established to generate linear polysulfides, poly(p-
hydroxy thioethers) and poly(B-thioester), respectively. The polymerization reactions carried
out in these studies are facile, rapid and more convenient in comparison with other
polymerization techniques. The reaction time was optimized and was mostly under 4 hours.
These coupling reactions are efficient for the preparation of polymer libraries. However more
studies are required to establish polymers with predefined molecular weight and better
polydispersity index.
Stimuli responsive nanoparticles are prominent in the area of biomedicine, the preparation of
nanosized particles not only depends on the technique used but also various other parameters
involved during the preparation steps. Three commonly used techniques were used for the
preparation of nanoparticles from the synthesized linear polymers.
Oxidation responsive polysulfides and poly(p-hydroxy thioethers)
It was possible to demonstrate that that the linear polysulfides and poly(B-hydroxy thioethers)
prepared using the thiol-yne and thiol-epoxide reactions are sensitive to hydrogen peroxide. |
have shown that different parameters, such as the preparation tecnique, size and chemical
nature of the polymer, influence the degradation kinetics and, hence, the payload release
kinetics. Linear polysulfides were more responsive to hydrogen peroxide when compared
with poly(B-hydroxy thioethers). Polysulfide AU showed the highest sensitivity towards
H202 when compared with the rest of the polymers studied in the thesis. The fact has to be
admitted that the sensitivity towards hydrogen peroxide are of the order of millimolar range,
which makes the nanoparticle degradation kinetics slower in the phathological and
physiological conditions.
Outlook and perspective
In my study, the polysulfides and poly(B-hydroxy thioethers) have demonstrated substantial
oxidation-responsive character to hydrogen peroxide. Other advantages of this polymers
include the controllable synthesis of the polymer and their low cytotoxicity, facile process for
the drug carrier preparation and further possibility to encapsulate hydrophobic cargos.
Polysulfides and poly(B-hydroxy thioethers) are, therefore, expected to have promising
applications in anti-inflammatory therapy.
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Even though considerable progress has been made so far in the field of ROS responsive
materials, there are several challenges to be addressed for future development. It is important
to design materials that can distinguish between the low levels of ROS from normal cellular
activities and the increased levels of ROS from pathological sites. Biocompatibility of ROS-
sensitive materials is also an important factor to be considered when designing novel ROS-
sensitive drug delivery systems. Inflammatory response can be triggered by activated
macrophages and neutrophils resulting in the generation of large amount of ROS (respiratory
burst) that can adversely act on ROS-responsive materials. For optimal outcomes, solubility
change and degradation should be controlled at a rate suitable for pathologies. Interaction
between polymer composition, material properties, and biological effects should be
thoroughly understood in order to design the next-generation ROS-responsive biomaterials.
In spite of its current challenges, ROS-responsive materials offer a novel treatment possibility

and hold great potential in the field of biomedicine.

Biodegradable poly(pB-thioesters)

The biodegradable poly(B-thioesters) are promising materials for biomedical applications.
Polymer libraries were synthesised using co-polymerization of various dithiols and
diacrylates. The reaction showed high efficieny and almost 98% conversion was achieved.
However, the polydispersity index was relatively high. The molecular weight distrubition can
be controlled by changing the monomer ratios and reaction time. Thiol-ene Michael addition
is a non-radical fast reaction with high yields that proceeds at room temperature with minute
amounts of a tertiary phosphine or amine used as catalyst. Poly(B-thioesters) synthesized
using thiol-ene Michael addition is a relatively new area and more research will be essential
for developing new polymers with enhanced properties. The synthesis of these polymers were
easier when compared with other biodegradable polymers. However, the degradation kinetics
is slow, there is a possibility of enhancing the degradation behaviour with the correct choice

of monomers.

Biodegradable polymer materials may find application in limitless number of areas such as
agriculture, automotives, medicine, and packaging which require environmentally friendly
polymers. If the level of biodegradation can be tailored to specific needs, each industry is
able to create its own ideal material. Controlling biodegradation is a challenge to be achieved
especially in the area of biomedicines. Biodegradable polymeric nanoparticulate systems are

being increasingly recognized as drug delivery systems which find a wide variety of
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applications in the pharmaceutical industry, hence biodegradable polymer matrix with

specific degradation kinetics is essential for efficient delivery systems.
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Appendices
Appendix A

Appendix A (a-f) XH NMR spectrum of polysulfide’s synthesized by thiol-yne reactions.
Appendix B

Appendix B (a-e) *H NMR spectrum of poly (B-hydroxy thioethers) synthesized by thiol-
epoxide reactions.

Appendix C
Appendix C (a-f) 1H NMR spectrum of poly (B-thioesters) synthesized by thiol-ene reactions.
Appendix D

Appendix D (a-b) Calibration curve for the determination of Nile Red encapsulation
efficiency.
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Appendix D Standard calibration curve for Nile red
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