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Abstract

Cancer is the second leading cause of death worldwide for both men and women and attacks
even the very young ages. In the recent years, significant progress has been made on the
development of pharmaceuticals for the treatment of cancerous tumors. However, the significant
side effects of their conventional route of administration, i.e., the non-selective and uncontrolled
delivery to cancer tissues, have driven the need for controlled drug delivery systems. Drug
delivery systems can safely deliver a drug substance by combining a suitable material with
bioactive molecules or drugs that would otherwise have inadequate activity or undesirable
pharmacokinetic characteristics or would be toxic to healthy normal cells. Polymeric drug delivery
systems that have been investigated range from polymeric micelles, vesicles, hydrogels, etc. The
aim of this thesis is to report the synthesis and characterization of a new, linear, main-chain photo-
and acid-degradable copolymer based on acylhydrazone linkages. The polymer synthesis was
carried out by the step-growth copolymerization of adipic acid dihydrazide with a bifunctional poly
(ethylene glycol) bearing benzaldehyde end-groups, under mild acidic conditions, to afford
hydrophilic PEG-alt-adipic acid (PEG-alt-AA) alternating copolymers. The synthesized polymers
were characterized by size exclusion chromatography, proton nuclear magnetic resonance and
attenuated total reflection-Fourier transform infrared spectroscopies. The main-chain photo- and
acid-induced degradation of the copolymers in dimethylsulfoxide and water, respectively, to
produce the two precursor comonomers, was verified by UV-vis spectroscopy at light intensities
as low as 0.1 mW cm™ at A = 254 nm. Next, a model anticancer drug, doxorubicin (DOX), was
chemically linked to the polymer chain end(s) via acylhydrazone bond(s), resulting in amphiphilic
PEG-alt-adipic acid-DOX (PEG-alt-AA-DOX) polymer—drug conjugates. The conjugates were
self-assembled in water to form spherical nanoparticles, as evidenced by scanning and
transmission electron microscopies and dynamic light scattering. The irradiation of the self-
assembled PEG-alt-AA-DOX conjugates with UV light and the simultaneous decrease of the
solution pH resulted in the disruption of the assemblies, due to the combined photolysis and

acidolysis of the acylhydrazone bonds, and led to the controlled release of the therapeutic cargo.

Keywords: cancer, drug delivery systems, polyacylhydrazones, photo- and acid-degradable

polymers, polymer-drug conjugates, doxorubicin, control release



MepiAnyn

O kapkivog atroTteAei TN deUTEPN, KUPIA aITia BavATou TTAYKOOMIWG, TG00 yia avdpeg 600 Kal yIa
yuvaikeg, TTpooBAaAAovTag akOun Kal TTOAU JIKPEG NAIKIEG. Ta TeAeuTaia Xpovia £xel ETTITEUXOEi
onpavtikh TTPG0d0¢ 0TNV AVATITUEN GAPHAKEUTIKWY OUCIWY YIA TV AVTIMETWTTION TWV KAPKIVIKWV
Oykwv. QoT1600, Ol ONUAVTIKEG TTOPEVEPYEIEG TTOU Trapoucidlovtal amd To cuuBaTtikd TpOTTo
X0pPnynong Toug, e€aiTiag TNG UN €KAEKTIKOTNTAG TOUG Kal PN €AEyXOUEVNG OIGBECHS TOUG OTOUG
KAPKIVIKOUG 10TOUG, £X0UV 0dNYAOElI OTNV €1I0aywyr TOUG O€ CUCTAMATA EAEYXOUEVNG XOPAYNONG.
Ta ouoTAMATA METAQOPAG QAPHAKWY €XOUV TNV IKaveTNTa TNG ac@AAoUG HETAQOPAS MIOG
(PAPMOKEUTIKAG ouaiag ouvdudaloviag UAIKG pe Blo-evepyd uopia 1 @APUOKa Ta OTToia O€
OIAQOPETIKN TTEPITITWON Ba €ixav aveTrapkn r pn €mBuunTd aPUAKOKIVATIKA XAPOKTNPIOTIKA N
Ba ATav TogIKd yia Ta uyir UGIoAOYIKG KUTTAapA. Ta TTOAUPEPIKG GUOTHHATA JETAPOPAS PAPHAKWY
TTEPIEXOUV €va €UPOG LOKPOMOPIOKWY JOMWY TTOU KupadivovTal atrd TTOAUMEPIKA UIKKUAIO PEXPI
OUVOETO CUOTAMOTA EITE JE HAKPOMOPIA EITE PE TIPWTEIVEG. ZTOXOC TNG TTAPOUCAS SITTAWMATIKIG
gpyaaciag, sivai n ouveeon Kal 0 XapAKTNPIOHOG VOGS VEOU OUlEUYUEVOU CUOTANOTOG TTOAUUEPOUG
— QAPHAKOU, TTOU PTTOPEI va dIaoTTaoTE He Qwg Kal pH, e€aitiag Twv deapwv akuAo-udpaldvng
TTOU TTEPIEXEL, VIO TNV EAEYXOUEVN ATTEAEUBEPWON TOU AVTIKOPKIVIKOU @apudkou. H ocuvBeon Tng
TTOAUMEPIKAG aAuCidag TTpaydaToTroinBnke HEOW TTOAUMEPIOPOU  TTOAUCUMTIUKVWONG NG
o1udpadivng Tou adimmkoU o&Eog, PE HIa dIdPAOTIKN TTOAU(AIBUAEVOYAUKOAN) TTOU @EpEl TENIKEG
opadeg Bevlaldelidng (PEGad), uttd ATTIO OEIVEG TUVBNAKEG, yia TNV TTapaywyrn evog udpo@iAou
eVOANQOOOUEVOU OUPTTOAUMEPIYEPOUG, PEG-alt-aditmiké o0&y (PEG-alt-AA). Ta ocuvtiBéueva
TTOAUMEP XOPAKTNPIOTNKAV HE XPWHATOYPAQIa ATTOKAEIOHWOU HEYEOWV KOl QACHOTOOKOTTIEG
TTUpNVIKoU JayvnTikoU OUVTOVIOPOU TTPWTOVIOU Kal uTrepUBpou e peTaoxnuaTiopd Fourier,
atrooBévoucag  OAIKAG avakAaong. H  didomaon TG TTOAUMEPIKNAG  aAucidag o€
O1uEBUNOCOUAPOLEIDIO Kal vePD, UTTO TNV eTTIdPaon Tou PwTOG (UV akTivoBoAiag oe A=254nm Kkai
xaunAn évraon 0.1 mW cm?) kai é¢ivou pH avtioToixa, €maAnBeUTNKE WE PACUATOOKOTTIO
UTTEPILLOOUG-0PATOU. ZTN CUVEXEIQ, £va TTPOTUTTO AVTIKAPKIVIKG @apuako, n doéopouikivn (DOX),
TPoodEédNKke xNMIKG oOTo(a) aGkpo(a) TnNG oAucidag Tou TTOAUMEPOUG, HECW OEOPWV
akuAoUdpalovng, yia Tn oUvBeon TOu AU@IQIAOU OUCEUYUEVOU OUCTANATOG TTOAUPEPOUG —
@apudkou, PEG-alt-adimké o&u-DOX (PEG-alt-AA-DOX). Autd T1a ouleuypéva oucoThuaTa,
eCaImiag Tou au@iIQIANOU XOPOKTAPA TOUG, auToopyavwenkav oe vepd yia TOV OXNMOTIOUO
OQAIPIKWY VAVOOWHATIBIWY, OTTWG ATTODEIKVUETAI ATTO TIG JIKPOOKOTTIEG NAEKTPOVIKAG OGpWong
Kal peradoong kai Tn péTpnon Ouvapikng okédaong @wtds. H akTivofdéAnon, TéAog, Twv

QUTOOPYOVWHEVWY CUCEUYUEVWY oUuoTNUATWY PEG-alt-AA-DOX e utrepitodn akTIivoBoAia Kai n
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Tautoxpovn HMeiwon Tou pH Tou dloAUPOTOG €ixe wg amotéAecpa Tn dIGoTTOCON  TWV
vavoowpaTidiwy, Adyw Tng cuvduaouévng ewtoAuong kal 6¢ivng udpdAuong Twv OECUWV

aKUAOUBPaZovNG TTOU 0dryNOE OTNV EAEYXOUEVN ATTOBECHEUOCT TOU BEPATTEUTIKOU QOPTIOU.

Négeig KA€1B14: KOPKiVOG, CUCTANATA PETAPOPAS Qapudkwy, TTOAUOKUAOUSpaldveg, TTOAUUEPN
TTou OdI00TTWVTAlI PE QWG Kal Ogivo pH, ouleuypéva OUCTAPATA TTOAUPEPWY  PAPHAKWY,
00&opouPikivn, EAeyxOPEVN aTTEAEUBEPWOT.



Chapter 1

Introduction

1.1 Cancer

Cancer is a prominent cause of death and a significant impediment to extending life expectancy
in every country. According to the World Health Organization (WHO), cancer was the first or
second leading cause of death before the age of 70 in 112 of 183 countries in 2019, and third or
fourth in another 23 countries. Cancer's rising prominence as a leading cause of death partly
reflects marked declines in mortality rates of stroke and coronary heart disease, relative to cancer,
in many countries [1]. There were an estimated 19.3 million new cases of cancer and almost 10.0
million deaths from cancer worldwide in 2020. The most commonly diagnosed cancers worldwide
were female breast cancer (2.26 million cases), lung (2.21 million cases) and prostate cancers
(1.41million cases) and as for the most common causes of cancer death, these were lung (1.79
million deaths), liver (830,000 deaths) and stomach cancers (769,000 deaths) [2].

Cancer is a genetic disease that arises when the information in cellular DNA is corrupted leading
to abnormal patterns of gene expression. As a result, the effects of normal genes that control cell
growth, survival and spread are augmented while genes that suppress these effects are
repressed. The accumulation of mutations is the main mechanism by which this corruption of
the genetic code occurs, although there is an increasing awareness of the involvement of
non-mutational (epigenetic) alterations in the process [3]. Cancer cells are defined by two
inherited properties: (1) they reproduce defying physiological constraints on their development
and division cells and (2) invade areas normally intended for others cells. The combination of
these characteristics is what makes cancer particularly dangerous. An abnormal cell that grows,
increasing its mass and its uncontrolled proliferation will lead to a tumor. As far as tumor cells do
not penetrate into the surrounding tissues, the tumor is considered as benign, and the removal or
destruction of the mass locally usually leads to a successful cure. A tumor is considered
cancerous only if it is malignant, that is, only if its cells have acquired the ability to invade the
surrounding tissue. Penetration is an essential characteristic of cancer cells. It allows their
vascularization through the circulatory system and thus their spread to other areas of the body,
forming secondary tumors called metastases. The wider is the spread of a cancer, the more

difficult it is to eradicate it and metastases are generally what kill the cancer patient [4].
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Figure 1.1. Hallmarks of Cancer and their therapeutic targeting.

Since the introduction of the six cancer features in 2000 by Hanahan and Weinberg, great
progress has been made in understanding and treating the disease. As shown in Figure 1.1,
cancer cells have some characteristics that allow tumor growth and metastasis. The abnormal
growth of the tumor is the result of many mutations that affect cell growth, differentiation, survival
and death. Although, these mutations vary from one neoplastic disease to another, cancer cells
have some distinct features, which are similar in most types of cancer. The characteristics of
cancer, as established by Hanahan and Weinberg in 2011 are [5]:

1. Resistance to the mechanisms of programmed cell death and apoptosis avoidance
2. Self-sufficiency in growth signals

3. Suppression of anti-growth signals

4. Genetic instability and mutations

5. Continuous angiogenesis

6. Invasion and metastasis

7. Inflammation that promotes cancer

11



8. Deregulation of cellular metabolism
9. Avoid immuno-destruction

10. Uncontrolled proliferation

1.2 Cancer Therapy and Anti-cancer Drugs

Although cancer treatment options have both increased in quantity and improved in quality
recently, there is still much work to be done to improve overall cancer survivability and quality of
life, while patients undergo cancer treatment. All of the above, highlight the urgency and priority
that is currently placed on translatable cancer research. Despite countless advances in cancer
medicine, cancer treatment is still a huge challenge for researchers, health care providers, and
patients alike. Unlike treating a microbial infection, where a discrete invader or unruly cohabitant
is the source of iliness, cancer poses the unique challenge of being almost indistinguishable from
the rest of the organism. Cancer cells are a diseased version of the self, making their isolation
and treatment extraordinarily difficult. Thus, cancer treatment depends on very subtle differences
between the healthy cells and cancer cells (in comparison to the large differences between

prokaryotic cells and eukaryotic cells in a bacterial infection, for example).

Several approaches have been used in cancer treatment, including surgery, radiation therapy,

chemotherapy, immunotherapy, targeted therapy, hormone therapy and stem cell transplant.

1.2.1 Chemotherapy: Advantages and Disadvantages

Attempts to treat cancer with chemical entities date back in 1800 BC, when preparations of plant
and herbal medicines were used. Over the years it has been repeatedly shown that natural
products isolated from a range of sources can have highly potent anti-tumor activities. However,
the concept of chemotherapy was first introduced by Paul Ehrlich, a German physician and
scientist. Ehrlich pioneered the use of dyes for histological studies and bacterial diagnostics, and
this work led him to identify agents which could bind to specific cellular components [6]. In 1908,
he was awarded the Nobel Prize in Physiology and Medicine because of his theory of the immune
system and the discovery of antibodies behaving in a highly specific manner in response to

infection [7].

12



One of the main aims in the development of new chemotherapies is to be selective against
proliferating tumor cells over non-proliferating normal healthy cells. Many commonly used anti-
cancer drugs are more effective against tissues with a higher portion of dividing cells, the
proportion which is often called ‘growth fraction’. Since it is the dividing cells that are targeted by
chemotherapeutic drugs, it has been observed that cancer cells and normal tissues with high

growth fractions are more susceptible to be affected by anti-cancer drugs.

However, when the cancer cells are killed by a good and efficient chemotherapy, normal tissues
with a high growth fraction, such as bone marrow, hair follicles and gastrointestinal mucosa, are
also damaged by anti-cancer drugs, leading to significant adverse effects. For example, damage
of bone marrow, bleeding and infection are some examples of complications of cancer treatment.
Thus, the aim of chemotherapy is to enhance the toxicity specifically targeted to cancer cells,
while at the same time reducing the side effects on normal cells. Advances in the development of
cancer treatments has led to more anti-cancer agents for use in tumor therapy such as proteins,
oligo-peptides, antibodies, hormones, nucleic acids, growth factors and others. The major
problem with chemotherapy in the treatment of cancer is its lack of selectivity when destroying
cancer or normal cells. The efficacy of cancer chemotherapy is limited by the poor uptake of the
drugs by cancerous cells and the high toxicity to normal cells. In addition, most of the anti-cancer

drugs are water-insoluble and thus have poor cellular uptake.

1.2.2 Drug Delivery Systems

In order to overcome the drawbacks of conventional chemotherapy, an increased interest has
been focused on nanotechnological approaches in cancer treatment, based on the concept that
pharmacokinetics of an anticancer drug can be altered in the body to promote drug accumulation
predominantly at pathological sites [8]. Such a strategy is aimed to improve the treatment ability
to target and kill cells of diseased tissues/organs, while affecting as few healthy cells as possible.
Several reviews, have focused on the potential of nanotechnology in cancer therapy and have
discussed how different nanoparticulate drug-delivery systems perform in this field [9, 10]. The
therapeutic effects of many anticancer drugs could be significantly improved if the delivery of the
drug occurs specifically to tumors (cancer cells) or preferably inside specific organelles of the
cells and reduction of the toxic side effects of the drug is achieved. In this respect, a multifunctional
construct based on novel nanomaterials can be delivered directly to the tumor site and eradicate

cancer cells selectively. An appropriate design allows these nanoconstructures to improve drug

13



efficacy (activity at lower doses) as compared to the free-drug treatment, which in turn gives a
wider therapeutic window and lower side effects. Furthermore, nanocarriers are also capable of
addressing several drug delivery problems, which could not be effectively solved in the past, like
penetrating cellular barriers that may limit device accessibility to intended targets, such as the
blood—brain barrier, among others.

Table 1.1. Advantages of Drug Delivery Systems for cancer treatment

1. Increase the concentration of the medication in the sick area, while lowering its concentration
in healthy tissues.

2. Reduce toxicity and adverse effects

3. Increase the solubility of drugs

4. Improve drug stability and decrease drug breakdown during circulation

5. Reduce the amount of doses to make the patient's experience less unpleasant.

6. Multiple medicines can be delivered at the same time to particular locations to improve
treatment.

7. Drugs and screening agent co-delivery

1.2.3 Tumor Targeting

In principle, delivery of anticancer drugs to tumor tissues can be achieved by either passive or
active targeting (Figure 1.2).

14
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Figure 1.2. A. Passive targeting of nanocarriers. (1) Nanocarriers reach tumors through the leaky
vasculature surrounding the tumors. (2) Representation of the influence of the size for retention
in the tumor tissue. Small molecules diffuse freely in and out the tumor blood vessels because of
their small size. By contrast, drug-loaded nanocarriers cannot diffuse back into the blood stream
because of their large size, resulting in progressive accumulation: the EPR effect. B. Active tumor
targeting of (1) cancer cells or (2) angiogenic endothelial cells by specific ligands at the surface

of the nanocarriers [11].

1.2.3.1 Passive targeting: Enhanced Permeability and Retention (EPR) effect

The accumulation of a drug or a drug carrier system at a desired site owing to physicochemical
or physiological factors is referred as passive targeting. It takes advantage of the size of the

nanocarriers and the unique properties of the tumor vasculature and microenvironment.

For further growth and enlargement, tumors need to form new blood vessels, via the angiogenesis
process, in order to obtain nutrients and sustain their growth. Tumor vessels are generally
abnormal and have aberrant branching, blind loops of twisted form, which are characterized by
architectural defeciency and a high degree of vascular density. The newly formed tumor blood
vessels usually present an abnormal architecture too, including defective endothelial cells with

wide fenestrations, irregular vascular alignment, lack of a smooth muscle layer or innervation and
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wide lumen. Blood flow behavior, such as direction of blood flow, is also irregular or inconsistent
in these vessels. Tumor vessels are “leaky” when compared with normal vessels, owing to
basement membrane abnormalities and a reduced number of pericytes lining the rapidly
proliferating endothelial cells. Indeed, the pore size of tumor vessels varies from 100 nm to almost
1 mm in diameter, depending upon the anatomic location of the tumors and the stage of tumor
growth. In comparison, the tight endothelial junctions of normal vessels are typically of 5-10 nm
in size. The leaky and defective architecture of tumor vasculature might be due to elevated levels
of vascular mediators such as bradykinins, nitric oxide, VEGF, basic fibroblast growth factor,
prostaglandins and so on. Moreover, solid tumors are also characterized by the lack of a lymphatic
network that decreases the clearance of macromolecules giving, consequently, extended
retention times in the tumor interstitial fluid [12]. The unique pathophysiologic characteristics of
tumor vessels coupled with their poor lymphatic drainage (Figure 1.3) induces the EPR effect,
which enables macromolecules, including nanocarriers, to extravasate through these gaps into

extravascular spaces and accumulate inside tumor tissues.
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Figure 1.3. Differences between normal and tumor tissues that explain the passive targeting of
nanocarriers by the EPR. A. Normal tissues contain linear blood vessels maintained by pericytes.
Collagen fibers, fibroblasts and macrophages are in the extracellular matrix. Lymph vessels are
present. B. Tumor tissues contain defective blood vessels with many sac-like formations and
fenestrations. The extracellular matrix contains more collagen fibers, fibroblasts and

macrophages than in normal tissue. Lymph vessels are lacking [11].
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The EPR effect reported by Matsumura and Maeda in 1986 [13] was commented by Torchilin [14]
as a molecular weight-dependent phenomenon: particles larger than 40 kDa, which is the
threshold for renal clearance, show a prolonged circulation time (thus, a much increased half-life)
and hence very slow clearance from the body. Thus, these molecules permeate gradually tumors
in a selective fashion. However, targeting cancer cells using the EPR effect is not feasible in all
tumors because the degree of tumor vascularization and porosity of tumor vessels can vary with
the tumor type and status, according to recent studies [15, 16]. One approach to overcome this
limitation is to attach targeting moieties to the nanocarrier surfaces, thus forming an “active

nanocarrier”.

1.2.3.2 Active Tumor Targeting

Contrary to passive drug targeting, active drug targeting relies on the use on certain ligands
(usually antibodies or peptides) that can be grafted covalently to the nanocarrier surface and
specifically bind to overexpressed receptors at the target site (Figure 1.2 B) [17]. In active
targeting, there are two cellular targets: (i) the targeting of cancer cells (overexpression of
Epidermal Growth Factor Receptor (EGFR) or Glycoproteins receptors) and (ii) the targeting of
the tumor endothelium (overexpression of the Vascular Endothelial Growth Factors (VEGF) for
example). Because of the "binding-site barrier," the ligands' affinity for the receptor is critical for
the penetration of the nanocarrier into the tumor [18]. The active targeting strategy promises to

target the cancer tissue more specifically than with the EPR effect alone.

1.3. Classification of different types of Drug Delivery Systems

The gigantically expanding need for more compelling anticancer treatments has prompted, as
already discussed, the plan and advancement of a few inventive drug delivery systems. In view
of this earnest need, a wide scope of novel drug carriers have been developed for the controlled
and efficient delivery of payloads to target sites. Regarding their composition and structure,
nanocarrier platforms for cancer can be categorized as organic-based, inorganic-based or a
hybrid combination of the aforementioned. Organic nanoplatforms include polymeric
nanocarriers, lipid-based nanocarriers (e.g., liposomes and nanoemulsions), dendrimers, and
carbon-based nanocarriers (e.g., fullerenes and carbon nanotubes). Metallic nanostructures,

silica nanoparticles, and quantum dots are examples of inorganic nanoplatforms.
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Figure 1.4. Nanometer scale comparison of nanocarriers to other materials [19].

1.3.1 Inorganic nanocarriers

In the recent years, inorganic materials have shown great potential as nanocarriers in drug
delivery systems. There are various investigations on these materials showing the effective
delivery of bioactive mixtures and their low side effects and toxicity to normal tissues [20, 21]. The
most commonly used inorganic materials for such applications are quantum dots, silica
nanopatrticles, iron oxide, gold and magnetic nanoparticles. Among them, there are mainly two
types consisting of iron- and gold-nanomaterials that have been clinically approved and/or are
undergoing clinical trials for antitumor therapies. For example, for iron-based nanomaterials,
which have exerted considerable impacts on therapeutics, in 2010, Nanotherm™ (aminosilane-
coated superparamagnetic iron oxide nanoparticles) was approved by EMA for glioblastoma
treatment via local hyperthermia [22]. After the nearby infusion of Nanotherm™ into tumors, the
nanoparticles were heated by an alternating magnetic field applicator to achieve a higher local
temperature of the tumor environment at 40-45 °C, resulting in programmed and nonprogrammed
cell death. Another example of inorganic nanomaterials in preclinical trials, this time silica-gold
nanoshells coated with PEG, AuroLase®, was developed for photothermal ablation of solid
tumors with stimulation by NIR irradiation. Preclinical animal — level researches demonstrated
that AuroLase® could be applied to induce photothermal cell death after activation by NIR
irradiation in vitro and increase the tumor microenvironment temperatures to cause irreversible

damage to solid tumors [23]. Although these results seem promising, there are still serious
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concerns about their cytotoxicity (as most of them are not biocompatible), hydrophobicity and
excretion pathway [24].

1.3.2 Organic nanocarriers

Organic nanocarriers can be synthetic or natural in origin. In contrary to inorganic nanocarriers,
drug delivery systems consisting of organic materials have received more attention, because in
most cases, they are based on biocompatible and biodegradable molecules. To prepare organic
nanocarriers, small organic molecules self-assemble covalently and/or non-covalently to form
three-dimensional structures such as liposomes, dendrimers and polymer — based nanocarriers
(like polymeric micelles, polymersomes and polymeric conjugates). These interesting structures
provide a suitable environment for the packaging and transport of bioactive molecules including
anticancer drugs, genes, antibodies and a number of other lipophilic or hydrophilic molecules.
Their promising behavior as future therapeutic agents has been studied for many years, and

several of these organic nhanocomposites have been introduced in the clinic [25, 26].

1.3.2.1 Liposomes

Liposomes are one of the oldest nanoparticulate drug carriers designed to improve drug
pharmacokinetics and biodistribution [27]. Liposomes are composed of various lipids in a mono-
or bi-layer forming a spherical vesicle surrounding an aqueous core. They can be designed to
range greatly in size (from about 10 nm to over 1 um) and in surface properties, like charge and
functionality, using various combinations of commercially available lipids. Another benefit of the
agueous core surrounded by a layer of lipid structure is that both hydrophilic and hydrophobic
drugs can be loaded in each compartment, respectively. However, liposomes suffer from a low
encapsulation capacity, poor drug solubility, and instability in the bloodstream that leads to a very
quick-burst release of the loaded drugs. Some of these shortcomings can be addressed with
functionalized coatings, like polyethylene glycol (PEG), which increase the stability and circulation
half-life of the liposomes [28]. However, even uncoated liposomes offer an improvement over the
half-life of the free drug.
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1.3.2.2 Dendrimers

Another type of drug delivery systems of interest are polymeric dendrimers. Dendrimers are super
branched macromolecules with a tree-like structure. They present three different parts: a central
hydrophobic core, ramification units called "Generations" and hydrophilic functional groups at the
external side that can be conjugated with specific molecules for a targeting activity. They have
attracted a lot of attention as drug carriers, due to their unique characteristics such as their well-
defined size, shape and molecular weight, monodispersity and high degree of surface
functionalities. The internal cavities of the dendritic structure provide a suitable environment for
the entrapment or encapsulation of hydrophobic compounds, while functional groups on the

surface can be used to deliver hydrophilic agents or genes [29].

1.3.2.3 Polymer micelles

Polymer micelles are macromolecular assemblies that are formed from AB type or ABA type
amphiphilic block polymers. They have many advantages to support their biological applications,
such as being biodegradable, non-toxic, biocompatible and non-immunogenic. Generally,
polymer micelles are spherical nanostructures and consist of a hydrophobic inner core and a
hydrophilic outer shell. The sizes of the polymer micelles range between 10 and 200 nm in
diameter, which also categorize them as nanoparticulate drug delivery systems. Water-insoluble
drugs can be encapsulated inside the hydrophobic core physically via self-assembly or chemically
linked through covalent bonds. Due to the hydrophilicity of the outer shell and the biodegradability
of the polymer micelle, this drug delivery system can maximize tissue compatibility, increase the

half-life in plasma and minimize the cytotoxicity of the hydrophobic drug [30].

1.3.2.4 Polymersomes

Polymersomes are polymer-based vesicular shells that are formed upon hydration of amphiphilic
block copolymers. Known as nanocapsules, polymersomes are indeed vesicular systems in which
the drug is confined to a reservoir or within a cavity surrounded by a polymer coating. Accurate
selection of the polymer, hydrophilic/hydrophobic ratio and chemistry impart polymersomes with
a broad and tunable range of carrier properties. These systems are capable of encapsulating a

large range of therapeutically water soluble active molecules and biomolecules [31].
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1.4 Polymer — Drug Conjugates

Polymer therapeutics have been studied for over four decades and one of the most studied
approaches for polymer therapies is polymer-drug conjugates. Polymer-drug conjugates (also
known as polymeric prodrugs) are drug delivery systems in which one or more drugs are
chemically attached to the functional groups of the polymer directly or through a spacer [32]. The
spacer is usually a stimuli-sensitive linker, meaning that it undergoes dissociation under certain
conditions. The concept of polymer—drug conjugates was first proposed in 1975 by Ringsdorf for
the delivery of hydrophobic small molecular drugs to their site of action [33]. Further pioneering
work by Duncan et al. focused on the design of a series of poly(N-(2-hydroxypropyl)
methacrylamide) copolymer-anticancer drug conjugates [34]. From then on, conjugation of a drug
to a biocompatible polymer has become one of the novel strategies for anticancer drug delivery.
It is worth mentioning that polymer — drug conjugates are among the several types of nanocarriers
that are currently in clinical trials as far as Phase Ill. For instance, poly(N-(2-hydroxypropyl)
methacrylamide) copolymer (HPMA)-doxorubicin was the first synthetic polymer-anti-cancer drug
conjugate to enter clinical trials about two decades ago [35]. With a few exceptions, water-soluble
polymer—drug conjugates (polymer prodrugs) generally consist of (i) a water-soluble polymer
backbone of variable architecture that provides the conjugate biocompatibility and good solubility,
while ensuring its extended circulation in the body, (ii) a biologically active molecule, which is
typically a low molecular weight drug, and (iii) a biodegradable linkage between the drug and the
polymer chain. The major advantage of using polymer-drug conjugates is that the chemical and
physical properties of polymers can be tuned to increase the efficacy and to reduce the toxicity of
the drug. Besides that, the covalent attachment of the drug onto the polymer prevents the passive
diffusion of the drug and its leakage from the carrier during blood circulation, which is a common
problem in physically entrapped drugs within nanocarriers, resulting in a lower drug accumulation
at the tissue of interest. Furthermore, the incorporation of stimuli-degradable drug-polymer
linkages allow the site-specific drug release and increase its therapeutic efficacy [36, 37]. At last,
another important characteristic is that amphiphilic polymer-drug conjugates in aqueous solution
can form micelles or micelle-like nanoassemblies in which the lipophilic drug is confined in the
internal core of the system giving the ability to protect the drug against premature metabolism in

transit.

On the other hand, most of the clinical polymer—drug conjugates are not biodegradable. Their
molecular masses are limited to several thousands to ensure renal elimination. As the polymer

backbone is non-degradable, the polymer—drug linker is critical for drug release and needs a
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special design to ensure cleavage at a pointed site and in a desired manner. Even though there
are a few studies on stimuli-activatable prodrugs, polymer-drug conjugates based on a main-

chain photodegradation mechanism have been scarcely reported in the literature [38].

1.4.1 Self-assembly of amphiphilic polymer-drug conjugates

Self-assembly refers to the process by which multiple components spontaneously organize to
form a larger entity.[39] Molecular self-assembly is common in nature and in everyday life. The
self-assembly of phospholipids forms the membranes of living cells. Soap bubbles, which are
observed while using soaps, are produced by the self-assembly of tiny surfactant molecules. Self-
assembly of molecules and subsequent formation of well-defined micro- and nanostructures has
multiple interesting applications in nanosciences and nanotechnology. Such a mechanism relies
on weak noncovalent bonds, such as hydrogen and ionic bonds, or van der Waals and
hydrophobic interactions, and it can be applied to fabricate various complex micro- and
nanostructures, such as flowers, tubes, rods, micelles, films, membranes, mesophases, particles,
and hollow sphere structures (Figure 1.5). Amphiphiles are compounds possessing both
hydrophilic (water-loving) and lipophilic (fat-loving) or water-hating components. The most
common preparation methods for the self-assembly of amphiphilic macromolecules are the
selective solvent method, the thin film hydration method and the selective-non selective solvent
method. In amphiphilic macromolecules, the lipophilic segments become packed together, as it
is more entropically favorable and create a hydrophobic environment, which is the core of the
micelles. On the other hand, the hydrophilic parts are preferentially dissolved in water and create
a flexible corona which is the outer shell of the micelles.

Amphiphiles

Self-assembly

Cylinder

Vesicle

i Toroid
Micelle
Figure 1.5. Amphiphiles self-assembled into various shapes such as bilayers, micelles, vesicles,

cylinders and toroids [40].
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Israellachvili et al. established a model-based theory that examines the geometry of individual
molecules to clarify the morphology of the structures [41]. According to this theory, the
nanostructure produced in aqueous solution by amphiphilic molucules may be determined by

calculating the packing of the amphiphile as defined by the critical packing parameter (p).
p = Vv/aolc

Where v is the effective volume filled by the hydrophobic part in the core, ao is the equilibrium
area of the hydrophilic surface group, and l; is the individual amphiphile’'s maximum effective chain
length. The aggregates, depending on the p value, can be micellar (p < 1/3), cylindrical (1/3 <p
<1/2), vesicular (1/2 < p < 1), or lamellar (p = 1). Since the packing parameter p is sometimes
difficult to calculate the hydrophilic and hydrophobic mass fractions, which relate to the volume
fractions, are more commonly considered. It is described in the literature that, upon increasing
the relative block volume fractions of the hydrophobic domain to the hydrophilic domain, the self-

assemblies would undergo a structural transition from micelles to worms to vesicles [42].

The key characteristic of self-assembling polymer-drug conjugates is that they are amphiphilic in
nature, possessing both hydrophilic and hydrophobic domains that enable agqueous assembly —
either spontaneously or via kinetic trapping (e.g. nanoprecipitation). The drug itself typically
constitutes one of these two domains, most commonly the hydrophobic, with the polymer forming
the other. As a result in addition to eliciting a therapeutic effect, the drug also performs a structural
function. As both polar and non-polar regions coexist, the self-assembly of amphiphilic polymer-
drug conjugates can be readily aided by thermodynamics. By self-assembling into well-defined
nanostructures, the resultant assemblies have a distinct, typically enhanced, pharmacokinetic
profile and may possess unigue properties in tuning drug release rates and addressing multidrug

resistance.

Kataoka and co-workers reported that, for extremely hydrophobic drugs, their attachment to a
polymer often led to unwanted aggregation, or even precipitation [43]. Rather than viewing this
as a limitation of the polymer-drug conjugates as drug delivery systems, they saw the potential
opportunity to utilize the observed self-aggregation behavior to create micelles from the polymer-
drug conjugates. In their early reports, the Kataoka group described the direct conjugation of
multiple adriamycin (ADR) molecules to a poly(ethylene glycol)-poly(aspartic acid) block
copolymer, to prepare PEG-b-P(Asp(ADR)). When dispersed in aqueous solution, these
conjugates associated into spherical micelles with average diameters of 50 nm [44]. Since then,

the development of self-assembling polymer-drug conjugates has grown to become an area of
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considerable interest. Most of the reported literature focuses on the self-assembly of amphiphilic
block copolymers, however conjugation to single component polymers, has been also
investigated. For instance, Liu et al. conjugated docetaxel to a medium molecular weight PEG

(Mw > 2 kDa), generating spherical micelles ~46 nm in diameter [45].

1.5 Stimuli Degradable Polymers

Stimuli-degradable or stimuli-sensitive polymers are described as polymers that undergo abrupt
physiochemical changes or usually irreversible bond breakage, in response to small external
changes in the environmental conditions. Stimuli-degradable polymers (SDPs) have gained
increasing attention due of their wide range of potential application in various fields, including
nano- and bio-technology as drug carriers, actuators, in bio-patterning, etc. [46]. The cleavable
bonds can be located in the main-chain of a polymer or in the side chain. In both cases, there are
many different strategies to involve a degradable linkage into a polymer backbone. The
degradable linkage can be located (i) in the center of a homopolymer chain, (ii) as a junction in a
block copolymer chain (iii), as multi-cleavable bonds along the polymer backbone (iv) in every
repeat unit of the polymer chain, or (v) in the case of a block copolymer as cleavable bonds in
every repeat unit of the one block. In the case of polymers with side chains the degradable linkage
can be located either (vi) in the middle of the side chain or (vii) as a junction between the main-

chain and the side chain.

The nature of the environmental stimulus can be classified into three categories: physical,
chemical, and biomedical (Table 1.2) Polymer systems which respond to one or more stimuli,
have been extensively used for the development of novel “smart” drug delivery systems. These
systems are characterized as “smart” because they can release their cargo upon the remote and
spatiotemporal control of their response to the applied stimulus. Another important fact is that the
nanocarriers which can be degraded into small and non-toxic molecules in the presence of an

applied stimulus are even more attractive for biological use [47], [48].
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Table 1.2. Different types of stimuli.

Physical Chemical Biological

Temperature pH Enzyme substrate
Electromagnetic radiation Specific ions Other biochemical agents
Light Chemical agents

Electric fields
Mechanical strength
Sonic radiation

Magnetic fields

1.6 Polyhydrazones — Polyacylhydrazones as pH- and photo-degradable polymers

1.6.1 pH-degradable polymers

Acid-degradable polymers have been widely investigated and exploited in drug delivery
applications among the various stimuli-degradable polymers that are accessible. The growing
interest on pH-responsive systems can be traced back to the period when specific characteristics
of the tumor microenvironment were discovered. It is widely known that in different tissues and
cellular compartments the pH ranges. Due to the enhanced glycolysis in cancer cells, the
microenvironment in cancer tissues is mildly acidic, 0.5-1.0 pH values lower compared to the
normal tissues. Moreover, a larger decrease in the pH is observed in the intracellular organelles
ranging from pH 6.3 in the early endosome to pH 4.7 in the lysosome [49]. This characteristic can
be ideally exploited by acid-degradable carriers to trigger the selective release of anticancer drugs

in tumor tissues or within the tumor cells [50], [51].

Acid-degradable polymers are those that contain in their polymer chain at least one acid-labile
linkage. There is a wide range of chemical bonds that are known to be unstable under acidic
conditions. However, only a few of them exhibit an enhanced degradation or hydrolysis rate in the
presence of slightly acidic conditions, while being stable at neutral pH. This unique feature is
determined by the chemical structure of the bond. Esters and orthoesters [52] , acetals or ketals

[53], hydrazones [54] and imines [55] are the most commonly used acid-labile linkers.

Among them, hydrazones and acylhydrazones are acid-sensitive bonds, typically formed by the

reaction of a carbonyl moiety (aldehyde or ketone) with a hydrazine or hydrazide group,
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respectively, under mild conditions. The synthesis of hydrazones can be also accomplished by
two more synthetic pathways: (a) the Japp—Klingemann reaction in which aryl diazonium salts
and beta-keto esters or acids are coupled to form the hydrazones, and (b) the reaction between
aryl halides and non-substituted hydrazones. The hydrazones synthesized using all three
methods are generally crystalline and precipitate from the reaction mixture, which makes their
purification process easy [50]. Synthesis of almost all the hydrazone linkages in the reported pH-
responsive conjugates has been carried out by the condensation between the hydrazide groups

of various copolymers with the ketone or aldehyde groups of the drugs.

The structure of a hydrazone (Figure 1.6) reveals that it has (i) an imine carbon that has both
electrophilic and nucleophilic character, (ii) configurational isomerism stemming from the intrinsic
nature of the C=N double bond, (iii) nucleophilic imine and amino-type (more reactive) nitrogen

atoms, and (iv) in most cases an acidic N — H proton [56].
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Figure 1.6 The structural composition of the hydrazone (a) and acyl-hydrazone (b), functional

groups.

The hydrazone linkages, being pH-sensitive, find applications in drug delivery due to their faster
hydrolysis rate at acidic pH relative to neutral physiological pH. The plausible mechanism involved
in the hydrolytic breakdown of a hydrazone linkage at acidic pH is shown in Figure 1.6 [57].
Various hydrazone linkages formed by the conjugation of the ketone group of doxorubicin (DOX),
an anticancer drug, with hydrazides have been investigated by Greenfield and co-worker [58].
Another impressive feature of the (acyl)hydrazone bonds is their dynamic character. The

(acyhhydrazone bond is characterized as a dynamic covalent bond because of its ability to
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reversibly form and break under mild conditions. Cleavage of the (acyl)hydrazone bond produces
the initial molecules without the generation of any toxic by-products. Due to this unique property,
several research groups have used these covalent bonds in the development of dynamic
materials including self-healing polymers, adaptable polymer networks, shape-memory materials
and others [51-54].

H -
X + H + oINS
R N-N-R, R Xp + HN" R

Y

Figure 1.6. Acid-catalyzed hydrolysis of the hydrazone bond.

Despite all these interesting and promising characteristics of the (acyl)hydrazone bond, linear,
main-chain polyhydrazones and polyacylhydrazones belong to a polymer family that has been
barely studied in the literature. The major difficulty results from their insolubility in commonly used
organic solvents polar and non — polar, an indication of extensive hydrogen bonding between the
chains. The low solubility of the starting dihydrazide molecules also poses a problem in

conventional solvents [55, 56].
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Figure 1.7. Polyacylhydrazone formation by condensation of a dihydrazide with a dicarbonyl
compound; here, a dialdehyde.

1.6.2 Photo-degradable polymers

Among the various chemical and physical stimuli (e.g., pH, temperature, enzymes, ultrasound)
employed to trigger the degradation of the polymer chains, light-degradable polymers have
attracted considerable interest. Light, as an external stimulus, offers unique advantages like
spatiotemporal control, as well as tunability of the irradiation wavelength and intensity [65]. So far,

the great majority of photodegradable polymers rely on the light-induced cleavage of specific
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chemical bonds, such as ester, triazine, ketal/acetal and urethane, which are accompanied by
certain photo-absorbing moieties, namely, o-nitro benzyl (ONB) groups, coumarin derivatives or
other aromatic units. The photolabile bonds are usually located either within the pendant groups
of the polymer chain or as one single photocleavable bond at a junction point of two long polymer
chains. However, the degradation of such materials results in the production of high molecular
weight photo-products, which hinder their use in biomedical applications in which the removal of
the by-products from the living organisms is crucial. On the other hand, photodegradable
polymers bearing multiple photo-cleavable groups along their main-chain, to produce small
molecule photo-products upon irradiation, are limited [66], [67]. In 2011, our group introduced for
the first time a new class of photodegradable polymers, based on poly(ketals/acetals), exhibiting
main-chain scission at incredibly low irradiation doses (10 mJ cm~2) compared to other polymeric
materials [68], [69] . More recently, Kowollik and co-workers reported the synthesis of main-chain
photodegradable polyurethanes by introducing ONB moieties along the backbone of a
polyurethane chain, and studied the degradation profiles of these materials both in solution and
in thin films using a nanosecond pulsed laser at 340 nm [70].

1.7 Current Study

In this study, we designed a linear, main-chain, light-cleavable polyacylhydrazone which was used
in the development of photo-degradable polymer-drug conjugates and prodrug nanopatrticles. The
polymer was synthesized via the step-growth copolymerization of adipic acid dihydrazide with
dibenzaldehyde terminated poly(ethylene glycol) (PEGaq), under mild acidic conditions, to afford
a hydrophilic PEG-alt-adipic acid (PEG-alt-AA) alternating copolymer (Scheme 1b). The PEGaq
macromonomer was prepared by the esterification of HO-PEG-OH with 4-carboxybenzaldehyde
(Scheme 1a).

The main-chain photo-degradation of the resulting copolymer, upon irradiation at A = 254 nm with
a very low power density, 0.1mW cm=2, in dimethylsulfoxide (DMSQO) and water, was investigated.
Copolymers with a hydrazide end-group were prepared using an excess of the adipic acid
dihydrazide comonomer during the polymerization. Next, the hydrophobic model anticancer drug,
doxorubicin (DOX), was linked to the hydrazide end-groups of the polymer via acylhydrazone
linkages, to produce amphiphilic PEG-alt-adipic acid-DOX (PEG-alt-AA-DOX) drug conjugates
(Scheme 1c). Doxorubicin has been used as a model drug being a potent antineoplastic agent

able to intercalate DNA and to induce apoptosis. Doxorubicin is the first chemotherapeutic agent
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used for the treatment of breast cancer, sarcomas, leukemia, Hodgkin’s disease and many other

tumors. Moreover, it is characterized by a red auto-fluorescence which facilitates its localization.

The conjugates were afterwards self-assembled in water to form spherical, micellar structures
evidenced by scanning and transmission electron microscopies. Following irradiation of the
micellar structures with UV light, the assemblies were disrupted, due to the photolysis of the
acylhydrazone bonds along the polymer backbone, and the drug molecules were released. The
synergistic action of the two stimuli, pH and light irradiation, augmented the disruption of the self-

assembled prodrug nanostructures and the drug release.
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Scheme 1. Synthetic routes for the preparation of the (a) PEGaq macromonomer, (b) PEG-alt-AA
alternating copolymer, (c) PEG-alt-AA-DOX drug conjugate; (d) schematic representation of the

self-assembly process of the PEG-alt-AA-DOX conjugates and the pH- and/or light-induced

disruption of the assemblies.[71]

29



Chapter 2

Experimental

2.1 Materials

Diethyl ether, petroleum ether, n- hexane (96%) and dichloromethane (DCM) were obtained from
Scharlau. 4-carboxybenzaldehyde (98%) and triethylamine (TEA, 99+%) was purchased from
Alfa Aesar. Benzoic acid was obtained from AppliChem. 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC, = 97%), 4-(dimethylamino)pyridine (DMAP, 99%), adipic acid dihydrazide (=
98%) and poly(ethylene glycol) (Mn = 4000 gr mol™) were obtained from Sigma Aldrich and
doxorubicin hydrochloride salt (DOX-HCI, > 99%) was purchased from LC Laboratories. DCM was
dried over calcium hydride. DMSO (99.9%) was obtained from Fisher Chemical and ethanol (=
98%) from Honeywell. For the preparation of all samples was used Milli-Q water, with a resistivity

of 18.2 MQ-cm at 298 K, obtained from a Millipore apparatus.

2.2 Characterization methods

2.2.1 Size Exclusion Chromatography

A Waters size exclusion chromatography (SEC) instrument comprising a Waters 515 isocratic
HPLC pump, two Mixed-D and Mixed-E (Polymer labs) columns, a Waters 2745 Dual absorbance
detector and a Waters 410 refractive index (RI) detector was used for the determination of the
molecular weights (M,) and the molecular weight distributions (Mw/M») of the polymers. THF
(containing 2 v/iv% triethylamine) was used as the eluent at a flow rate of 1 mL min™. The
calibration curve was based on six narrow poly(methyl methacrylate) (PMMA) standards with
molecular weights ranging from 625 to 138,000 g mol™. To prepare the samples for SEC, the
polymers were dissolved in THF at a concentration of 15 mg mL™2, the polymer solutions were

filtered through 0.45 um pore size PTFE syringe filters and were injected into the system.

2.2.2 'H NMR spectroscopy

'H Nuclear Magnetic Resonance (*H NMR) spectra were recorded on two Brucker 300 MHz and

500 MHz spectrometers using CDCl; or DMSO-ds as the solvents.
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2.2.3 ATR-FTIR spectroscopy

Nicolet 6700 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was utilized to record
attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra. For each spectrum, 64

scans were collected in the 500-4000 cm™ range.

2.2.4 Ultraviolet/Visible spectroscopy

Ultraviolet-visible (UV-vis) absorption spectra were recorded on a Shimadzu UV-2600
spectrophotometer in the wavelength range of 200-600 nm. The samples were prepared by the
dissolution of the polymers or polymer-DOX conjugates in DMSO or H.O (pH 7.4) at a

concentration of 102 mg mL™.

2.2.5 Dynamic Light Scattering (DLS)

A Malvern Zetasizer Nano ZS instrument equipped with a He-Ne laser (A = 633nm) at a 90°
scattering angle, was used for the dynamic light scattering (DLS) measurements. Before each
measurement, the sample was filtered through a 0.45 pym pore size hydrophilic, cellulose acetate
syringe filter. The measurements were conducted at 25 °C. The reported data are average values

of three runs. The size of the micelles was measured.

2.2.6 Field emission scanning electron microscopy (FE-SEM) and Transmission electron
microscopy (TEM)

The size and the morphology of the self-assembled structures were characterized by field
emission-scanning electron microscopy (FE-SEM), using a JEOL JSM-7000F microscope and by
transmission electron microscopy (TEM), using a JEOL JEM-2100 microscope. Samples were
prepared by the deposition of a drop of a dilute polymer solution on a glass substrate for SEM or

a carbon coated copper grid for TEM, and were dried overnight at 25 °C.
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2.2.7 Fluorescence Spectroscopy

The fluorescence measurements were recorded on a Lumina Fluorescence Spectrometer
(Thermo Scientific) equipped with a 150 W CW Xenon-arc lamp. The excitation and emission slits
were maintained at 10 nm. The fluorescence spectra of DOX and the PEG-alt-AA-DOX conjugate
were recorded from 370 nm to 600 nm upon excitation at 367 nm, whereas, the respective
spectrum of the copolymer was recorded upon excitation at 302 nm. All samples were measured

at room temperature.

2.3 Synthesis of the dibenzaldehyde terminated poly(ethylene glycol) (Mn = 4000
gr/mol) macromonomer

4-carboxybenzaldehyde (0.3 gr, 2 mmol) and EDC (0.23 gr, 1.5 mmol) were dissolved in 20 mL
anhydrous DCM and were stirred at 40 °C for 30 min, followed by the addition of DMAP (0.36 gr,
3 mmol) and HO-PEG-OH (2 gr, 0.5 mmol). The reaction was stirred at 40 °C for 24 h. Next, the
product was precipitated in diethyl ether, washed 10 times with petroleum ether and dried
overnight under vacuum at room temperature (RT). The dried product was dissolved in chloroform
and filtered through a 0.45 ym PTFE filter to remove the unreacted 4-carboxybenzaldehyde.
Finally, it was precipitated again in diethyl ether and dried overnight under vacuum to obtain
PEGaq at 82.5% vyield.

2.4 Synthesis of the PEG-alt-AA alternating copolymer

Adipic acid dihydrazide (25 mg, 0.14 mmol) was dissolved in 2 mL milli-Q water. The monomer
solution was placed in a sonication bath until complete dissolution. Next, PEGaq (0.5 gr, 0.12
mmol) was added to the solution, followed by the addition of 2-3 drops of 0.1 N HCI. The reaction
was left under stirring for 24 h at 25 °C. The next day, the solvent was evaporated using a rotary
evaporator and the reaction was dried under vacuum at RT. The white solid was dissolved in
chloroform and was purified by fractional precipitation in hexane. The final copolymer was stored

under a N, atmosphere at 4 °C until use.
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2.5 Acidic hydrolysis of the PEG-alt-AA alternating copolymer

A 20 mg mL* PEG-alt-AA alternating copolymer solution in water was prepared, its pH was
adjusted at 5.2, using 0.1 N HCI solution, and it was kept under stirring at 37 °C. The hydrolysis
of the copolymer was monitored by SEC after 5 days under the effect of pH. Moreover, a 0.02 mg
mL? of the above copolymer solution was prepared, and the acidolysis was monitored by
measuring the absorption of the polymer solution at predesigned time intervals by UV-vis

spectroscopy.

2.6 Synthesis of a small molecule acylhydrazone analogue

Adipic acid dihydrazide (0.1 gr, 0.57 mmol) was dissolved in 4 mL ethanol. The solution was first
sonicated for 10 min and then stirred for 10 min in a water bath at 40 °C until complete dissolution.
Next, a solution of 4-carboxybenzaldehyde (0.17 gr, 1.14 mmol) in 2 mL ethanol was prepared.
The two solutions were mixed and a white solid precipitated instantly. The reaction was stirred for
another 3 h before filtering off the white solid product and washing it with a large amount of ethanol

and water. The final product was dried overnight under reduced pressure at RT.

2.7 Synthesis of the PEG-alt-AA-DOX drug conjugate

First, DOX-HCI (2 mg, 0.003445 mmol) was dissolved in DMSO (2.5 ml) and TEA (3 pL) was
added to neutralize the HCI. After 20 h stirring at RT, the hydrophobic DOX was obtained. Next,
the PEG-alt-AA copolymer (0.05 g, 0.00179 mmol) was added to the DOX solution and the
reaction mixture was stirred for 20 h, before being transferred to a dialysis membrane with a
molecular weight cut-off of 3500 Daltons. The mixture was dialyzed against DMSO to remove the
unreacted DOX molecules. The conjugated DOX molecules were quantified by fluorescence
spectroscopy using a standard calibration curve of DOX in DMSO and the drug loading was

calculated using equation 1 below:

conjugated CPT (gr)

% Drug loading = x 100 (2)

weight of polymer (gr)
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2.8 Self-assembly of the amphiphilic PEG-alt-AA-DOX drug conjugates in water

A solution of the PEG-alt-AA-DOX conjugate (5 mg mL™) in 5 ml DMSO was prepared. Next, 15
ml water (pH 7.4) were added in the solution under vigorous stirring at a rate of 0.1 ml min=t using
a syringe pump. Afterwards, the solution was dialyzed against water using a dialysis membrane
with a molecular weight cut-off of 3500 Daltons to remove the organic solvent. The final solution
was filtered through a 0.45 pm pore size cellulose acetate syringe filter and was kept at 4 °C until

use.

2.9 Photoirradiation experiments

All photoirradiation experiments were performed using a UV lamb at 254 nm and a power density
of 0.1 mW cm™. The samples were transferred to a quartz cuvette and were placed at a distance
of 1 cm from the lamp. The % photodegradation of the small molecule acylhydrazone, the PEG-
alt-AA alternating copolymer and the self-assembled PEG-alt-AA-DOX drug conjugate was
calculated from the recorded UV-visible spectra by monitoring the decay of the maximum
absorption band. For the calculations the following equation was used:

Ao—A¢
0

% Photodegradation = x 100 2)

Where, Ao and A is the maximum absorbance of the acylhydrazone (A = 302 nm), the PEG-alt-
AA alternating copolymer (A = 302 nm) or the PEG-alt-AA-DOX conjugate (A = 297 nm), before

and after irradiation for different time intervals (t), respectively.

2.10 In vitro acid- and photo-triggered drug release

An aqueous solution of the self-assembled PEG-alt-AA-DOX conjugate (2.5 mg ml=, 3 ml) was
transferred into a dialysis bag with molecular weight cut-off of 3500 Daltons and was immersed
in 10 ml H20 at pH 5.2 under gentle stirring (100 rpm) at 37 °C. Next, the sample was irradiated
at 254 nm for 5 min at predesigned time intervals. After each irradiation cycle, the solution was
stirred for 15 min and then the aqueous medium was collected and replaced with fresh water (10
ml). The collected samples were dried, first using the rotary evaporator and then under vacuum
for 20 h. The dry samples were dissolved in DMSO (2.5 ml) and their fluorescence spectra were
recorded. The concentration of DOX in each sample was determined using a standard calibration

curve of DOX in DMSO. The % DOX released was calculated using the following equation:
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Ce+Ciq

% DOX release = x 100 (3)

total

Where, C; and Ci1 are the concentrations of DOX at two successive irradiation time intervals and

Ciotal is the initial concentration of DOX in the self-assembled conjugate.
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Chapter 3

Results and Discussion

The main-chain polyacylhydrazones were synthesized via a typical step-growth copolymerization
of a dihydrazide and a dialdehyde. Adipic acid dihydrazide was chosen because it is a small,
hydrophilic molecule that has been previously used in the biomedical field [32,33]. The second
comonomer, is a macromonomer, poly(ethylene glycol) (PEG) (Mn = 4000 gr/mol), which is
hydrophilic, non-toxic and FDA approved. Moreover, it is well known for its stealth properties and
has been extensively used in drug delivery [34,35]. To introduce the photosensitive moieties and
the aldehyde end-groups required to react with the hydrazide functionalities of adipic acid,
dihydroxy-functional PEG (HO-PEG-OH) was esterified with 4-carboxybenzaldehyde.

3.1 Synthesis and Characterization of the dibenzaldehyde terminated poly(ethylene glycol)
(Mn = 4000 gr/mol) macromonomer PEGuu.

Synthesis of PEGag was achieved by a simple Steglich esterification reaction between the
hydroxyl groups of dihydroxy — functional PEG (HO-PEG-OH) and the carboxylic acid groups of
4-carboxybenzaldehyde as discussed above in Chapter 2. To initiate the reaction, EDC was used
to activate the carboxylic acid group and form the O-acylisouria intermediate followed by the
addition of DMAP in catalytic amounts which rapidly reacted with O-acylisourea to form an acyl
pyridinium species incapable of intramolecular by-product formation, and which can react with the

alcohol to form the desired ester. This chemical reaction is shown below in Scheme 3.1.

O
(@]
H O\ " H (@]
O H + EDC, DMAP o o
HO — ~"0 0
91 DCM, 40°C, overnight
0 89 H
(0]
@]

Scheme 3.1. Synthetic route for the preparation of the macromonomer PEGaq.

The synthesized PEGaqwas characterized by *H NMR and ATR-FTIR spectroscopies and SEC.
The *H NMR spectrum of PEGaq (Figure 3.1) shows an intense peak at & 3.67 ppm (H1) assigned
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to the methylene protons of the monomer repeat units of PEG and two peaks at 6 3.87 ppm and
0 4.53 ppm (H2 and H3) assigned to the methylene protons next to the newly formed ester bonds,
verifying the successful derivatization of the polymer end-groups. In addition, the presence of a
peak at 6 10.13 ppm which corresponds to the aldehyde protons (Ha) and the peaks at 6 8.0 and
8.24 ppm attributed to the aromatic protons (Hb and Hc) of the benzaldehyde group, confirm the

presence of the aromatic aldehyde functionalities at the two polymer chain ends [72].
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Figure 3.1. *H NMR spectrum of PEGaq in CDCls.

Furthermore, the PEGaqwas characterized with ATR-FTIR spectroscopy [72], [73]. As shown in
Figure 3.2 the ATR-FTIR spectrum of PEG before esterification and the spectrum of the final
product are pretty similar as expected. The broad band at 2900-2800 cm™ represent the C-H
stretching vibrations and is attributed to the alkyl chain of the polymer. Also, the peaks at 1460
cm™ and 1100 cm™ represent the C-H bending vibration, and at 1242 cm™ the twisting bending

vibration of C-H can be observed. The peak at 1100 cm™ represents the C-O stretching vibrations.
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As it can be seen, the spectrum of PEGaq shows a new band at 1711 cm2, characteristic of the
carbonyl bonds representing the C=0 stretching, which is attributed to the aldehyde and ester

groups introduced at the polymer chain ends and support the NMR results.
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Figure 3.2. ATR-FTIR spectra of PEG before (black solid line) and after (red dashed line)
esterification with 4-carboxybenzaldehyde.

Finally, the SEC traces of the PEG macromonomer (Figure 3.3), before and after esterification
with 4-carboxybenzaldehyde were obtained. As shown below, the elution time of the polymer did
not change significantly, after esterification as expected, because the MW difference between
PEG and PEGaq is only 600. Also the chromatogram obtained, demonstrated the absence of

chain degradation during the end-group esterification reaction.
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Figure 3.3. SEC traces of PEG before (black solid line) and after (red dashed line) esterification

with 4-carboxybenzaldehyde.

3.2 Synthesis and characterization of the PEG-alt-AA alternating copolymers

For the synthesis of the alternating polyacylhydrazone copolymer (PEG-alt-AA), the two
comonomers, PEGaq and adipic acid dihydrazide, were reacted at 1:1.2 molar ratio in order to
ensure the presence of the hydrazide groups at the end groups of the copolymer. The
polycondensation reaction takes place between the hydrazide groups of adipic acid dihydrazide

and the aldehyde groups of the PEG44 macromonomer.

HAN H20
aldehyde or ketone ~H H\’_} 2 N
(o] o ) N
)L o QNH_NHZ ‘I\;_NHZ /”\
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Me X Me X Me X Me X

a hydrazone

0 NH, a hydrazide
o
N
R H

X:Meor H
Scheme 3.2. Reaction mechanism of hydrazone formation.

39



3.2.1 SEC characterization of the PEG-alt-AA alternating copolymer

SEC analysis of the polyacylhydrazone polymer prepared (Figure 3.4) showed a peak which was
shifted to lower elution times, compared to the PEG macromonomer, verifying the synthesis of

the alternating copolymer.

As it can be observed from the SEC traces above, after the polymerization unreacted monomers
remain in the reaction mixture. In order to purify the resulting polymer two fractional precipitations
were carried out. The final purified polymer had a M, = 28,000 gr mol* and Mw/M, = 1.21. The
molar mass of the copolymer is quite high and its molecular weight distribution is relatively narrow,
given the nature of the condensation polymerization. In a polycondensation reaction, the
monomers react in a non-controlled manner to form oligomers and the oligomers react to form
the polymer chains. Due to the non-controlled character of the polymerization and the
stoichiometric imbalance of the comonomers, mentioned above, the final polymers had high
polydispersity indexes (Mw/M, > 1).

— PEG-alt-AA
...... 1st fractional precipitation
--------- 2nd fractional precipitation

0 _' 1'4 ' 1|€_3 18
Elution time (min)

Figure 3.4. SEC traces of the PEG-alt-AA polymer before precipitation (black solid line), after
onw fractional precipitation (red dashed line) and after two fractional precipitations (blue dotted

line).
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The progress of the polycondensation reaction was monitored by recording the SEC
chromatograms at different polymerization times. Figure 3.5 shows the kinetics of the
polymerization at O min, 2 h and 24 h. As shown below, the polymerization occurs rapidly within
a few seconds and it does not proceed further (the SEC traces at 0 min and 24 h do not differ

significantly in their elution times).

14
Elution time (min)

Figure 3.5. SEC traces of the PEG-alt-AA polymer at 0 min reaction time (black solid line), 2 h

reaction time (red dashed line) and 24 h reaction time (blue dotted line).

This can be explained by the aromatic groups of the PEGas macromonomer and the electron
withdrawing groups (-C=0) of the adipic acid dihydrazide monomer, that make the constant of

hydrazone formation several times higher [74].

It has been already reported in the literature that the reaction rate for the formation of a hydrazone
bond, is affected by the presence of an acid catalyst [63]. Herein, we observed that the
polymerization occurs within seconds at natural pH 7.2. However, in order to investigate the effect
of acid, the polymerization kinetics as a function of the solution pH were monitored by SEC
(Figure 3.6). All polymerization reactions were terminated after 2 h. As observed, between pH
4.5 and 5.2, the average My of the resulting polymers increases as the pH decreases. These
observations are in good agreement with the reaction mechanism itself, as the acid-catalyzed

dehydration of the tetrahedral intermediate is typically the rate-determining step. Although the
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reaction rate for hydrazone formation can be greatly accelerated under acidic conditions, the
reaction slows down again if the pH of the reaction medium is too low. This is due to the fact that
the nucleophile is in equilibrium with two different protonation states (Scheme 3.3). Hydrazines
can become protonated at both their nitrogen atoms, forming hydrazinium ion a and b,
respectively. These protonated species do not lead to product formation, due to their low

nucleophilicity and thus, the reaction slows down at more acidic pH (typically under pH 3) [75].

H
®
PN -~
R NH, R NH, R NH,
b

Scheme 3.3. Equilibrium between the nucleophiles and the respective protonated species.
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Figure 3.6. SEC traces of the PEG-alt-AA polymer formed at different pH values, pH 4.5 (black
line), pH 5.2 (red line), pH 3.1 (blue line) and pH 2 (magenta line).

3.2.2 'H NMR characterization of the PEG-alt-AA alternating copolymer

Moreover, the 'H NMR spectrum of the product (Figure 3.7) was recorded. The peaks attributed

to the protons of both the PEG and the adipic acid dihydrazide comonomer repeat units can be
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clearly seen at 6 3.67 ppm (Hg), 3.87 ppm (Hf), 4.53 ppm (He), 7.8 ppm (Hd), 8.0-8.21 ppm (Hc)
and at & 2.02 ppm (Hi), 2.26 ppm, 2.68 ppm (Hh), respectively. Also, the characteristic peak at &
11.42-11.52 ppm (Ha), which is attributed to the hydrazone protons, confirm the SEC results
discussed above. It should be noted that the absence of the peak of the aldehyde proton of PEGayq
at & 10.13 ppm, suggests the quantitative reaction of PEGaq with the dihydrazide comonomer

which is in excess in the reaction.
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Figure 3.7.'H NMR spectrum of the PEG-alt-AA alternating copolymer in DMSO-d®.

3.2.3 ATR-FTIR analysis of the PEG-alt-AA alternating copolymers

The PEG-alt-AA alternating copolymer was characterized by ATR-FTIR spectroscopy. Figure 3.8,
shows the ATR-FTIR spectra of adipic acid dihydrazide, the PEGaq macromonomer and the PEG-
alt-AA alternating copolymer. The characteristic vibration bands at 2869 cm™, 1694 cm™ and 1095
cm?, assigned to the N-H, C=0 and C-O stretching vibrations, respectively were observed in the
spectrum of the alternating copolymer. More importantly though, the presence of the characteristic
vibration band at 1600 cm, which is attributed to the stretching vibration of the acylhydrazone
bonds (C=N), in the spectrum of the copolymer and it's absence in the ATR-FTIR spectra of the

two precursor comonomers, verified the successful synthesis of the polymeric product [76].
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Figure 3.8. ATR-FTIR spectra of adipic acid dihydrazide (black dash dotted line), PEGaq (red

dashed line) and the PEG-alt-AA alternating copolymer (wine solid line).

3.3 pH-induced degradation of the PEG-alt-AA alternating copolymers

Acylhydrazone linkages have been proposed for several applications in the evaluation of drug
delivery systems, due to their high cleavage rate at acidic pH compared to neutral physiological
pH values, as discussed in Chapter 1.6.1. In order to investigate the pH degradation process of
the PEG-alt-AA alternating copolymers, a solution of the copolymer in water at pH 5.2 was
prepared, to simulate the pH environment in tumor tissues, and was left under stirring. Samples
were removed from the solution at regular time intervals, and the degradation profile of the

copolymer was monitored by SEC and UV/vis spectroscopy.
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Figure 3.9. SEC traces of the PEG-alt-AA alternating copolymer as prepared (black dashed line),

the PEGaq macromonomer (blue dotted line) and the PEG-alt-AA after 5 days stirring at pH 5.2

(red solid line).

As shown in Figure 3.9, the copolymer peak decreased after 5 days stirring at pH 5.2, and a new
peak appeared at higher elution times, which corresponds to the precursor PEGaq
macromonomer. Moreover, two new peaks appeared at much higher elution times (t = 16.5 to
18.5 min), indicating the formation of low molecular weight by-products. These peaks can be
attributed to adipic acid dihydrazide and other low molecular weight products, however, their size
were beyond the analytical range of SEC. The observed slow kinetics of the hydrolysis reaction
of the copolymer is attributed to the resistance of the acylhydrazone bonds, derived from aromatic
aldehydes and ketones, to the low solution pH due to the conjugation of the 1 electrons of the -

C=N- bond of the hydrazone with the aromatic benzene ring [77].
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The pH degradation of the copolymer was also investigated via UV-Vis spectroscopy. For this, a
0.02 mg ml* copolymer solution in H.O at pH 5.2 was prepared and was left under stirring. The
UV/vis absorption spectra of the sample were measured at different time intervals. Figure 3.10
shows that at 0 min in pH 5.2 the absorption band of the copolymer was centered at ~302 nm and
for the next 2 h no significant change was observed. After 23 h at pH 5.2, the absorbance of the
peak decreased slightly, but no further indication of polymer degradation was observed. Finally,
after 7 days under stirring at pH 5.2, a new peak at ~260 nm appeared which corresponds to the
absorption band of the PEGaq macromonomer, a result that strongly supports the pH-induce

degradation process found by SEC as discussed above.
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Figure 3.10. UV-vis absorption spectra of an aqueous PEG-alt-AA solution at pH 5.2 at different

time intervals under stirring at 37°C.

46



3.4 Synthesis and photodegradation of a small acylhydrazone molecule

Before investigating the photodegradation behavior of the PEG-alt-AA copolymer, the
photosensitivity of the aromatic acylhydrazone bonds was examined using a small
diacylhydrazone molecule in a proof-of-concept study. For this, 4-carboxybenzaldehyde was
reacted with adipic acid dihydrazide at a 2:1 molar ratio, to prepare a diacylhydrazone analogue
(Figure 3.11a).
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Figure 3.11. (a) Schematic representation of the synthetic procedure followed for the preparation

of the small diacylhydrazone molecule and (b) *H NMR spectrum of the product in DMSO-d®.

3.4.1 'H NMR characterization

In order to verify the successful synthesis of the diacylhydrazone molecule *H NMR spectroscopy
was used (Figure 3.11b). The peaks at d 1.67, 2.27 and 2.69 ppm and the peaks at 6 8.03-8.22
ppm can be attributed to the -CH,- (Hg and Hf) and to the -NH- (He) protons of adipic acid
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dihydrazide, respectively. In addition, the aromatic protons of 4-carboxybenzaldehyde are
observed at 6 7.75-7.96 ppm (Hb and Hc) and the carboxylic acid proton (Ha) at & 13.05 ppm.
Furthermore, the *H NMR spectrum of the product showed the characteristic peaks at & 11.37-
11.51 ppm attributed to the acylhydrazone protons, verifying the successful synthesis of the

diacylhydrazone derivative.

3.4.2 Photodegradation experiments of the small diacylhydrazone molecule

After its successful synthesis, a solution of the diacylhydrazone molecule in DMSO was subjected
to light irradiation (254 nm, 0.1 mW c¢cm=2) and its degradation profile was monitored by UV-vis
spectroscopy. Before irradiation the diacylhydrazone molecule exhibited a broad absorption band
centered at ~302 nm (Figure 3.12a). After irradiation, the absorbance at 302 nm gradually
decreased and a new peak at 254 nm eventually appeared, which coincided with the absorption
band of 4-carboxybenzaldehyde, verifying the photo-induced cleavage of the acylhydrazone
bonds. The kinetics of the photodegradation process were determined from the decrease in the
absorption intensity at 302 nm as a function of irradiation time (Figure 3.12b), and showed that
~45% of the acylhydrazone bonds were cleaved after only 10 min irradiation, whereas the
degradation of the bonds was slowed down for longer time intervals reaching ~65% cleavage

after ~ 2 h irradiation.
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Figure 3.12. (a) UV-vis absorption spectra of a 0.02 mg mlI~ solution of the small diacylhydrazone
molecule in DMSO upon irradiation at 254 nm and (b) % photodegradation of the diacylhydrazone

as a function of irradiation time.
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3.5. Photodegradation of the PEG-alt-AA alternating copolymers

Having determined the photosensitivity of the aromatic acylhydrazone linkages, the photo-
induced breakdown of the PEG-alt-AA alternating copolymer was explored using SEC to detect
the changes in polymer molar mass upon light irradiation, and was further analyzed using UV-Vis

spectroscopy.
3.5.1 Photodegradation of the PEG-alt-AA alternating copolymers monitored by SEC

As observed in Figure 3.13, after 1 h irradiation at 254 nm, the copolymer peak decreased
substantially, and a new peak, which coincides with that of the precursor PEGaqs macromonomer,
emerged in the SEC trace of the polymer. Furthermore, at considerably higher elution times, a
new peak appeared, suggesting the formation of a low-molecular-weight by-product, which was
attributed to adipic acid dihydrazide; nevertheless, its size was beyond the analytical range of
SEC. These results strongly support the photo-induced cleavage of the acylhydrazone bonds
along the main chain of the PEG-alt-AA alternating copolymer to produce the two precursor
comonomers, PEGaq and adipic acid dihydrazide.

8 10 12 14 16 18 20
Elution time (min)

Figure 3.13. SEC traces of the PEG-alt-AA alternating copolymer (black dashed line), the PEGaq

precursor macromonomer (wine solid line) and the PEG-alt-AA copolymer after 1 h irradiation at

254 nm (red short dotted line).

49



3.5.2 Photodegradation of the PEG-alt-AA alternating copolymers monitored by UV-VIS
spectroscopy.

UV-vis spectroscopy was used additionally to verify further the light-mediated breakdown of the
acyhydrazone-based copolymer. The absorption spectra of a 0.2 mg ml~ PEG-alt-AA copolymer
solution in DMSO is shown in Figure 3.14a. Before irradiation, the polymer peak was centered at
~302 nm, whereas after exposure to UV light, the peak intensity progressively reduced and two
new peaks at 260 nm and 288 nm emerged, which correlate to the absorption bands of the PEGaq
macromonomer, and support the SEC results discussed above. Figure 3.14c depicts the kinetics
of the copolymer photodegradation process in DMSO, as assessed by the UV-vis spectra. An
almost linear degradation profile was found for the first 60 min of irradiation, corresponding to
~55% cleavage of the polymer bonds, whereas for longer times the degradation kinetics were

slowed down and reached 75% cleavage after 130 min irradiation.

Similar findings were obtained for the photodegradation process of the copolymer in water.
Irradiation of an aqueous copolymer solution at pH 7.4, to avoid the acidic hydrolysis of the
acylhydrazone bonds, resulted in the reduction of the absorbance at 302 nm, and simultaneously,
to the appearance of a new peak at 260 nm, which corresponded to the PEGaq macromonomer
(Figure 3.14b). The rate of photodegradation in water was almost linear for more than 2 h
irradiation time (Figure 3.14d), albeit significantly slower than that found in DMSO, with ~32%
photocleavage occurring within the first 1 h of exposure. The lower accessibility of the
hydrophobic aromatic acylhydrazone moieties to water molecules can be an assumption for the

slower degradation rate in water.

It is worth noting, that despite the fact that the irradiation was carried out under UV illumination at
254 nm, which is considered as a harmful wavelength for biological applications, the irradiation
dose used for the complete polymer degradation was extremely low (720 mJ cm=2) when

compared to other photodegradable polymers reported in the literature [78], [79].
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Figure 3.14. UV-vis absorption spectra of (a) a 0.2 mg ml~ copolymer solution in DMSO and (b)
a 0.02 mg ml? copolymer solution in H,O at pH 7.4, upon irradiation at 254 nm. %
photodegradation of the PEG-alt-AA copolymer as a function of irradiation time in (¢) DMSO and
(d) H20 at pH 7.4.

3.6 Investigation of the dynamic nature of the acylhydrazone bonds following their photo-
cleavage
As already discussed in Chapter 1.6.1, poly(acyl)hydrazones have been studied in the literature

as dynamic covalent polymers, and have been proposed for the development of self-healing
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materials and adaptable networks due to the reversible nature of the (acyl)hydrazone bonds,
which can be cleaved and reformed in response to a stimulus, such as acidic media or
temperature [59],[80],[81]. In order to investigate the dynamic nature of the acylhydrazone
linkages of the PEG-alt-AA copolymers prepared in this work, a solution of the polymer in H.O
was first irradiated for 2 h at 254 nm to cleave the acylhydrazone bonds, and was then left under
stirring for 24 h in the dark. The UV-vis absorption spectra of the copolymer after irradiation and
following 24 h in the dark were compared (Figure 3.15), verifying that no changes in absorption

took place in the dark, implying that the copolymer was not reformed.
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Figure 3.15. UV-vis absorption spectra of a 0.02 mgr ml~t PEG-alt-AA alternating copolymer in
H.O before (black solid line) and after (red dashed line) irradiation for 2 h at 254 nm, and

subsequently after stirring for 24 h in the dark (blue dotted line).

The sensitivity of the aldehyde groups generated at the PEG chain ends, following photocleavage
of the acylhydrazone bonds by the light stimulus might explain this outcome. Aromatic and
aliphatic aldehydes (or ketones) are well known to undergo a variety of photochemical reactions
when exposed to UV light [82]. Light's interaction with aromatic aldehyde molecules, in particular,

can result in the production of several radical species (Scheme 3.4).
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Scheme 3.4. Proposed photodissociation pathways of PEGaq upon irradiation with UV light.

To further support our hypothesis, *H NMR spectroscopy was used to investigate the fate of the
aldehyde end groups of PEGaq after UV irradiation. Figure 3.16 shows that the characteristic
peak of the aldehyde protons at 10.11 ppm decreased significantly after 1 h of irradiation of the
PEGas macromonomer at 254 nm, and disappeared completely after 2 h exposure to UV light.
Moreover, the peaks attributed to the aromatic (7.99 and 8.24 ppm) and ester (4.53 ppm) protons
changed and shifted to lower ppm, whereas two new peaks appeared at 2.2 ppm and 9.8 ppm,
which were attributed to the formation of acetaldehyde as a by-product of the photodegradation
reaction.
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Figure 3.16. 'H NMR spectra of PEGaq (A) before, (B) after 1 h and (C) after 2 h irradiation at

254 nm in CDCls.
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3.7 Synthesis of the PEG-alt-AA-DOX conjugates

The PEG-alt-AA alternating copolymer was used for the synthesis of the PEG-alt-AA-DOX drug

conjugates. Before conjugation DOX-HCI was neutralized with TEA in DMSO in order to obtain

the hydrophobic DOX molecules. For the conjugation of DOX at the ends of the poly-

acylhydrazone chains, the copolymer and DOX were mixed at a 1:2 mole ratio in DMSO and were

reacted for 24 h, followed by dialysis against DMSO in a dialysis bag with molecular weight cut

off of 3500 kDa, to eliminate the unreacted DOX molecules. Figure 3.17a shows the UV-vis

absorption spectrum of the PEG-alt-AA-DOX conjugate in DMSO, in which the polymer peak at

302 nm is clearly observed, whereas the inset shows the magnified spectrum in the 330—-700 nm

range, where the absorption peak of DOX is evident, indicating the successful conjugation of the

drug at the polymer chain ends. Figure 3.17b shows the fluorescence emission spectra of the

polymer, DOX and the PEG-alt-AA-DOX conjugate in DMSO. As expected, the copolymer does
not emit light in the 500-800 nm range, whereas DOX and the PEG-alt-AA-DOX conjugate both

emit at 600 nm, verifying the conjugation of the drug at the polymer chain ends. In addition, the

slight shift of the fluorescent peak of the conjugates to higher wavelengths is a strong indication

of the successful conjugation of the drug.
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Figure 3.17. (a) UV-vis absorption spectrum of the PEG-alt-AA-DOX conjugate in DMSO (inset:

magnified spectrum in the 340-700 nm range) and (b) fluorescence spectra of the PEG-alt-AA
copolymer (black solid line), DOX (blue dashed line) and the PEG-alt-AA-DOX conjugate (red

dashed dotted line).
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In order to calculate the amount of conjugated DOX onto the PEG-alt-AA alternating copolymer a
calibration curve was generated by measuring the fluorescent intensity of DOX solutions in DMSO
at different drug concentrations (Figure 3.18a). The calibration curve is shown in Figure 3.18b.
The drug binding onto the copolymer chains was calculated using equation 1 in Chapter 2.7 above
and found 2.7 x 1073g DOX/g polymer. This result suggests a low drug binding onto the copolymer
chains and explains the difficulty in observing the absorption band of DOX in the UV/Vis spectra
of PEG-alt-AA-DOX conjugate.
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Figure 3.18. (a) Fluorescence emission spectra of DOX as a function of the drug concentration
in DMSO and (b) standard calibration curve of DOX.

3.8. Self-Assembly of the PEG-alt-AA-DOX drug conjugates

As already discussed in Chapter 1.4.1, amphiphilic molecules containing a hydrophilic and a
hydrophobic domain can self-assemble into various morphological structures (micelles, vesicles,
cylinders, etc.) in water. We envisaged that the conjugation of the hydrophobic DOX moieties at
one or both ends of the hydrophilic PEG-alt-AA copolymer chains, to produce amphiphilic drug
conjugates, could drive their self-assembly into nanostructures with hydrophilic and hydrophobic

compartments.

In order to test this hypothesis, the PEG-alt-AA-DOX conjugates were self-assembled in water
using the dialysis method. First, the polymer-drug conjugates were dissolved in DMSO, which is
considered as a good solvent for both the copolymer and the DOX drug, at a polymer

concentration of 0.1g mL™, and next, an excess of neutral water (pH 7.4), to prevent the acidolysis
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of the acylhydrazone bonds, was added dropwise to the organic solution, followed by the removal
of DMSO by dialysis.

SEM and TEM were utilized to investigate the morphology of the PEG-alt-AA-DOX assemblies in
water. Interestingly, spherical nanoparticles with an average diameter of ~300 nm were observed
by SEM (Figure 3.19a), and a similar size (~300 nm) was found by TEM (Figure 3.19b). As
described in the literature, carriers with a diameter on the order of 10 to 300 nm accumulate in
cancerous tumors due to the enhanced permeability and retention (EPR) effect. It is noted that
nanoparticles smaller than 10 nm are easily eliminated by renal clearance whereas, nanocarriers
larger than 300 nm can be rapidly cleared from the bloodstream via the liver and spleen [83]. In
comparison to the self-assembled polymer-drug conjugates described above, most of the
polymeric self-assembled nanopatrticles reported in the literature, comprise amphiphilic block
copolymers, and have sizes between 10-300 nm, in which the hydrophobic block comprises the
micellar core and the hydrophilic block forms the outer shell [84][85]. For instance, Fang —Yi Qiu
et al. reported the preparation of redox-responsive polymer-drug conjugates composed of a PEG
block and hydrophobic polyacrylate block, to which an anti-inflammatory drug was attached, to
produce nanopatrticles ~150-300 nm in diameter [86]. They also observed that as the length of
the hydrophobic block was increased (resulting to the simultaneous increase of the molar feed
ratio between the hydrophobic and the hydrophilic block), the diameter of the nanoparticles also
increased. However, the self-assembly of single component polymer-drug conjugates has barely
been investigated. Liu et al. conjugated docetaxel onto a medium molecular weight PEG (Mw > 2

kDa), generating spherical micelles ~46 nm in diameter [45].
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Figure 3.19. SEM (a and c) and TEM (b and d) images of the self-assembled PEG-alt-AA-DOX
drug conjugates before (a and b) and after (c and d) irradiation for 2 h at 254 nm.

DLS measurements of the PEG-alt-AA-DOX assemblies were also carried out to support our
findings from the electron microscopy experiments. The hydrodynamic size of the nanoparticles
in water was found to be 250 nm (Figure 3.20), in good agreement with the SEM and TEM results

discussed above.
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Figure 3.20. Hydrodynamic diameter for the PEG-alt-AA-DOX assemblies in water before (black

solid line) and after (red dashed line) irradiation for 2 h at 254 nm.

3.9 Photo-induced degradation of the self-assembled PEG-alt-AA-DOX nanoparticles

Having established the photodegradation of the PEG-alt-AA copolymer (Chapter 3.4.2), the
photo-mediated disruption of the self-assembled PEG-alt-AA-DOX nanoparticles upon the
cleavage of the acylhydrazone bonds with UV light, was investigated by SEM, TEM and DLS.
Figure 3.19c shows a SEM image of the self-assembled PEG-alt-AA-DOX conjugates in water
(pH 7.4) following irradiation with UV light for 2 h. The absence of the PEG-alt-AA-DOX
assemblies after irradiation is evident, indicating the main-chain cleavage of the
polyacylhydrazone backbone. Indeed, smaller nanoparticles of size between 25-30 nm were
observed in the SEM image after light irradiation, which can be attributed to aggregates formed
by the released hydrophobic DOX molecules in water. These results were also confirmed by TEM
(Figure 3.19d), which showed the absence of the spherical PEG-alt-AA-DOX assemblies
observed before UV irradiation, and the presence of small, dark-colored nanoparticles (D ~ 15—
20 nm) attributed to the released drug aggregates. Finally, the disruption of the self-assembled
PEG-alt-AA-DOX nanostructures, upon exposure to UV light, was verified by DLS (Figure 3.20).
The large particles disappeared and a hydrodynamic diameter of ~6.5 nm was measured, which

was attributed to the constituent PEG macromonomer chains that remained in the solution after
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the degradation of the polymer backbone. These results also confirm the complete disruption of
the PEG-alt-AA-DOX assemblies after 2 h UV irradiation.

3.10. Photo- and acid-induced disruption of the self-assembled PEG-alt-AA-DOX
nanoparticles and release of the drug

Stimuli-controlled drug release from polymeric nanocarriers has attracted significant interest over
the past decades. As discussed in Chapter 1.6.2 above, light offers remarkable advantages as
an external stimulus, such as spatiotemporal control, as well as tunability of the irradiation
wavelength and intensity while it is often inexpensive. After the study of the photo-induced
degradation of the PEG-alt-AA-DOX assemblies, the synergistic effect of light and acidic pH on
their disruption was investigated. As discussed previously the acylhydrazone bonds are acid-
labile, which renders them relevant materials for drug release in a cancer microenvironment that
is slightly acidic. For this, two agueous solutions of the PEG-alt-AA-DOX assemblies with adjusted
pH values at 7.4 and 5.2, respectively, were prepared and their photo-induced disruption was
investigated by UV-Vis spectroscopy. Figure 3.21a shows the UV-vis absorption spectra of the
agqueous PEG-alt-AA-DOX solution at pH 7.4, for different irradiation times at 254 nm (0.1 mwW
cm™). As discussed above, the characteristic absorption band of the polymer at ~302 nm
decreased with the irradiation time, while a new band at ~260 nm emerged, indicating the main-
chain cleavage of the polymer backbone and the formation of the precursor PEG macromonomer.
A similar degradation process was found for the PEG-alt-AA-DOX assemblies upon the irradiation
of the polymer solution adjusted to pH 5.2 (Figure 3.21b), whilst, when comparing the degradation
rates at the two pH values, a slightly faster degradation of the polymer—and thus disruption of
the assemblies—was found at the low solution pH. In particular, 75% of the polymer was cleaved
after 2 h irradiation at pH 7.4, whereas the degree of degradation reached 90% for the same
irradiation time at pH 5.2 (Figure 3.21c), suggesting the synergistic photo- and acidolysis of the
labile bonds of the polymer.
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Figure 3.21. UV-Vis absorption spectra of an aqueous PEG-alt-AA-DOX solution at (a) pH 7.4
and (b) pH 5.2 for different irradiation intervals at 254 nm. (c) The photodegradation percentage
of the PEG-alt-AA-DOX nanopatrticles as a function of irradiation time at pH 7.4 (red dots) and pH
5.2 (black squares).

It should be noted that the low DOX content of the PEG-alt-AA-DOX assemblies prohibited the
guantification of the photo-induced drug release by UV-vis spectroscopy. Therefore, fluorescence

spectroscopy was used instead to quantify the drug release profile.

For this, an agueous PEG-alt-AA-DOX solution was first adjusted to pH 5.2 to simulate the acidic
environment of a tumor tissue, and was next irradiated with UV light for different irradiation
intervals, up to 2 h total irradiation time. The solution was dialyzed against water (pH 5.2) during

the irradiation; the dialysate was collected after each irradiation cycle, and its DOX content was
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analyzed by fluorescence spectroscopy. In parallel, another PEG-alt-AA-DOX solution at neutral
pH 7.4 was irradiated with UV light, and the release of the cargo in the dialysate was followed by
fluorescence spectroscopy. As shown in Figure 3.22, the release kinetics of the conjugated DOX
molecules upon irradiation at pH 5.2 and pH 7.4 were similar (60—65% released DOX at 2 h),
denoting that the release of the drug is dominated by the photoinduced cleavage of the
acylhydrazone bonds, whereas the solution pH, in this range, does not play a significant role in
the drug release profile at short irradiation times (2 h). This outcome supports the results
discussed in Chapter 3.5, in which the degradation profile of the PEG-alt-AA copolymer was found
to be rather low at pH 5.2 in the first 2 h (Figure 3.10) and became significant only after 23 h in
this pH value. The slow acidolysis of the hydrazone bonds and the low amount of released cargo
at pH 5.0 and 5.5 has been previously reported in the literature [36], [87], [88].

In order to increase the release kinetics of the DOX molecules from the PEG-alt-AA-DOX
assemblies, an agueous PEG-alt-AA-DOX solution at pH 2.0 was irradiated with UV light for 2 h.
Indeed, a faster drug release profile was found (Figure 3.22, black squares), with 64% of the
DOX being released after 1 h irradiation and, reaching 82% free drug at 2 h. On the contrary, the

solution pH alone (pH 2 without light irradiation) resulted in only 35% drug release in 2 h (red

circles).
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Figure 3.22. Time-dependant release profile of DOX from the PEG-alt-AA-DOX assemblies upon

irradiation (254 nm, 0.1 mW cm=) at pH 7.4 (blue triangles), pH 5.2 (green triangles) and pH 2

(red squares), and the control sample (without irradiation) at pH 2 (black circles).
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Based on the above results, light irradiation is a convenient and remote stimulus, allowing to
control the drug release from the PEG-alt-AA-DOX assemblies in short times, whereas the
solution pH enables the prolonged release of the cargo. As it can be seen in Figure 3.22 the low
acidic pH (pH 2) alone, exhibits a low rate of DOX release, compared to UV light irradiation at
neutral or mildly acidic environment that demonstrates a faster release. Finally, the synergistic
photolysis and acidolysis of the polymer prodrug upon irradiation at very low pH values (pH 2.0),
leads to faster release kinetics. Therefore, the proposed drug delivery system could be used for
the effective photo-triggered drug release at specific sites/tissues, in which the pH ranges from
neutral (normal tissues) to acidic (cancer tissues), providing an additional level of control over the

drug release profile.
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Chapter 4

Conclusions and Future Perspectives

Cancer is one of the most serious health issues currently in developed countries and it is the
result of deregulation of the mechanisms that control the behavior of normal cells. Despite
countless advances in cancer medicine, cancer treatment is still a huge challenge. Among them,
chemotherapy is a commonly used treatment, which involves the administration of therapeutic
drugs directly into the bloodstream. The main flaw of chemotherapy in the treatment of cancer is
its inability to distinguish between cancerous and non-cancerous cells. The effectiveness of
cancer chemotherapy is restricted due to its low adsorption by cancer cells and its significant
damage to normal cells. Furthermore, most anti-cancer medicines are not water soluble, resulting
in low cellular absorption. There are many drug delivery systems under development, other in
clinical trials and other under preliminary investigation with promising results, whereas some are
being utilized in accordance with the FDA regulation, all aiming to overcome the drawbacks of
chemotherapy. The future may hold a drug delivery system for every cancer, perhaps as a hybrid
formulation combining multiple carrier types carrying a cocktail of chemo- and immunotherapeutic

drugs for highly personalized therapy.

The aim of this master thesis was to propose a new, main-chain photo- and acid-degradable,
amphiphilic polymer—drug conjugate, based on a hydrophilic polyacylhydrazone chain and a
hydrophobic model anticancer drug, DOX. The alternating polyacylhydrazone copolymer was
synthesized via a step-growth polymerization reaction of adipic acid dihydrazide with
dibenzaldehyde-terminated PEG. At first, the acidic hydrolysis of the copolymer at pH 5.2 (in order
to simulate the pH values of cancer tissues) was studied, and the degradation of the PEG-alt-AA
copolymer was observed only after 5 days exposure to this pH stimulus. The photodegradation
profile of the PEG-alt-AA copolymer in DMSO and water, upon irradiation at 254 nm (0.1 mW cm-~
%), was studied, and the cleavage of the hydrazone bonds along the polymer main-chain, to
produce the two precursor comonomers, was verified at very low irradiation doses (720 mJ/cm™).
Next, amphiphilic PEG-alt-AA-DOX conjugates were prepared by the condensation of DOX
molecules at the polymer chain end(s), and the conjugates were self-assembled in water to form
spherical nanoparticles. At neutral and slightly acidic pH values (pH 5.2), the PEG-alt-AA-DOX
assemblies were disrupted, and the conjugated drug was released at short irradiation times and

a low total irradiation dose, whereas the drug-release kinetics were accelerated upon the
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synergistic effect of light irradiation and a low solution pH (2.0), denoting the remotely controlled

drug release.

Based on the results discussed above, we envisage that such photo- and acid-degradable
polymers could be used for the conjugation and controlled delivery of both hydrophilic and
hydrophobic drug molecules, vitamins or other bioactive molecules bearing an aldehyde or ketone

group, and are thus attractive for the development of diverse drug carriers.

The primary concern in future prospects of this master thesis should be, on the one hand, the
investigation of the biocompatibility of the PEG-alt-AA alternating copolymer and on the other
hand, the examination of the effectiveness of the polymer—drug conjugates in killing cancer cells.
In addition, the drug loading capacity of the synthesized copolymer should be further examined,
as the DOX concentration conjugated to the PEG-alt-AA copolymer was found to be quite low
(2.7 x 107 g DOX/g polymer), compared to other polymer-drug conjugates. A higher percentage
of conjugated DOX could be also accomplished by modifying the polymer in order to conjugate
the drug onto the polymer side groups in addition to the polymer chain ends. Lastly, the self-
assembly of the PEG-alt-AA-DOX conjugates, should be further investigated, as
poly(acyl)hydrazones have been reported to undergo extensive hydrogen bonding interactions
between the polymer chains (see discussion in Chapter 1.6.1). The role and strength of these

interactions in the self-assembly of the PEG-alt-AA-DOX conjugates should be examined.

Furthermore, as already discussed above, the photo-induced disruption of the PEG-alt-AA-DOX
assemblies and the release of DOX were carried out upon UV irradiation at 254 nm, which is
considered a harmful wavelength for biological applications, and despite the very low irradiation
dose used for the complete polymer degradation (720 mJ cm2), further research should be
carried out aiming to red-shift the irradiation wavelength required for the photodegradation of the

polymer acylhydrazone bonds and therefore improve their potential in the biomedical field.

Finally, in this project the synergistic effect of light and the solution pH on the disruption of the
PEG-alt-AA-DOX assemblies, was investigated. In future work, different stimuli can be combined
with light in order to achieve better spatiotemporal control and more effective release of the
therapeutic cargo. For example, the cleavage of the acylhydrazone bonds of the PEG-alt-AA
alternating copolymer can be examined upon application of various stimuli, such as the solution
temperature and ultrasound. Lastly, to address a more effective tumor targeting, the polymer-drug
conjugates synthesized in this thesis can be additionally decorated with cancer cell recognition

moieties, such as antibodies or their receptors, to target specific diseased tissues.
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Appendix 1

Characterization Techniques

1. Size Exclusion Chromatography

Size exclusion chromatography (SEC), also known as gel permeation chromatography (GPC), is
a polymer separation method which allows the determination of the polymer molecular weight and
molecular weight distribution [55, 56]. Porath and Flodin [57] were the first to report that polymers
can be separated based on their size via their penetration through a packed porous material. The
term gel permeation chromatography was defined by Moore [58], who developed rigid cross-
linked polystyrene gels with a range of pore sizes, suitable for separation of synthetic polymers in
organic media. SEC is extremely valuable for both analytic and preparative work with a wide
variety of systems ranging from low to very high polymer molecular weights. The method can be
also applied to a wide variety of solvents and polymers, depending on the type of gel used. A
SEC instrument usually involves a pump, a detector (e.g. UV or RI or both) and one, two or more
separating columns (Figure 1A). The pump circulates the solvent through the series of columns
filled with porous beads (Figure 1B). Often the beads are solvent swollen polymer gel particles.
The beads are intentionally made with a variety of pores sizes that span the range of the sizes of
the macromolecules to be separated. A small volume of a dilute polymer solution in the same
solvent is injected into the flowing solvent stream entering the columns. As the polymer solution
passes thought the columns, the largest polymers are excluded from all but the largest pores, and
elute from the column first. Progressively, smaller polymers can explore the smaller pores and
therefore, larger volumes of the column and consequently elute later (Figure 1C). Thus, the
separation of molecules in SEC occurs by polymer size rather than polymer mass. After
separation, the solution passes through the detectors that are used in the system and are

analyzed upon proper calibration with narrow molar mass distribution standards.
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Figure 1. Schematic illustration of the SEC instrument. A) Main parts of a SEC, B) separation
columns and C) representative retention time of a polymer depending on its size.

2. 'H Nuclear Magnetic Resonance spectroscopy (*H NMR)

Nuclear magnetic resonance spectroscopy is a very useful and commonly used technique for
determining the chemical structure of compounds [89]. *H NMR and *C NMR are the most widely
used material characterization methods. Nuclear magnetic resonance is a spectroscopic
technique used to observe the local magnetic field around the nucleus. The sample containing
the material is placed in a magnetic field and the core of the sample is excited in nuclear magnetic
resonance through radio waves, thus generating a nuclear magnetic resonance signal, which is
detected by a sensitive radio receiver (Figure 2). Different nuclei absorb electromagnetic radiation
of different wavelengths depending on the chemical and electronic environment. The location and
pattern of the NMR signal provide the necessary information about the nuclear environment. The
exact field strength of the core (in ppm) resonates with the reference standard, usually the signal
from the deuterated solvent used. The electron cloud protects the nuclei from external magnetic
fields, causing them to absorb at a higher energy (lower ppm), while adjacent functional groups
"deshield" the nuclei, causing them to absorb at a lower energy (higher ppm). Chemically and
magnetically equivalent nuclei resonate with the same energy and give a single signal or mode.
Protons on adjacent carbon atoms interact and split the resonance into multiple peaks, following
the n + 1 rule, and the coupling constant is J. Spin coupling is usually observed between nuclei

separated by 1, 2 and 3 bonds. The area under the NMR resonance is proportional to the number
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of nuclei generating the resonance, so the proton of the resonance can be calculated by

integration.
external magnetic field 27N

’
L

——————

electrons

RF excitation NMR signal

RF transmitter

nucleus with a
magnetic moment

Figure 2. NMR phenomenon.

3. Attenuated Total Reflectance —Fourier Transform Infrared (ATR-FTIR) spectroscopy

Infrared spectroscopy (IR) is considered an important spectroscopic technique because of the
ease of obtaining spectra and comparing them with spectra of known compounds. It is widely
used in the synthesis of chemical compounds and for certifying their purity. In order to draw
conclusions about the concentration of a component in a sample (taking into account that the
amount of energy absorbed is a function of the number of molecules present), the depth of a
characteristic absorption band is compared with the depth of the same band of a spectrum

containing a known concentration of that component.

The absorption of infrared radiation is limited to molecules which exhibit small energy differences
between different vibrational and rotational energy states. In order to absorb infrared radiation, a
molecule must undergo a change in its dipole moment as a result of its vibrational or rotational
motion, as is the case with heteronuclear molecules. Thus, each molecule gives its own
characteristic absorption spectrum, which can be considered as the ‘fingerprint' of the molecule.
When homonuclear, diatomic molecules such as O, N2, Cl» vibrate or rotate, there is no net
change in their dipole moment. Consequently, such molecules do not absorb in the infrared region
of the spectrum. The infrared radiation is absorbed by a molecule at frequencies below 100 cm-
1 and is converted into molecular bond rotation energy. Similarly, infrared radiation absorbed by

a molecule between 10000 - 100 cm? is converted into vibrational bond energy.
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The frequency or wavelength of an absorption depends on the relative masses of the atoms, the
bond strength constants and the geometry of the atoms. The different positions in the IR spectrum

are designated as wavelength units, the unit of which is cm™ (wavenumber).

There are two types of molecular vibrations: tension vibration and bending vibration (Figure 3.1).
Tension vibration involves rhythmic movement along the axis of the bond so that the distance
between atoms increases or decreases in the form of an oscillation. During bending vibration,
there is either a change in the angle of two bonds with a common atom, or movement of a group
of atoms relative to the rest of the molecule provided that the atoms of the moving group remain
stationary relative to each other.

Stretching Vibrations

Symmetric Asymmetric

Bending Vibrations

In-plane Out-of-plane
Scissoring Rocking Wagging Twisting

Figure 3.1. Types of molecular vibrations.

The application area of infrared spectroscopy has been greatly expanded in the last decades due
to the development of Fourier transform infrared spectroscopy. In standard infrared spectroscopy,
the multichromatic radiation from the source is analyzed using a monochromator (prism or barrier)
and detected at frequencies n + Av, where Av is determined by the slit width of the photometer.
In Fourier transform infrared spectroscopy, a key part of the technique is the Michelson
interferometer, known since the end of the 19th century. According to the principle of Michelson
interferometers, the radiation initially arrives in a beamsplitter and the two individual beams
contribute after being reflected in a mirror. The intensity of the radiation is measured as a function
of the displacement of the mirror. The interferograms obtained give information on the total

absorption of the sample by wavelength and intensity as the Fourier sum of all spectral lines.

75



The method used in these experiments is the attenuated total reflection (ATR) technique which
has many advantages. In this method the IR beam is directed through an internal reflection
element (a crystal - usually a diamond) of high refractive index (Figure 3.2). The IR light is totally
internally reflected by the back surface, which is in contact with the sample mounted on a Zn - Se
(zinc - selenium) crystal. Upon reflection at the crystal - sample interface, the IR radiation
penetrates the sample and thus IR data are obtained from the sample. The main advantage of

this technique is the easy preparation of the sample to be studied.[90]

ATR-FTIR

IR beam protrudes into the sample

Sample

* # ., i .,
J"— L R Ny \',
IR Source ATR Crystal Detector

Figure 3.2. Light undergoes multiple internal reflections in the crystal of high refractive index,

shown in white. The sample is in contact with the crystal.

4. UV-VIS spectroscopy

UV/Vis spectroscopy is a regularly used technique for the characterization of both organic and
inorganic materials [90]. The range of wavelengths that correspond to the UV/Vis spectrum is
from 200 to 800 nm, from which 200-400 nm is the ultraviolet region and 400-800 nm is the visible
region. When molecules that comprise 11-electrons are irradiated with UV/Vis light they absorb
this energy and electronic transitions take place. The absorbance A can be described by the Beer-
Lambert law that correlates the absorption with the concentration of the absorbing species as

shown in the following equation:

A=log10 (lo/l) = e*L*c
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Where (lo) is the intensity of the incident light, (1) is the intensity of the transmitted light, (€) is the
absorption coefficient, which is constant for a specific substance and depends on the wavelength,
the solvent and the temperature, (L) is the path length through the sample and (c) the

concentration of the sample.

A typical double beam UV/Vis spectrometer is shown in Figure 4. There are five basic
components in a simple double beam UV/Vis spectrophotometer; a light source, a
monochromator, a sample compartment, a beam splitter and a detector. The monochromator of
the instrument is composed of an entrance slit (to narrow the beam to a usable size), a dispersion
device (usually a diffraction grating or prism that separates polychromatic white light into bands
of monochromatic light of a single wavelength), and an exit slit (to select the desired
monochromatic wavelength). In a typical experiment a beam of light from the light source is
separated into its component wavelengths by a prism or diffraction grating. Each monochromatic
beam in turn is split into two equal intensity beams by a beam splitter. One beam, the sample
beam, passes through a small cuvette containing a solution of the compound being studied in a
transparent solvent. The other beam, passes through an identical cuvette containing only the
solvent. The intensities of these light beams are then measured by electronic detectors and
compared. The intensity of the reference beam, which should have suffered little or no light
absorption, is defined as lo. The intensity of the sample beam is defined as I. Over a short period

of time, the spectrometer automatically scans all the component wavelengths.
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Figure 4. Schematic representation of a double beam UV-VIS spectrophotometer [91].
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5. Dynamic Light Scattering (DLS)

Dynamic light scattering, also known as photon correlation spectroscopy (PCS) or quasi-elastic
light scattering (QLS), is a spectroscopic method, mainly used to determine the size distribution
of particles (polymers, colloids, nanoparticles etc.) in solution or suspension [92]. What DLS
measures, is the Brownian motion of the particles in the solution due to the constant collisions
between them and the molecules of the solvent, and it relates that motion to the size of the
particles. Generally, the larger the particle, the slower the Brownian motion, while smaller particles
are further displaced after the collision with the solvent molecules and so move more rapidly. The
velocity of the Brownian motion in each case is expressed by the translational diffusion coefficient,
D. The translational diffusion coefficient is part of the Stokes-Einstein equation that calculates the

size of the particle as follows:
d (H) = kT 3nmnD

Where d(H) is the hydrodynamic diameter of the particle, D is the translational diffusion coefficient,
k is Boltzmann’s constant, T is the absolute temperature and n is the viscosity. The diameter that
is calculated by this function is the diameter of a sphere that is characterized by the same
translational diffusion coefficient as the particle being measured. The translational diffusion
coefficient depends on a number of factors: i) the size of the “core” of the particle, ii) the ionic
strength of the medium (low conductivity media generate an extended layer of ions around the
particle, thus reducing the diffusion speed and lead to an apparently larger hydrodynamic
diameter) and iii) the surface structure (any change in the surface of the particles that can have
an effect on the speed of the particles’ diffusion, will lead to a corresponding change in the

apparent hydrodynamic size of the particles).

When the particles that are going to be measured are small compared to the laser that is used
during the measurement (typically around A /10), the scattering from the particles is of the same
energy as the incident light (elastic scattering) and is not angle dependent (Rayleigh scattering)
[93]. When the size of the particles exceeds that threshold though, Rayleigh scattering is replaced
by Mie scattering, that is anisotropic, so the scattered light is of unequal energy in relation to the
incident light (inelastic scattering) as well as angle dependent (the scattered light is more intense
in the direction of the incident light, and bigger particles exhibit higher angle-dependence). During
a dynamic light scattering measurement, the speed of the diffusing, due to Brownian motion,
particles is measured. The measurement is essentially the rate at which the intensity of the

scattering light fluctuates and is detected by a suitable detector. This measurement is reflected
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by a speckle pattern, in which the position of each speckle constantly changes, since the system
is in constant Brownian motion. The rate at which the intensity fluctuates depends on the size of
the particles, for example small particles lead to more fluctuations in the measured intensity. The
frequencies of the intensity fluctuations are recorded by a digital autocorrelator. An autocorrelator
is essentially a sighal comparator that, in the case of DLS, compares one signal with itself at
various time intervals. By comparing the intensity of the signal at time equal to t to the intensity of
the signal at a very short time after that (t+0t), the relationship between the two signals, or else
their correlation, will be very strong. The same process is repeated for longer amounts of time
and it is noted that the correlation reduces with time. The correlation is also dependent on the
size of the particles, as large particles do not exhibit quick changes in their intensity fluctuations,
so the correlation can persist for a longer amount of time in comparison to smaller particles that
move rapidly and cause high fluctuations in their intensity, so their correlation exhibits a quicker
reduction. The correlation function of the scattered intensity created by the correlator is the

following:
G(r)=<I®)I(t+1)>
Where 71 is the time difference of the correlator.

When the correlation function refers to a large number of monodisperse particles that are in

Brownian motion, it is an exponential decaying function of the correlator time delay T:
(t) = [1 + B exp(-2I'7)]

Where A is the baseline of the correlation function and B the intercept of the correlation function.
I is given by the equation I = Dg?. D is the translational diffusion coefficient, and the wavevector
g is expressed as q = 4r (n /A0)sin(8/ 2), where n is the refractive index of the dispersant, A is the

wavelength of the laser and 8 is the scattering angle.

In the correlogram that derives from a measurement, the time at which the correlation starts to
decay in a significant amount gives an indication of the mean size of the particles in the sample.
More monodisperse samples generate steeper decaying, while more polydisperse samples lead
to extended decay times. The size can be obtained from the correlation function with the use of
various algorithms. The size distribution that derives from them is a plot of the relative intensity of
the scattered light by the various sized particles in the sample and is known as the intensity size

distribution. If it is a single smooth peak, there is no need for converting it to a volume distribution
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using the Mie theory. A typical DLS instrument consists of three components: the laser, the

sample and the light detector.

6. Scanning Electron Microscopy (SEM)

Scanning electron microscopy allows the depiction of high-resolution and high-magnification
images of a sample, which is placed on an appropriate surface. A tungsten filament emits
electrons, which are focused by an electron optical system. The electron beam produced is
capable of scanning the sample surface and provide the composition at a point, along a line or
over a rectangular area, by moving the beam across the surface in a series of parallel lines.
Movement along the three directions, X, y and z is possible, as the sample is placed over a stage
that moves depending on the desire of the user. SEM can be utilized to visualize almost any type
of sample. The instrument operates in high vacuum and very dry environment in order to produce
the high energy beam of electrons needed for imaging. The imaging system depends on the
electrical conductivity of the specimen to ensure that the bulk of the incoming electrons go to
ground. Therefore, the samples are coated with conductive materials, Au being the most common.
As the high electron beam interacts with the sample, different signals are scattered. Collection of
these enables the formation of the image. Two principal signals are used to form images,
backscattered electrons and secondary electrons that are generated within the primary beam-
sample interactive volume. The backscattered electron coefficient increases with increasing the
specimen’s atomic number, whereas the secondary electron coefficient is relatively insensitive to
atomic number. This difference plays an important role in the way the samples may need to be
prepared. The use of scanning electron microscopy may be considered when the user is able to
interpret the information obtained from SEM and attempt to relate the form and structure of the
two-dimensional images and identity of the chemical data back to the three-dimensional sample

from which the information was derived [94]. A typical SEM setup is presented below.
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Figure 6. Schematic representation of a SEM setup.

7. Transmission Electron Microscopy (TEM)

Transmission electron microscopes (TEM) are microscopes that use a particle beam of electrons
to visualize specimens and generate a highly-magnified image [95]. TEMs can magnify objects
up to 2 million times. TEMs employ a high voltage electron beam in order to create an image. An
electron gun at the top of a TEM emits electrons that travel through the microscope’s vacuum
tube. Rather than having a glass lens focusing the light (as in the case of light microscopes), the
TEM employs an electromagnetic lens which focuses the electrons into a very fine beam. This
beam then passes through the specimen, which is very thin, and the electrons either scatter or
hit a fluorescent screen at the bottom of the microscope. An image of the specimen with its
assorted parts shown in different shades according to its density appears on the screen. This
image can be then studied directly within the TEM or photographed. Figure 7 shows a diagram

of a TEM and its basic parts.
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Figure 7. Schematic representation of TEM.

8. Fluorescence Spectroscopy

Fluorescence is the phenomenon in which a molecule absorbs light within its absorption band
and then emits this light at longer wavelengths within its emission band. This phenomenon can
be used to identify, quantify, and observe chemical activity, and it is a popular method due to its

high level of sensitivity, simplicity, and specificity.

Fluorescence spectroscopy is a spectroscopy method used to analyze the fluorescence
properties of a sample by determining the concentration of an analyte in a sample. This technique
is widely used for measuring compounds in a solution, and it is a relatively easy method to

perform.
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Fluorophores play the central role in fluorescence spectroscopy. Fluorophores are the
components in molecules that cause them to fluorescence. Fluorophores typically contain several
combined aromatic groups, or planar or cyclic molecules with several 1 bonds. Absorption of UV
or visible radiation causes transition of electrons from the singlet ground state to the singlet
excited state. As this state is not stable, it emits energy in the form of UV or visible radiation and
returns to the singlet ground state. Fluorescence emission occurs as the fluorophore decays from
the singlet electronic excited states to an allowable vibrational level in the electronic ground state
(Figure 8.1). The fluorescence excitation and emission spectra reflect the vibrational level

structures in the ground and the excited electronic states, respectively.[96]
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Figure 8.1. Jablonski diagram illustrating different transitions between a molecule’s energy states.

A spectrofluorometer (Figure 8.2) mainly consists of:
A. Source of light: Mercury vapour lamp, Xenon arc lamp, Tungsten film

B. Filters and monochromators: Primary filters and secondary filters, Excitation monochromators

and Emission monochromators

C. Sample cells, Detectors
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Figure 8.2. Schematic diagram of a spectrofluorometer.
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