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Abstract 

 

The presence of many dynamic and static obstacles in the ocular tissues, such as the 

blood-ocular barrier, tear production, and the cornea's limited permeability, renders 

the effective ocular drug delivery a challenging task. Polymeric micelles, liposomes, 

hydrogels, polymer-drug, and protein-drug conjugates are examples of the modalities 

developed and tested, throughout the years, for ocular drug delivery [1]. However, to 

the best of our knowledge, there are no reports on biodegradable systems, which 

include FDA-approved materials, that are also capable of slowing down the drug 

release profiles, documented in the literature so far. As a result, the development of 

drug delivery systems that can maintain an appropriate drug concentration in various 

ocular tissues for an extended period of time is of great importance. In the present 

thesis, we have developed polymeric nanocarriers for the encapsulation and delivery 

of Flurbiprofen, a nonsteroidal anti-inflammatory drug, used in ocular therapy. Next, 

hydrogels comprising a oxidized, natural polysaccharide, dextran, were used as a 

matrix to incorporate these nanocarriers, as it has been shown that hydrogels can 

prolong the release of the drug molecules into the medium [2].  

In the first part of this thesis, amphiphilic poly(ethylene glycol)-block-poly(L-lactide)  

(PEG-b-PLLA) diblock and PLLA-b-PEG-b-PLLA triblock copolymers were 

synthesized. For the synthesis of the diblock and triblock copolymers, ring-opening 

polymerization of the hydrophobic monomer, L-lactide, was carried out using 

monohydroxy and dihydroxy PEG as the macroinitiator, respectively [3]. Size 

exclusion chromatography (SEC) was employed to confirm the successful synthesis 

of the copolymers and proton nuclear magnetic resonance (1H NMR) spectroscopy 

was used to ascertain their composition. Next, the amphiphilic copolymers were self-

assembled into micellar structures in water, which entrapped small hydrophobic drug 

molecules within their micellar cores [4]. Micelles were prepared from both the 

diblock and triblock copolymers, as well as from a mixture of the two copolymers in 

order to form more complex structures.  Dynamic light scattering (DLS) was used to 

determine the hydrodynamic size of the nanocarriers. Transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM) were employed to 

confirm the morphology of the nanocarriers. Next, the release profile of flurbiprofen 
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from the polymeric nanostructures was studied. All the micellar structures released 

the drug within 4 days reaching 100% of release. Thus, the different chemical 

composition of the copolymers was not able to slow down sufficiently the release 

kinetics of the drug.  

In the second part of this work, to further slow-down the release profile of 

flurbiprofen from the polymer carriers, we developed biodegradable hydrogels and 

incorporated the drug loaded micellar structures within their porous structures. The 

hydrogels were prepared through the reaction of oxidized dextran (Ald-Dex), which 

bears aldehyde groups, with adipic acid dihydrazide (AAD), to form acylhydrazone 

bonds. The crosslinker, adipic acid dihydrazide, ranged between 10 and 30 wt% with 

respect to the polymer. The synthesized hydrogels were characterized in terms of their 

chemical composition and morphology by Fourier Transform infrared spectroscopy 

(FTIR) and SEM, respectively. Next, the flurbiprofen loaded polymeric nanocarriers 

were incorporated within the hydrogels and the release profile of the drug molecules 

was studied. The hydrogels were found to release 100% of the payload within 7 days, 

exhibiting a delay in the drug release profile compared to the micellar system alone.  
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Chapter 1: Introduction 

1.1 Drug delivery 

 

The term drug delivery refers to the methods of transporting a pharmaceutical 

compound inside the human body to achieve a therapeutic effect. Different ways of 

administrating drugs include oral, transnasal or rectal administration. Injections are 

also widely used in medicine to deliver drugs, the most common being intravenous 

and subcutaneous injections. The methods of drug administration are constantly 

evolving in order to increase their efficacy. All of the previous methods are 

characterized by a relatively fast release of the substance(s), and thus have limited 

patient compliance. Current research focuses on developing drug delivery systems 

that can sustain the release of the pharmaceutical product, prolonging its activity in 

the body, thus decreasing the frequency of administration [5]. These systems have the 

ability to actively control the rate, as well as the site of the release of the drug [5]. 

Numerous studies have been carried out in an effort to target particular organs or cells 

in the body in order to regulate the release of pharmaceutical substances [6], [7]. For 

the sustained and targeted administration of therapeutic drugs, nanocarriers such 

liposomes, nanoparticles, and micelles have been utilized [8], [9]. 

1.2 Ocular drug delivery 

 

Due to the unique anatomical and physiological barriers that exist in the eye, scientists 

have faced significant difficulties in developing effective ocular drug delivery 

systems. These barriers include the tear film, the aqueous humor as well as the sclera, 

choroid and vitreous body and cause rapid drug removal or poor drug absorption from 

the eye, requiring frequent dose administration. Both invasive and non-invasive 

procedures are used to treat the eye problems (Fig. 1.1). Invasive treatments, like 

intraocular injections, surgery and laser therapy, are usually accompanied by 

complications, such as inflammation, high intraocular pressure, retinal hemorrhage 

and potential visual loss. Oral drugs, eye ointments, and topical eye drops are 

examples of non-invasive therapy. Although these techniques have been used 

extensively to treat a variety of pathologies, their limited clinical applicability stems 
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from their sort life-time in the eye [7]. Advancements in nanotechnology pave the 

way for the incorporation of new drug delivery systems such as contact lenses, 

microneedles and implants. 

 

 

 

 

 

Fig. 1.1: The anatomy of the eye and various routes of drug administration [10]. 

1.2.1 Contact lenses 

 

Contact lenses are curved plastic disks that fit over the cornea. After being applied, 

the contact lens attaches to the tear film covering the cornea due to surface tension. 

For the ocular delivery of many medications, including blockers, antihistamines, and 

antimicrobials, drug-loaded contact lenses have been developed. It is hypothesized 

that in the presence of contact lenses, drug molecules have a longer residence period 

in the post-lens tear film, resulting in higher drug flow across the cornea and less drug 

influx into the nasolacrimal duct [11]. Different types of drug-loaded contact lenses 

have been developed, for instance lenses soaked in drug solutions, lenses with drug-

loaded particles embedded in the lens and molecular imprinted contact lenses. All of 

the previous mentioned approaches exhibit an increase in the drug’s bioavailability in 

the eye [12]–[14]. 
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1.2.2 Ocular implants 

 

Intraocular implants are specifically developed to offer localized controlled drug 

release over an extended period of time. These implants are placed intravitreally and 

they can be non-biodegradable and biodegradable. The non-biodegradable systems are 

usually made from polymers such as polyvinyl alcohol (PVA) and they need to be 

surgically removed after a certain time. Commercial systems include Vitrasert® and 

Retisert® which are both FDA approved. They are capable of a sustained release of a 

pharmaceutical product for an extended period of months to years [11]. However, 

these devices present certain side effects like, endophthalmitis, vitreous haze, 

hemorrhage or even cataract development. Biodegradable implants are made of 

polymers like poly(lactic acid) (PLA) and poly(lactic acid-co-glycolic acid) (PLGA) 

and they are capable of a sustained drug release for a period of up to 6 months [15]. 

Some examples of available products are Surodex™ and Ozurdex®. 

1.2.3 Microneedles 

 

Using a microneedle-based approach, drugs can be delivered to the posterior tissues 

of the eyes in a minimally invasive manner. The danger and side effects of intravitreal 

injections, such as retinal detachment, hemorrhage, cataract and endophthalmitis may 

be lessened by using this microneedle-based administration approach. Additionally, 

this approach might support the delivery of therapeutic drug concentrations to the 

retina and choroid by avoiding the blood-retinal barrier. The needles aid in the deposit 

of a drug or carrier system into the sclera or into the suprachoroidal region, a small 

gap between the sclera and choroid. Drug diffusion into deeper ocular tissues, the 

choroid, and the neuronal retina may be facilitated by this approach [16]. In order to 

prevent harm of the deeper ocular tissues, microneedles are specifically made to only 

pierce the sclera by hundreds of microns. These needles have been studied and they 

may be promising for a safe and targeted way of delivering drugs to the sclera tissues 

[17]. 
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1.3 Types of drug nanocarriers  

 
Since 1960, various nanocarriers have been extensively studied for the delivery of 

drugs. Structures with dimensions between 1 and 1000 nm are known as nanoparticles 

(NPs). These particles should not be larger than 10 μm in order to prevent a feeling of 

a foreign body following administration [18]. NPs made of biodegradable polymers 

are potential candidates for use as medication carriers to alleviate the problem of 

frequent injections. The drug's half-life can be extended by the NPs by shielding it 

from the bloodstream proteins. They may also decrease the need for repeated doses by 

slowing the drugs' release profile. Among the most frequently studied systems are 

vesicles, polymer-drug conjugates, polymeric micelles, and liposomes (Fig. 1.2). 

 

Fig.  1.2: Schematic depiction of the most common nanomedicine formulations used in 

ocular delivery [1].  

1.3.1 Liposomes 

 

Liposomes are "bubble-like" structures that have a phospholipid bilayer which is 

analogous to a cell membrane. These structures are capable of encapsulating small 

molecules, such as hydrophilic or lipophilic drugs. Liposomes are the most common 

and well-studied drug delivery vehicles. Additionally, poly(ethylene glycol) (PEG) 

chains may be affixed to the liposomes' bilayer to extend their lifetime within the 

bloodstream. According to research by Karn et al., liposomes containing  

cyclosporine A , a drug used to treat dry eye syndrome, are less irritating to the eye 

and more effective than store-bought products [19]. 
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1.3.2 Polymeric nanoparticles 
 

In comparison to liposomes, polymeric NPs have a variety of benefits, including 

enhanced stability and the ability to support prolonged drug release. A copolymer 

made of poly(lactic acid) and poly(glycolic acid) called poly(lactic acid-co-glycolic 

acid) (PLGA) is often used in biomedical applications such as surgical sutures, tissue 

engineering scaffolds, and drug delivery systems [20]. PLGA is a biodegradable, FDA 

approved polymer whose mechanical properties can be modified by varying the 

PLA/PGA mole ration. PLGA NPs have the ability to encapsulate a range of drugs 

and can target particular cells or parts of the body [21], [22]. Cañadas et al examined 

the effectiveness of PLGA nanoparticles as a pranoprofen delivery system inside the 

cornea [23]. Nanoparticles encapsulating pranoprofen had a rapid anti-inflammatory 

effect and a lengthy retention time on the cornea's surface, lowering ocular edema 

significantly. Another case is nanoparticles made of chitosan. Deacetylating the chitin 

found in crab shells yields the polymer known as chitosan. It contains N-

acetylglucosamine and glucosamine. Because of its mucoadhesive characteristics, 

chitosan has a high penetration of the ocular surface in ophthalmic drug 

administration [24]. The use of chitosan-based NPs for ocular medication delivery has 

been investigated in the past [25], [26]. 

1.3.3 Polymeric micelles 

 

Amphiphilic molecules can self-assemble into spherical structures, called micelles, in 

a suitable solvent. Hydrophobic interactions cause amphiphilic molecules to self-

assemble in an aqueous environment at a particular concentration, known as the 

critical micelle concentration (CMC) (Fig.1.3). The term "CMC" refers to the minimal 

molecule concentration necessary for the formation of micelles. These structures are 

typically in the nanometer range and feature a hydrophobic core and a hydrophilic 

shell [27]. Amphiphilic diblock copolymers can self-assemble into polymeric 

micelles, with the hydrophilic chains expanding in water to form the micelles' corona 

or shell and the hydrophobic blocks forming the inner core [4]. 
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Among the most widely studied biodegradable block copolymers that can self-

assemble into polymer micelles are poly(ethylene glycol)-b-poly(propylene glycol) 

(PEG-PPG), poly(ethylene glycol)-b-poly(-caprolactone) (PEG-PCL), and 

poly(ethylene glycol)-b-poly(L-lactide) (PEG-PLLA) [19], [20], [28]–[31]. PLLA is 

synthetic hydrophobic polyester produced from the polymerization of L-lactide. When 

this polyester is copolymerized with PEG, it leads to the production of an amphiphilic 

copolymer [32]. PEG is an excellent candidate for the synthesis of a biodegradable 

polyester due to its hydrophilic and biocompatible nature [3], [33]. In an aqueous 

solution, polymeric chains can self-assemble into micellar nanostructures. These 

micelles are constructed of the hydrophobic PLLA blocks in the core and the 

hydrophilic PEG blocks in the shell. The shell stabilizes the micelles in the medium, 

whereas the core can act as a reservoir for hydrophobic drugs [6]. PEG-PLLA diblock 

and triblock copolymers have been investigated for use in drug delivery and tissue 

engineering [6], [34], [35]. 

 

 

 

 

 

 

 

Fig. 1.3: Schematic illustration of the micellization process of diblock copolymers and 

the encapsulation of drug molecules [4]. 

 

There are many different methods for the production of polymer micelles, for 

example the non-selective dissolution method, the thin-film method as well as the 

dialysis technique.  In the non-selective-selective solvent method, the copolymer is 

dissolved in a common solvent for both blocks before being mixed with water to serve 

as a selective solvent. Using this method, micelles with uniform sizes and low 

polydispersity are formed. In the second method, the polymer is dissolved in an 

organic solvent and then evaporated to produce a polymer film. After the film has 

been hydrated using an aqueous solvent, the polymer nanostructures are formed. 

Finally, in the dialysis approach, the copolymer is dissolved in the good solvent for 
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both blocks and is then placed in a dialysis bag. The bag is placed in aqueous media, 

usually for a period of 24h. The gradual inflow of the solvent molecules into the 

dialysis bag drives the self-assembly of the polymeric chains due to hydrophobic 

interactions. 

 

1.3.3.1 Characteristics of the micelle morphology 

The micelles' shell is made up of the hydrophilic blocks of the amphiphilic 

copolymers. The charge, lipophilicity, and size of the micelles are all determined by 

the shell of the micellar structure. These variables significantly affect the biological 

characteristics of the carrier, including blood circulation time, pharmacokinetics, and 

biocompatibility [36]. Several factors affect the micellar morphology. The most 

significant factors are the aggregation number, packing parameter, and CMC. The 

hydrophobic interactions between the hydrophobic building units of the copolymer 

and the solvent promote micelle formation in aqueous solutions. The formation of 

micelles is facilitated and more stable micelles are produced, as the hydrophobicity is 

increased [37]. The hydrophobic and hydrophilic ratio, as well as the interaction 

between the polymer and the solvent, which can be influenced by factors such as the 

solution temperature and pH, are essentially determining the CMC. The most 

significant factor in determining the morphology of the micelles is the packing 

parameter. The packing parameter is defined as follows: 

𝑝 =
𝑣

𝑎0 ∗ 𝑙𝑐
 

where a0 is the hydrophilic group’s contact area, and lc, v are the length and volume of 

the hydrophobic block, respectively. Spherical micelles are created for p<1/3, 

cylinders are formed for 1/3<p>1/2, and vesicles are formed for ½>p [38]. 

A micelle comprises a certain number of polymer chains, known as the aggregation 

number. The length of the copolymer chain and the proportion of hydrophobic to 

hydrophilic segments have a significant impact on the aggregation number [39]. 
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1.4 Mechanisms of drug release from polymeric micelles 

 

Drug release is the flow of a drug molecule from the polymeric micelle to its exterior 

and into the surrounding environment [40]. Fig. 1.4 depicts the three main drug 

release mechanisms: polymer degradation, passive diffusion of the drug molecules 

that have been encapsulated, and a combination of the two [41]. In the first 

mechanism, the degradation of the polymeric chains causes the micelles to 

destabilize, allowing the medication to escape (Fig.1.4a). As seen in Fig.1.4b, in the 

second mechanism the drug molecules simply diffuse through the micelle and into the 

surrounding environment. Finally, for the last mechanism we can observe the active 

release driven by a combination of polymer degradation and diffusion in Fig. 1.4c. 

Phase 1 of the drug release mechanism is characterized by the rapid diffusion of the 

drug molecules into the medium as a result of drug absorption onto the surface of the 

nanocarriers. This phase is known as the burst release phase. The characteristics of the 

polymeric system govern the phase 2 (controlled release phase) process. Diffusion is 

the main process when the rate of drug diffusion is higher than the rate of polymer 

degradation; otherwise, polymer degradation drives drug release [42]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4: Release mechanisms of drug molecules from micellar structures by a) 

degradation of the polymeric chains, b) diffusion of the drug molecules c) a combination 

of degradation and diffusion. Created with BioRender.com 
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1.4.1 Factors affecting drug release  

Several factors can affect the drug release rate from polymeric micelles. The size of 

the micelles increases with the polymer molecular weight, slowing down the rate of 

release. The release of the drug molecules is significantly influenced by the length of 

the hydrophilic and hydrophobic blocks in the copolymer. The capability for drug 

loading increases with the micelle size (longer hydrophobic chains) [30]. According 

to Yang et al, high molecular weight PLA copolymers form tightly packed micelles as 

a result of hydrophobic interactions between the drug molecules and the PLA chains, 

which delays the rate at which the drug is released from the micelles [43]. 

Finally, the micelle formation process can affect the size, shape, drug loading 

capacity, stability, rate and degree of drug release of the nanocarriers [44]. 

Additionally, important factors in drug release include the solvent, the pH of the 

solution, and the copolymer content [45]. 

1.5 Ring Opening Polymerization (ROP) 

 

According to IUPAC, ring opening polymerization is a process used to polymerize 

cyclic monomers and create acyclic polymers or polymers with fewer cycles [46]. An 

acyclic chain is generated when a reactive center attacks a cyclic monomer, starting 

the polymerization of the monomer. Fig.1.5 illustrates the general scheme of ring-

opening polymerization. 

 

Fig. 1.5: General scheme of ROP. The * refers to an anionic, cationic or radical center. 

 

This method has a variety of advantages, one of which is its ability to create high 

molecular weight polymers with a controlled polydispersity index (PDI) [47]. 

Catalysts are required for ROP to proceed. The most commonly employed metal-
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complex is stannous octoate (Sn(Oct)2) or tin(II) 2-ethylhexanoate. However, metal 

complexes can leave residues that can compromise the polymer’s use in the 

biomedical field [48]. To overcome this problem, new organocatalysts have been 

developed and are widely used for the catalysis of ROP, such as 1,8-

diazabicycloundec-7-ene (DBU), 1,4,7-triazabicyclodecene (TBD) and 4-

Dimethylaminopyridine (DMAP) [49]. 

 

1.6 Flurbiprofen 

 

Flurbiprofen (2-(3-fluoro-4-phenylphenyl) propanoic acid), a propionic acid 

derivative, is an antipyretic and analgesic nonsteroidal anti-inflammatory drug 

(NSAID) (Fig.1.6.). oral formulations of flurbiprofen can be used to treat the 

symptoms of rheumatoid arthritis, osteoarthritis, and anklylosing spondylitis. Prior to 

eye surgery, flurbiprofen may also be used topically to avoid or alleviate 

intraoperative miosis. Flurbiprofen is structurally and pharmacologically related to 

fenoprofen, ibuprofen, and ketoprofen. 

 

 

 

 

 

 

 

Fig.1.6: Structure of Flurbiprofen 
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1.7 Hydrogels  

 

A hydrogel is a three-dimensional structure, capable of swelling in water, while 

preserving its form. The presence of hydrophilic groups such as –NH2, -COOH, -OH, 

-CONH2, -CONH-, and -SO3H contributes to the network's hydrophilicity and 

swelling ability in aqueous media [50]. The ability of hydrogels to swell under 

biologically relevant conditions makes them an excellent class of materials for 

biomedical applications such as drug delivery and tissue engineering [51]–[54]. 

Polymer hydrogels are produced by cross-linking the polymer chains either through 

physical or chemical cross-links. Physical hydrogels are formed through non-covalent 

bonds such as hydrogen bonds, hydrophobic or crystalline interactions and chain 

entanglements and the process is usually reversible. Chemical hydrogels are cross-

linked via covalent bonds, which provide the gel with mechanical stability. Polymer 

hydrogels can be divided according to the source of the polymer, into natural or 

synthetic polymer hydrogels. Other ways of classification can be seen in Fig.1.7. 

 

 

 

Fig.1.7: Classification of hydrogels based on their different properties. 

 

Chemically cross-linked polymer hydrogels are formed by adding a small molecule, 

known as crosslinker, to the polymer chains and linking them through covalent 

interactions. By controlling the degree of cross-linking, the characteristics of the 

material can be altered, such as the swelling ability, the porosity of the gel, the 
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elasticity of the hydrogel, etc. that can highly influence the properties of the cross-

linked network, including the release rate of the loaded drug molecules [55]. The 

valuable feature of hydrogels in drug delivery studies is their ability to release 

pharmaceuticals over extended periods of time (sustained release), which allows for 

the delivery of a high concentration of an active pharmaceutical ingredient to a 

specific region [56]. Some of the most commonly used hydrogels are formed from 

synthetic polymers, such PEG, PVA, or poly(2-hydroxyethyl methacrylate) 

(PHEMA), or from naturally occurring polymers, such as agarose, alginate, chitosan, 

collagen, fibrin, and hyaluronan [13], [57]–[61]. 

1.7.1 Dextran-based hydrogels 

Dextran is a member of the polysaccharide family, which is formed by poly-α-D-

glycosides, and is synthesized by a variety of bacteria. The main feature of this 

polymer is the presence of α-1,6 glycosidic bonds. Its molecular weight can vary 

between 3 and 2000 kDa [62]. The chemical structure of the polymer can be seen in 

Fig. 1.8. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.8: Chemical structure of dextran. 
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Due to its high water solubility and linear structure, dextran has been mainly 

employed in the biomedical field as a plasma volume expander [63]. In addition, the 

polysaccharide is stable in mild acid and basic conditions and its high amount of 

hydroxyl groups makes it a perfect candidate for various modifications reacrtions. 

Undoubtedly, the most common is the oxidation of dextran with sodium periodate to 

generate aldehyde groups. These reactive groups can then be used to produce a 

hydrogel based on the Schiff base reaction [64]. 

The dextran oxidation involves the attack of vicinal diols of the pyranose ring, 

resulting in the cleavage of the C-C bond, particularly the C3-C4 bond, to yield 

aldehyde groups (Fig.1.9). Depending on the molar ratio between dextran and sodium 

periodate, different oxidation degrees can be achieved which alter the polymer 

characteristics [65]. 

 

 

 

 

 

 

 

 

 

For low oxidation degrees, the aldehyde groups may not be detectable by 

spectroscopic techniques due to the reaction of the aldehyde groups with neighboring 

hydroxyl groups and the formation of hemiacetals [66]. These side reactions can 

influence the final degree of oxidation and the reactivity of the polymer for hydrogel 

formation [65]. 

 

Hydrogels made by cross-linking dextran polymer chains are based on the Schiff base 

reaction. The reaction involves the formation of covalent imine bonds between an 

amine and an aldehyde or ketone group. The general structure of the Schiff base bond 

is illustrated in Fig. 1.10. 

Fig.1.9: Oxidation of dextran in the presence of sodium periodate. 
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The most common hydrogels obtained via this approach are based on the reaction of 

aldehydes or ketones with primary amines, hydrazides and acylhydrazides or 

aminooxy groups and the formation of imines, hydrazones or acylhydrazones and 

oximes, as shown in Fig. 1.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The dynamic nature of the C=N double bond also gives the characteristic property of 

self-healing to the hydrogels [67]. In addition, the Schiff base is pH-responsive, with 

oximes and hydrazones being more chemical stable at pH changes, compared to 

imines [68]. These are just some of the attributes that make Schiff base hydrogels 

excellent candidates for use in the biomedical field, such as drug delivery and tissue 

engineering [69], [70]. 

 

Fig. 1.10: Schematic illustration of the imine (Schiff base) bond  

Fig.1.11:  Formation of imine, hydrazone, acylhydrazone and oxime bonds from the 

reaction of an aldehyde with a primary amine, hydrazide, acylhydrazide and aminooxy 

group, respectively. 
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1.8. Aim of this study 

 

As mentioned above, ocular drug delivery possesses several obstacles that hinder the 

efficient drug dosage. Different approaches have been developed to overcome these 

problems, including polymeric nanocarriers, implants and contact lenses. This work 

focuses on developing a polymeric delivery system for flurbiprofen and its sustained 

release into the eye.  

The first part involves the encapsulation of flurbiprofen into nanosized, spherical 

nanocarriers based on biodegradable and FDA approved polyesters. More 

specifically, we implemented biocompatible and biodegradable polymers from PEG 

and PLLA in order to synthesize amphiphilic diblock and triblock copolymers via ring 

opening polymerization of L-lactide catalyzed by DMAP. The products were 

characterized by SEC and 1H NMR spectroscopy. Next, the self-assembly of the 

copolymers was study by preparing polymeric micelles with the non-

selective/selective solvent method. The morphology of the nanocarriers was studied 

by scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM), while their size was determined by dynamic light scattering (DLS) 

measurements. The nanocarriers were then loaded with flurbiprofen and the release 

profile of the drug was monitored by fluorescence spectroscopy.  

In the second part, aiming to develop a drug delivery system with a more prolonged 

drug release profile, hydrogels based on the natural polymer dextran were fabricated 

and were used as scaffolds for the encapsulation of either the drug or the drug-loaded 

PEG-b-PLLA micelles. To fabricate the hydrogels, first, the hydroxyl groups of 

dextran were modified using sodium periodate as the oxidation agent to produce 

aldehyde groups. Then, hydrogels were prepared by reacting ald-Dextran with adipic 

acid dihydrazide (AAD) under physiological conditions leading to the formation of 

acylhydrazone linkages. The successful formation of the linkages was verified by 

FTIR spectroscopy and the hydrogel’s morphology was studied with SEM. The 

release profile of the drug from both drug carriers was monitored by fluorescence 

microscopy. 
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Chapter 2: Experimental Part 

 

2.1. Materials  

 
Poly(ethylene glycol) methyl ether (MePEG) with molecular weight of 5000 gr/mol 

was purchased from Polysciences Inc. PEG with molecular weight 4000 gr/mol was 

purchased from Sigma-Aldrich. L-lactide and DMAP catalyst were obtained from 

Sigma-Aldrich. AAD and sodium meta-periodate was purchased from Sigma-Aldrich, 

while dextran with molecular weight 40000 gr/mol was purchased from Serva. 

Flurbiprofen was gifted from the School of Medicine, University of Crete. 

Tetrahydrofuran (THF) (HPLC grade ≥ 99.9%) and petroleum ether were purchased 

from Scharlau S. L. THF (analytical grade) was purchased from Carlo Erba Reagents 

and deuterated chloroform (≥ 99.8%) was obtained from Deutero GmbH. Finally, 

dichloromethane (≥ 99.9%) was purchased from Sigma-Aldrich. Milli-Q water with a 

resistivity of 18.2 MΩ.cm at 298 K was obtained from a Millipore apparatus and was 

used for all experiments. 

2.2. Synthesis of poly(ethylene-glycol) methyl ether-b-poly(L-lactide) 

(MePEG-b-PLLA) diblock copolymers and PLLA-b-PEG-b-PLLA 

triblock copolymers 

 

MePEG was used as the macroinitiator and DMAP as the catalyst in a ring-opening 

polymerization of L-lactide to produce the MePEG-b-PLLA diblock copolymers. 

Briefly, the reaction vessel was filled with freeze-dried MePEG (0.33 gr, 7.6 mmol), 

recrystallized L-lactide (1 gr, 13.9 mmol), and catalyst (1%). Following a 30-minute 

N2 purge, the reaction was then heated to 130 °C for 24 h, while being stirred in an oil 

bath. The final product was then precipitated in petroleum ether after being dissolved 

in dichloromethane. The product was placed under vacuum to dry, while the 

supernatant was discarded. 

The synthesis of the PLLA-b-PEG-b-PLLA triblock copolymer was carried out using 

the same method, except that bifunctional PEG rather than monofunctional MePEG 

was used as the macroinitiator. More specifically, the vessel was filled with freeze-



 
23 

 

dried PEG (0.4 g, 9 mmol), recrystallized L-lactide (1 g, 13.9 mmol), and catalyst 

(1%), and was then purged with N2 for 30 min and heated in an oil bath at 130 °C for 

24 h, while being stirred. The final product was dissolved in dichloromethane and 

precipitated in petroleum ether. The precipitated polymers were characterized by SEC 

and 1H NMR spectroscopy. 

2.3. Preparation of the PEG-b-PLLA and PLLA-b-PEG-b-PLLA 

nanocarriers 

 

The non-selective-selective solvent dissolution method was used to synthesize the 

nanocarriers. In a nutshell, 2.5 ml of THF was used to dissolve 20 mg of the polymer, 

either diblock or triblock copolymer. Then, 15 ml of milli-Q water (pH 7.4) were 

supplied at a rate of 0.05 ml/min, using a syringe pump. The organic solvent was then 

evaporated using a rotary evaporator. After filtering through a hydrophilic 

Chromapure PVDF/L filter with 0.45 m pore size, the solution was placed in the 

refrigerator and was stored until use. The same method was used to prepare mixed 

nanocarriers made of both the triblock PLLA-b-PEG-b-PLLA and the diblock 

MePEG-b-PLLA copolymers by mixing equal amounts of the polymers. DLS was 

used to determine the nanocarriers' size, SEM and TEM were each used to confirm 

the nanocarriers' structure and morphology. 

2.4. Preparation of flurbiprofen loaded PEG-b-PLLA and PLLA-b-

PEG-b-PLLA nanocarriers 

 

A stock solution of the drug at a concentration 1 mg/ml was prepared in THF. The 

non-selective-selective solvent dissolution approach was used to encapsulate the 

flurbiprofen drug. In brief, 20 mg of the polymer - diblock or triblock copolymer - 

were dissolved in 2.5 ml of THF, and 400 μl of stock solution were added to the 

polymer solution, followed by the same technique as stated above for the polymeric 

micelles. Additionally, flurbiprofen-loaded micelles made from both copolymers were 

prepared by dissolving 10 mg of each polymer in 2.5 ml of THF and adding 400 μl of 

the flurbiprofen stock solution. The same procedure was followed as described before 

to obtain the drug nanocarriers. 
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The %drug loading of the nanocarriers was determined using the following equation: 

𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑛𝑎𝑛𝑜𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑎𝑛𝑜𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠
∗ 100% 

 

2.5 Oxidation of Dextran 

 

The oxidation of dextran by periodate was used to modify the polysaccharide to bear 

aldehyde groups. We aimed at an oxidation degree of 50%. To achieve this, 4 gr of 

dextran with a molecular weight of 40000 gr/mol were dissolved in 400 ml of 

ultrapure water at pH 5.5. Then, 4.74 gr of sodium meta-periodate was added to the 

reaction flask and it was left under stirring overnight. The final solution was placed in 

a dialysis bag and was dialyzed against milliQ water for 5 days. Finally, the product 

was freeze-dried and stored under ambient conditions. 

2.6 Determination of the degree of oxidation 

 

To determine the degree of oxidation of dextran, we employed the following titration 

protocol [71]. First, 0.125 gr of oxidized dextran was dissolved in 10 ml NaOH 

solution 0.25 M. Next, 15 ml HCl (0.25 M) and 50 ml of milliQ water was added. 

Finally, 1 ml of a 0.2% phenolphthalein solution in NaOH was added into the vessel 

to observe the color change. The solution was titrated against a 0.25 M NaOH 

solution until a color change was observed from yellow to dark pink/purple. The same 

procedure was followed using original dextran. 

  The degree of oxidation was calculated using the following equation: 

𝑂𝐷 = [
(𝑁𝑏−𝑁𝑎)𝑠

𝑊𝑠
𝑀⁄

−
(𝑁𝑏−𝑁𝑎)𝑝

𝑊𝑝
𝑀⁄

] × 100% , 

were Nb is the total amount of NaOH (mol), Na is the total amount of HCl (mol), W is 

the dry mass of the polymer (mg) and M is the molecular weight of the sugar unit 

(162 gr/ml). The symbol s denotes oxidized dextran, while p denotes dextran before 

oxidation. 
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2.7 Synthesis of dextran-based hydrogels 

 

For the synthesis of the hydrogels, we prepared aqueous solutions of Ald-Dex (91 

mg/ml) and AAD (100 mg/ml). Next, a predetermined amount of the AAD solution 

was added to the Ald-Dex solution in order to form hydrogels with different degree of 

cross-linking (10, 20 and 30 wt %). The gels were allowed to sit for 1 h and the 

successful gelation was confirmed by the inverted tube method. Finally, the hydrogels 

were washed with water (10 times) to remove the non-crosslinked polymer and 

freeze-dried. The hydrogel’s structure and morphology were characterized by FTIR 

and SEM, respectively. 

2.8 Preparation of Flurbiprofen loaded hydrogels 

 

We utilized two different approaches to incorporate drug molecules within the 

hydrogel. The first method included the use of Flurbiprofen loaded PEG-b-PLLA 

micelles. A concentrated solution of the micelles was used as the medium to dissolve 

dextran. Next, AAD was added into the solution leading to the hydrogel formation. A 

similar method was implemented for the second approach. This time, the drug was 

directly dissolved in the polymer solution, followed by the addition of AAD and the 

formation of the hydrogel. The hydrogels were left to sit for 1 h and were placed in a 

vial with water to initiate the release experiment. 

2.9 Release of Flurbiprofen 

 

To study the release profile of the drug from the polymeric nanocarriers, 4 ml of the 

prepared micellar solutions were transferred into a dialysis membrane with MWCO of 

3.500 gr/mol. Then, 40 ml of milli-Q water at pH 7.4 was added to the vial containing 

the dialysis membrane. The vial was then placed in a water bath which was kept at a 

constant temperature of 37 °C to mimic the body temperature. The water medium was 

removed from the vial and fresh water was added at predetermined time intervals. The 

collected samples were evaporated under vacuum. Using a calibration curve for 

flurbiprofen in THF, the dried samples were dissolved in 3 ml THF and the amount of 

released flurbiprofen was measured by fluorescence spectroscopy.  
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To study the release of the drug from the hydrogels, the gels were placed in a vial and 

5 ml of water at pH 7.4 was added. The vial was then placed in a water bath at a 

constant temperature of 37 °C. At certain time intervals, the water medium was 

withdrawn from the vial and was replaced with fresh water. The dried samples were 

dissolved in 3 ml THF, and the amount of flurbiprofen released was determined using 

fluorescence spectroscopy. The amount of drug released was calculated based on the 

calibration curve in THF seen in Fig. 2.1. The % released drug was determined from 

the equation: 

𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑓𝑙𝑢𝑟𝑏𝑖𝑝𝑟𝑜𝑓𝑒𝑛 (%) =
𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑎𝑡 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑡𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑑𝑟𝑢𝑔
∗ 100% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  2.1: Calibration curve of flurbiprofen in THF 
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2.10 Characterization methods  

 

2.10.1 Size Exclusion Chromatography (SEC) 

 

In order to determine the molecular weights and the PDIs of the polymers, SEC, 

equipped with a Waters 515 isocratic pump, two columns, Mixed-D and Mixed-E 

(Polymer Labs), a Waters 2745 Dual Absorbance detector and a Waters 410 refractive 

index (RI) detector, was used. THF (HPLC grade) with 2% v/v TEA was used as the 

eluent at a flow rate of 1 ml/min and the column temperature was set at 25 °C. 

Typically 20 mg of the polymer were dissolved in 1 ml THF (HPLC). Next, the 

solution was filtered through a 0.45 μm pore size PTFE filter and was consequently 

injected into the system. The molecular weights of the polymers were calculated using 

a calibration curve based on PMMA standards with molecular weights ranging from 

625 to 138600 gr/mol. 

2.10.2 Proton Nuclear Magnetic Resonance (1H NMR) spectroscopy  

 

The polymers were characterized by 1H NMR spectroscopy on an Avance Bruker 300 

MHz spectrometer using tetramethylsilane (TMS) as an internal standard and CDCl3 

as the solvent. 

 

2.10.3 Field emission scanning electron microscopy (SEM) 

SEM images were obtained using a JEOLJSM-7000F microscope. A drop of the 

micellar sample was deposited on a glass slide and was left to dry overnight at room 

temperature. Then the sample was sputter-coated with Au (10 mm thick) before 

imaging. For the hydrogel samples, a small piece of the hydrogel was deposited on a 

glass slide and was sputter-coated with Au (30 mm thick). 
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2.10.4 Dynamic Light Scattering (DLS)  

The size of the micelles was measured using a Malvern Zetasizer Nano ZS instrument 

equipped with a 4 MW He-Ne laser operating at λ = 632.8 nm. The scattering angle 

was 90° and three scans were collected for each measurement. 

2.10.5 Transmission Electron Microscopy (TEM)  

TEM images were captured with a JEOL JEM-2100 instrument at 80 KV. A drop of 

the sample was deposited on a carbon-coated cooper grid and was left to dry 

overnight. 

2.10.6 Fourier Transform Infrared Spectroscopy (FTIR) 

The synthesis of the Ald-Dex hydrogels was confirmed by FTIR spectroscopy. FTIR 

spectra were recorded on a Thermo and Scientific Nicolet 6700 FTIR spectrometer. 

The scanning range was 4000-400 cm-1 at a resolution of 4 cm-1. A total of 64 scans 

were collected. 

2.10.7 Fluorescence spectroscopy  

 

The fluorescence spectra were recorded using a Lumina Fluorescence Spectrometer 

by Thermo Fisher Scientific. The excitation and emission wavelengths were set at 248 

and 260 nm, respectively. The emission and excitation slits were both set to 5 nm and 

20 nm. The response time was set at 2 s. The samples were measured in quartz 

cuvettes. 
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Chapter 3: Results and Discussion 

3.1 Synthesis and characterization of MePEG-b-PLLA diblock and 

PLLA-b-PEG-b-PLLA triblock copolymers 

 

As mentioned above, ring-opening polymerization was used to synthesize MePEG-b-

PLLA diblock and PLLA-b-PEG-b-PLLA triblock copolymers. The synthesis of the 

MePEG-b-PLLA diblock copolymer is shown schematically in Fig. 3.1a, whereas the 

synthesis of the triblock copolymers is shown schematically in Fig. 3.1b. PEG was 

used as the initiator for the polymerization of the L-lactide monomer. The 

polymerization of the diblock copolymer is initiated by the hydroxyl group of 

MePEG. A bifunctional PEG was used in the case of the triblock. The hydroxyl 

groups PEG on both ends initiated the L-lactide polymerization on both sides of the 

polymer. 

 

Fig. 3.1: Synthesis of the (a) MePEG-b-PLLA diblock copolymer and (b) PLLA-b-PEG-

b-PLLA triblock copolymer. 

 

The successful synthesis of the copolymers was confirmed by SEC. The molecular 

weight of the MePEG-b-PLLA diblock copolymer was found 26,500 g/mol with a 

PDI 1.41. On the other hand, the molecular weight of the PLLA-b-PEG- b-PLLA 

triblock copolymer was found 14,000 g/mol with a PDI of 1.33. The chromatogram of 

the diblock copolymer is shown in Fig. 3.2a, whereas the chromatogram of the 

PLLA-b-PEG-b-PLLA triblock copolymer is shown in Fig. 3.2b. As observed by 

SEC the peak of MePEG appeared at elution time 14.1 min, while the copolymer peak 
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appeared at 13.3 min. The shift of the copolymer peak at lower elution times, and thus 

higher molecular weights, confirms the successful polymerization of the lactide 

monomer from the PEG macroinitiator. Similarly, for the triblock copolymer, the SEC 

peak of the PEG block appeared at elution time 15 min, while the copolymer peak 

appeared at lower elution time, 13.3 min, again verifying the successful chain growth.  

The SEC curves of the block copolymers and the PEG macroinitiators slightly 

overlap, indicating the presence of unreacted PEG and a small amount of PLLA 

homopolymer. As already discussed above, ROP is initiated from the hydroxyl 

groups, thus traces of water molecules in the reaction could also initiate the 

polymerization, resulting in the production of PLLA homopolymers. To purify the 

copolymers further, the precipitation process was performed in threefold.  

 

The chemical structure and the composition of the diblock and triblock copolymers 

were determined by 1H NMR spectroscopy. Fig. 3.3a shows the 1H NMR spectrum of 

the diblock copolymer. The peak at 1.6 ppm (a) is assigned to the methyl protons of 

the L-lactide monomer repeat unit, the peak at 5.18 ppm (b) refers to the proton of the 

–CH group of the lactide units, while the peak at 3.66 ppm (c) is assigned to the CH2 

protons of the PEG block. Similar, for the triblock copolymer, the peak of the methyl 

group of the L-lactide monomer repeat units at 1.58 ppm (a), the peak of the proton of 

the –CH group of the lactide units at 5.19 ppm (b), and the four protons of PEG at 

3.66 ppm (c), are observed (Fig. 3.3b). 

Fig.  3.3: SEC curves of a) the MePEG-b-PLLA diblock and b) the PLLA-b-PEG-b-PLLA 

triblock copolymer, together with the respective PEG macroinitiators 
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We can calculate the number of protons assigned to PLLA and hence determine the 

molecular weight of the diblock and triblock copolymers by determining the number 

of hydrogen atoms in the product that are assigned to PEG and rationing the integrals 

of the appropriate peaks. Table 3.1 summarizes the molecular weights, the degree of 

polymerization, polydispersity index (PDI) as well as the % monomer conversion for 

all synthesized copolymers. 

Table 3.1. Molecular characteristics of the diblock and triblock copolymers. 

Polymer DPPEG DPPLLA Mn (by SEC) 

(gr/mol) 

Mw/Mn 

(by SEC) 

% Conv  

(by 1H NMR) 

Diblock 114 208 26,500 1.38 97% 

Triblock 91 138 14,000 1.57 99% 

 

Fig.  3.3: 
1
H NMR spectra of a) Me PEG-b-PLLA diblock and b) PLLA-b-PEG-b-PLLA 

triblock copolymer 
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3.2 Self-assembly of the MePEG-b-PLLA diblock and PLLA-b-PEG-

b-PLLA triblock copolymers.  

 

The ability of the amphiphilic copolymers to self-assemble into nanosized structures 

was studied. The nanocarriers were prepared using the non-selective-selective solvent 

method. This process yields micelles that are uniform in size and possess a low PDI. 

The average size of the micelles formed by the diblock copolymer was found 160 nm, 

as illustrated in Fig. 3.4a. This size is quite large compared to the size of the 

copolymer chains and was thus attributed to the formation of micellar aggregates in 

the aqueous solution. The spherical shape of the micelles was confirmed by SEM and 

TEM also shown in Figs. 3.4b and 3.4c.  

 

 

 

 

 

 

 

The triblock copolymer also formed nanostructures as shown in Fig. 3.5b. In this 

case, there were two size distributions observed in DLS (Fig. 3.5a), one at 25 nm and 

one at 191 nm. The smaller size was assigned to the polymer micelles, whereas, the 

larger size was attributed to the formation of micellar aggregates within the aqueous 

medium. 

 

Fig. 3.4: a) DLS measurement b) SEM image and c) TEM image of the MePEG-b-PLLA diblock 

copolymer micelles, (scale bars: 100 nm).  
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Fig. 3.5: a) DLS measurment and b) FE-SEM image of the PLLA-b-PEG-b-PLLA 

triblock copolymer micelles (scale bar: 100 nm). 

 

Furthermore, the self-assembly behavior of a mixture of the diblock and triblock 

copolymers in water was examined in order to form more complicated nanocarrier 

structures. The obtained nanostructures were again spherical in shape forming 

micellar nanoparticles as observed by SEM (Fig. 3.6b). Their average size was 170 

nm, which is between that of the size of the diblock and the triblock copolymer 

nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  3.6: a) DLS measurement and b) FE-SEM image of mixed diblock and triblock 

copolymer nanoparticles (scale bar: 100 nm). 
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3.3 Release study of flurbiprofen from the polymeric micelles 

 

The above results demonstrated the effective self-assembly of the diblock, triblock, as 

well as the mixed diblock and triblock copolymers, and the formation of spherical 

nanostructures. The drug release profiles from the three formulations was then 

investigated. Fig. 3.7 shows the flurbiprofen release kinetics from the polymeric 

nanocarriers. First, the encapsulation and the release profile of flurbiprofen from the 

diblock copolymer nanoparticles was examined. The drug loading was found 0.21% 

(42 μg of drug). As observed in Fig. 3.7, 90% of the drug was released during the first 

24 h. This result was attributed to the passive diffusion of flurbiprofen from the 

polymeric micelles into the aqueous media. As shown, the release profile attained a 

plateau in about four days. Next, the release profile of flurbiprofen from the triblock 

copolymer nanoparticles was examined. The drug loading of the triblock copolymer 

micelles was found 0.14%, which corresponds to 27 μg of the drug. As observed in 

Fig. 3.7, the rate of the released drug from the triblock copolymer micelles was 

similar to that found for the diblock copolymer nanoparticles. The lower drug loading 

in the triblock copolymer nanocarriers, can be attributed to the fact that the PLLA 

block had a lower molecular weight compared to the diblock copolymer, which 

resulted in the formation of smaller hydrophobic core, therefore poorer encapsulation 

effectiveness. However, it is important to note that both polymeric nanoparticles 

delivered fully the medication in 4 days, despite their different drug loadings. 

From the above results, we can conclude that the diblock and triblock copolymer 

nanocarriers are not able to encapsulate a significant amount of flurbiprofen neither to 

sustain the drug release rate. To overcome this limitation, we hypothesized, that 

perhaps a more complex nanoparticle structure, could prolong the release profile of 

the drug. Thus, we prepared mixed nanoparticles comprising of the diblock and 

triblock copolymer chains (Fig. 3.7). However, we found that this self-assembled 

system exhibited a much lower drug loading of 0.05% (10 μg of drug), while it also 

released approximately 90% of its payload in the first 24 h. It is assumed that the 

complexity of the nanocarriers structure did not allow to encapsulate a large amount 

of drug inside the hydrophobic core during the self-assembly process, which also led 

to a fast release kinetics. However, additional investigation is required to ascertain the 
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drug encapsulation and release behavior from such mixed nanoparticles and to further 

understand the mechanism underlying it.  

 

 

 

 

 

 

 

Fig. 3.7: Release profile of flurbiprofen from the polymeric nanoparticles formed by the 

MePEG-b-PLLA diblock copolymer, the PLLA-b-PEG-b-PLLA triblock copolymer and 

the mixed diblock and triblock copolymer system. 

3.4 Synthesis and characterization of dextran hydrogels 

 

In the previous part of this thesis, it was found that none of the polymeric nanocarriers 

formed was capable to slow down the release profile of the drug above 24 h. To 

overcome this challenge, we aimed to prepare hydrogels comprising the natural 

polysaccharide dextran, and to incorporate the drug-loaded polymeric micelles within 

the hydrogel in order to prolong the drug release profile. First, dextran was oxidized 

using sodium periodate, which resulted in the formation of aldehyde groups along the 

backbone of the polymer chain and the formation of oxidized dextran (Ald-Dex). The 

degree of oxidation was found by the titration method to be 53%. The successful 

oxidation of dextran was confirmed by FTIR spectroscopy (Fig. 3.8). The vibration 

peak observed at 3380 cm-1 corresponds to the hydroxyl groups of the polymer.  

When comparing that to the pure dextran sample, the peak of the modified polymer is 

found much broader. This is due to the overlap of the peak of the absorbed water 

molecules by the material to that of the hydroxyl polymer groups. The appearance of 

a new peak at 1716 cm-1 is also observed in Fig. 3.8, which is assigned to the 

stretching vibration of the C=O aldehyde group, and verifies the successful 
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modification of dextran. The vibrations at 2920 and 1020 cm-1 correspond to the C-H 

and C-O-C stretching vibrations of the pyranose ring, respectively [72].  

Following the modification of the polymer, we proceeded with the preparation of the 

Ald-Dex hydrogels using AAD as the crosslinking agent. We prepared hydrogels 

using 10-30 wt% cross-linker with respect to the modified natural polymer. The 

successful synthesis of the hydrogel was confirmed by FTIR spectroscopy. The 

spectra of dextran, Ald-Dex and the 30 wt% crosslinked hydrogel are shown in Fig. 

3.8. The aldehyde groups of the polysaccharide reacted with the hydrazide groups of 

AAD to form acylhydrazone bonds, which have a characteristic peak at 1600-1650 

cm-1. The peak at 1646 cm-1 observed in Fig. 3.8 is assigned to the formation of the 

acylhydrazone bonds.  

 

 

 

 

 

 

 

 

 

 

 

 

Next, the morphology of the hydrogels was studied by SEM (Fig. 3.9). As seen in 

Fig. 3.9a, the hydrogel with 10 wt% cross-linker presented a larger pore size 

distribution, ranging from 2-11 μm and more well-defined pores compared to the 20 

wt% cross-linker ratio, which gave a pore size of about 0.4 μm (Fig. 3.9b) and the 30 

wt% cross-linker with pore size 1.5-3 μm (Fig. 3.9c).  

Fig. 3.8: FTIR spectra of Dextran, Ald-Dex and the Ald-Dex-AAD hydrogel. 
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As expected, it was found that when increasing the amount of cross-linker from 10 

wt% to 20 wt%, denser and with smaller and less pores hydrogels, were obtained. 

However, the 30 wt% hydrogel had larger pores and a higher pore size polydispersity 

(Fig. 3.9d) compared to the 20 wt% hydrogel. This indicates that a potential excess of 

the crosslinker molecules led to a decreased cross-linking efficiency, thus resulting in 

a less dense hydrogel. This resulted in a hydrogel with a higher porosity [73]. 

 

Fig. 3.9: SEM images of the Ald-Dex-AAD hydrogels with a) 10 wt% cross-linker, b) 20 

wt% cross-linker and c) 30 wt% cross-linker. Size distribution histograms of the pore 

size for the Ald-Dex-AAD hydrogels with 10 wt% cross-linker, b) 20 wt% cross-linker 

and c) 30 wt% cross-linker, obtained by SEM. 

3.5 Release study of flurbiprofen from the Ald-Dex-AAD hydrogels 

To investigate the release profile of flurbiprofen from the hydrogels, we prepared 

dextran-based hydrogels loaded with the drug, following two different approaches. In 

the first method we focused on the encapsulation of the drug molecules within the 

hydrogel matrix during the formation of the hydrogel. The second method, involved 

the incorporation of the drug loaded MePEG-b-PLLA micelles within the hydrogel 

pores. We sought to delay the release of flurbiprofen from the polymeric materials, 

therefore, in the first approach we examined the release profile of the drug from the 

20 wt% and the 30 wt% hydrogels, while for the second method we focused on the 30 

wt% hydrogel. The results from this first set of experiments, in which the drug was 
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loaded within the polymer hydrogel directly, are shown in Fig. 3.10. As it can be 

seen, these systems were not able to slow down the release of the drug molecules, and 

the cargo was released quantitatively in just under 4 h. It is worth noting, that the 

amount of cross-linker had a very small impact on the performance of these hydrogels 

and did not affect the cumulative release of the drug, neither its release profile. 

In the case of the hydrogel loaded with the polymeric nanoparticles, when comparing 

the release profile with that of the polymeric nanoparticles alone, we observed that the 

hydrogel exhibited a similar burst release during the first few hours of the experiment, 

owing to the passive diffusion of the drug molecules, however, the hydrogel achieved 

to slow down the release profile of flurbiprofen (Fig. 3.10). About 60 % of the drug 

was released from the nanoparticle loaded hydrogel within 24 h, while the polymeric 

nanoparticles alone showed an almost 90 % drug release at the same time. Overall, the 

nanoparticle loaded hydrogel achieved a total of 95 % release of the drug in 7 days. 

Therefore, we can conclude, that in comparison with the drug loaded hydrogel as well 

as the drug loaded nanocarriers alone, the combination of the drug loaded 

nanocarriers and a highly cross-linked hydrogel greatly improved the sustained 

release of the drug.  

 

 

 

 

 

 

 

 

Fig. 3.10: Flurbiprofen release profile from the nanoparticle loaded hydrogel in 

comparison with the flurbiprofen loaded PEG-b-PLLA nanoparticles and the drug 

loaded hydrogels alone 
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Chapter 4: Conclusions and Future Perspectives 

 

The delivery of drugs to the eye has proven to be a challenging issue for scientists due 

to the eye's complex structure. Liposomes, polymeric nanoparticles, polymeric 

micelles and vesicles are among the most widely used nanocarriers for the effective 

transportation of pharmaceutical substances into the ocular area. Polymeric micelles 

comprising biodegradable, amphiphilic block copolymers have been extensively used 

as medicinal carriers. The main purpose of this thesis was to develop a drug delivery 

system based on biodegradable diblock and triblock copolymers for the sustained 

release of flurbiprofen into the eye.  

Copolymers of MePEG-b-PLLA and PLLA-b-PEG-b-PLLA were synthesized and 

characterized using SEC and 1H NMR spectroscopy. To accomplish the block 

copolymer self-assembly in water, the non-selective-selective solvent dissolution 

approach was employed. The size of the nanocarriers was determined using DLS, and 

their morphology was confirmed by SEM and TEM. The diblock copolymer produced 

nanoparticles with a diameter of 160 nm, while the triblock copolymer formed 

nanoparticles with diameters of 25 nm and 190 nm. Finally, the two copolymers were 

combined to form mixed nanoparticles with a diameter of 170 nm. 

To investigate the kinetics of flurbiprofen release from the polymeric nanocarriers, the 

diblock, triblock and mixed nanoparticles were loaded with the drug and were 

immersed in a water bath at 37 °C to mimic the body temperature. The findings 

showed that all three polymeric systems gave a 100% release of their payload within 4 

days, despite their different drug loading capacity. 

Next, to further delay the release of the drug, we employed hydrogels comprising the 

natural polymer dextran which was cross-linked using adipic acid dihydrazide (AAD). 

The polymer was first oxidized with sodium periodate to generate aldehyde groups 

along the polymer chains. These groups were used to cross link the polymer by 

reaction with the hydrazide groups of AAD resulting in the formation of 

acylhydrazone bonds. The hydrogels were characterized by SEM and FTIR 

spectroscopy. By varying the amount of AAD with respect to the polymer, we 

prepared hydrogels of 10-30% wt% cross linker content.  The drug release study 

involved the incorporation of flurbiprofen loaded nanoparticles within the hydrogel as 
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well as the direct loading of the drug in the hydrogel matrix. The hydrogel-drug 

system was not able to slow down the release profile of the drug molecules, owing to 

the simple diffusion of the drug through the pores of the hydrogel to the external 

aqueous medium. In comparison, the nanoparticle loaded hydrogel system was able to 

further delay the release profile of flurbiprofen and reached a 95% drug release in 7 

days, showing some promising results for the use of this system as a drug delivery 

platform in ocular treatment.  

Future work will focus on the optimization of the drug loading within the polymeric 

nanoparticles. In addition, further research is required to better characterize the 

dextran-based hydrogels, including swelling and rheological experiments as well as 

their stability and degradation profiles in the aqueous media. 
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APPENDIX: Characterization Techniques 

 

1) Size Exclusion Chromatography (SEC) 

 

Size exclusion chromatography (SEC), or gel permeation chromatography (GPC), is a 

well-known polymer separation method that allows determination of the polymer 

molecular characteristics, such as the average molecular weight and molecular weight 

distribution. In general, SEC is an important analytical tool used to evaluate the 

molecular characteristics of natural or synthetic polymers and proteins. A SEC 

instrument comprises a pump, a detector (e.g., UV or RI or both) and one, two or 

more separating columns. The columns or the stationary phase are filled with porous 

beads such as polystyrene particles. The beads are made with a variety of pore sizes 

that span the range of the sizes of the macromolecules to be separated. The pump 

circulates solvent (mobile phase) through the columns and swells the material in the 

column. A small amount of diluted polymer solution in the same solvent as the mobile 

phase is injected in the flowing solvent entering the columns. As the polymer solution 

passes through the columns, the largest polymer particles are excluded from all, but 

the largest pores and elute from the column first. Right after, smaller polymer coils 

can pass through smaller pores and are excluded later from the columns. In this way, 

SEC separates the molecules by their size in solution, which is their hydrodynamic 

volume (Vh). After separation, the solution passes through the detectors used in the 

system and are analyzed, upon proper calibration with narrow molar mass distribution 

standards. 

 

2) 1H NMR spectroscopy 

 

NMR spectroscopy is a very useful technique commonly employed for the 

determination of the chemical structure of chemical compounds. NMR is a 

spectroscopic technique allowing to observe local magnetic fields around atomic 

nuclei. The sample with the material is placed in a magnetic field and the NMR signal 

is produced by excitation of the nuclei of the sample with radio waves into nuclear 

magnetic resonance, which is detected with sensitive radio receivers. The signal 
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provides the required information regarding the environment of the nuclei. The exact 

field strength (in ppm) of a nucleus comes into resonance relative to a reference 

standard, usually the signal of the deuterated solvent used. Electron clouds shield the 

nuclei from the external magnetic field causing them to absorb at higher energy 

(lower ppm), while the neighboring functional groups “deshield” the nuclei causing 

them to absorb at lower energy (higher ppm). Chemically and magnetically equivalent 

nuclei resonate at the same energy and give a single signal or pattern. 1H NMR and 

13C NMR are most commonly used for the characterization of materials. Protons on 

adjacent carbons interact and split each other’s resonances into multiple peaks 

following the n+1 rule with coupling constant J. Spin-spin coupling is commonly 

observed between nuclei that are one, two and three bonds apart. The area under an 

NMR peak is proportional to the number of nuclei that give rise to that resonance, 

thus by integration, the protons of that resonance can be calculated. 

 

3) Dynamic Light Scattering (DLS) 

 

Light scattering is a powerful tool for the characterization of the size of polymer 

nanoparticles in solution. The monochromatic, coherent laser beam hits the particles, 

and is scattered, due to the Brownian motion of the particles that changes their 

distance in the solution, and a time-dependent fluctuation of the scattering intensity is 

observed. By changing the observation angle (θ) and thus the scattering vector (q) a 

measure of the particle size is provided. The form factor, that is the interference 

pattern of the scattered light, is characteristic of the size and shape of the scatterers. 

The larger the particles are, the slower their Brownian motion. Accuracy and stability 

of the temperature during the entire measurement is essential since the viscosity of the 

liquid is related to the temperature. The velocity of the Brownian motion is defined by 

the translational diffusion coefficient (D). The Stocks-Einstein equation is used to 

calculate the particles’ size based on the translational diffusion coefficient: 

 

Rh  =
KBT

6ηπD
 

 

where, (Rh) is the hydrodynamic radius, (η) is the viscosity of the solvent, (KB) is the 

Boltzmann constant and (T) is the temperature. 
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4) Field Emission Scanning Electron Microscopy (SEM) 

 

Scanning electron microscopy is designed to provide high-resolution images of a 

sample placed on a surface. A tungsten filament emits electrons, which are focused by 

an electron optical system. The electron beam can scan the sample surface and can 

provide its composition at a point, along a line or over a rectangular area, by scanning 

the beam across the surface in a series of parallel lines. The sample is mounted on a 

stage that can be accurately moved in all three directions (x, y and z), normal to the 

plane of the sample. The instrument generally operates under high vacuum in a very 

dry environment in order to produce the high energy beam of electrons needed for 

imaging. However, most specimens destined for study by SEM are poor conductors. 

In SEM, the imaging system depends on the specimen being sufficiently electrically 

conductive to ensure that the bulk of the incoming electrons go to ground. The 

formation of the image depends on the collection of the different signals that are 

scattered as a consequence of the high electron beam interacting with the sample. The 

two principal signals used to form images are backscattered and secondary electrons 

generated within the primary beam-sample interactive volume. The backscattered 

electron coefficient increases with increasing the atomic number of the specimen, 

whereas the secondary electron coefficient is relatively insensitive to the atomic 

number. This fundamental difference in the two signals has an important effect on the 

way samples may need to be prepared. The use of scanning electron microscopy may 

be considered when being able to interpret the information obtained from the SEM, 

and attempt to relate the form and structure of the two-dimensional images and the 

identity, validity and location of the chemical data, back to the three-dimensional 

sample from which the information was derived. The biggest difference between a 

FESEM and a SEM lies in the electron generation system. As the source of electrons, 

FESEM uses a field emission gun that provides extremely focused, high- and low-

energy electron beams, which greatly improves spatial resolution and enables work to 

be carried out at very low potentials (0.02–5 KV). This helps to minimize the 

charging effect on non-conductive specimens and to avoid damage from the electron 

beam on sensitive samples. 
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5) Transmission Electron Microscopy (TEM) 

 

In TEM, the beam of electrons from the electron gun is focused into a small, thin, 

coherent beam by the use of the condenser lens. This beam is restricted by the 

condenser aperture, which excludes high angle electrons. The beam then strikes the 

specimen, and electrons are transmitted depending upon the thickness and electron 

transparency of the specimen. The transmitted portion is focused by the objective lens 

forming an image on a phosphor screen or a charge coupled device (CCD) camera. 

Optional objective apertures can be used to enhance the contrast by blocking out high-

angle diffracted electrons. The darker areas of the image represent the areas of the 

sample where fewer electrons are transmitted, while the lighter areas of the image 

represent the areas of the sample where electrons were transmitted through. 

 

6) Fluorescence spectroscopy 

 
The technique of fluorescence spectroscopy is based on the phenomenon of 

fluorescence, i.e., the emission of radiation from an excited molecule. In general, 

when a molecule in the ground state of energy interacts with radiation of appropriate 

frequency, the molecule absorbs the radiated energy and is excited, that is, it 

transitions to a higher energy level. This excitation is maintained for a short time, as 

the molecule eliminates the absorbed energy either in the form of heat or through 

radiation emission and returns to the ground state. The de-excitation of the molecule 

through radiation emission is called photoluminescence and when it occurs in a short 

time (10-9-10-6s) from the moment of stimulation, it is characterized as fluorescence. 

In more detail, the fluorescence phenomenon can be described as a three-step process. 

In the first stage, an energy photon supplied by an external radiation source is 

absorbed by the molecule in the ground state. The result of this absorption is the 

transition of an electron from the ground state to the first excited electron simple state. 

Each electronic state is separated into individual vibrational levels and the transition 

usually takes place to the highest energy vibrational level of the first excited state. In 

the second stage, during the life of the excited state, the molecule loses energy due to 

changes in its configuration or collisions with molecules in its environment. The loss 

of this energy leads to the transition of the electron from the highest to the lowest 

vibrational level of the first excited state and this process is called vibrational 
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relaxation. Finally, in the third stage, the de-excitation of the molecule takes place, 

i.e., the transition of the electron from the lowest energy vibrational state to the 

ground state, with parallel emission of energy radiation, which gives the fluorescence 

signal. 

 

7) FTIR spectroscopy 

 

Infrared refers to the region of the electromagnetic spectrum between visible and 

microwave. The IR region is divided into three regions: the near, mid, and far IR. The 

near IR covers the area of 14000-4000 cm-1, the mid IR from 4000 to 400 cm-1 while 

the far-infrared lies between 400-10 cm-1. Organic molecules absorb infrared radiation 

and turn it into energy of molecular vibration. An organic molecule is subjected to 

infrared light in IR spectroscopy. Absorption happens when the irradiation energy and 

the energy of a particular molecular vibration match. 

An in-depth description of a molecule's vibrations can be obtained by infrared 

spectroscopy. Infrared spectroscopy can examine both the identification of the 

molecule and the molecule’s structure due to the characteristic molecular vibrations 

that reflect chemical features, such as an arrangement of nuclei and chemical bonds 

inside the molecule. In order for a molecule’s vibrations to be active in the infrared, a 

change in its electric dipole moment needs to take place. That is the reason why 

vibrations of only heteronuclear diatomic molecules appear in the infrared absorption 

spectra. Geometrically linear molecules with N atoms have 3N - 5 degrees of 

vibrational modes, whereas, nonlinear molecules have 3N - 6 degrees of vibrational 

modes. The vibrations can be either a) stretching or b) bending. Furthermore, the 

stretching vibrations can be categorized into symmetric and antisymmetric, while 

bending modes are classified as scissoring, rocking, wagging or twisting. 

 

An FTIR spectrometer consists from the light source, usually silicon carbide, a 

Michelson interferometer, which consists of a beam splitter and one fixed and one 

movable mirror, and a detector that detects the transmitted radiation and convert it in 

an electric current that is then analyzed by a computer. In a typical experiment, the 

source will send radiation beam into the Michelson interferometer. Inside, a beam 

splitter will equally split the beam into two separate beams that reach the fixed and 
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the movable mirror. The beams are then reflected by the mirrors, causing an 

interference of the beams. The combined beam then reaches the sample, which 

absorbs a percentage of the radiation. The transmitted beam finally reaches the 

detector that converts the radiation to an electric current. The computer then produces 

an interferogram based on the amplitude of the generated volts depending on time. 

The Fourier transformation then transforms the interferogram from the time domain to 

the frequency domain, resulting in the intensity spectra of the sample. 
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