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In this project, poly(2-methyl-2-oxazoline)-block-poly(2-n-butyl-2-oxazine)-block-poly(2-methyl-2-

oxazoline) (PMeOx-b-PnBuOzi-b-PMeOx) and poly(2-methyl-2-oxazoline)-block-poly(2-n-propyl-2-

oxazine) (PMeOx-b-PnPrOzi) with block lengths of 35-20-35 and 100-100, respectively, were synthe-

sized. When dispersed in water these thermoresponsive polymers aggregate into micellar aggregates

or form hydrogels. Polymers were characterized with 1H-NMR, GPC, and DLS.

Age-related macular edema and diabetic macular edema are the most common reasons for blindness

in industrialized countries. The triamcinolone acetonide, a corticosteroid used to treat both of these

macular edemas, was loaded into the polymeric micelles or hydrogel of synthesized polymers using

the thin film method. The loading efficiency for a triblock copolymer ((PMeOx35-b-PnBuOzi20-

b-PMeOx35) polymeric micelles was 4 % at the polymer/drug ratio of 10/4 and for a hydrogel

(PMeOx100-b-PnPrOzi100) it was 48 % with the same polymer/drug ratio.

The properties of the PMeOx100-b-PnPrOzi100 hydrogel formulations with the drug were studied

with rheological measurements, DSC, DLS, and GPC of formulations. The formulation showed

storage modulus of 3 kPa and the gelation temperature at 16 °C. From the DSC two glass transition

temperatures were obtained, Tg1 at around 12 °C and Tg2 at around 74 °C. The particle size

distribution of the formulation obtained with DLS showed that there were assumingly micelles or

vesicles with a hydrodynamic radius between 20 and 80 nm. The drug release from the hydrogel

formulation was studied with the dialysis membrane method and all the drug was released within

24 hours. Both copolymers formed quite unstable formulations with the drug.

The results from this study gives information how polyoxazoline- and polyoxazine-based materials

can be used to encapsulate and release corticosteroids, such as triamcinolone acetonide. To increase

the drug loading capacity and to stabilize formulations, some surfactants for the drug could be tested

in the future.
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Progress is made by trial and failure; the failures are generally a hundred times more

numerous than the successes ; yet they are usually left unchronicled.

— William Ramsay
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1. Introduction

Age-related macular edema and diabetic macular edema are the most common reasons

to cause blindness in the 21st century. [1] [2] Triamcinolone acetonide (TAA) is a drug that

is used as an anti-inflammatory agent in the treatment of both macular edemas. It is

injected directly into the vitreous making it very uncomfortable for the patients. [3] The

intravitreal injection is necessary because when the drug is administered for example

via eye drops, less than 5 % of the drug reaches the vitreous. [4] Thus, with intravitreal

injection, the drug does not have to pass the corneal epithelial barrier which is relatively

impermeable [5]. In age-related macular edema, the treatment is needed for the rest of the

patient’s life, so the more comfortable treatment option would be preferable. [6]

Poly(2-oxazoline)- and poly(2-oxazine)-based materials have been studied as carriers

for different hydrophobic molecules in dispersions [7] [8] [9] and as hydrogels that can

be used as bioinks. [10] [11] The triblock copolymer poly(2-methyl-2-oxazoline)35-block-

poly(2-n-butyl-2-oxazine)20-block-poly(2-methyl-2-oxazoline)35 (PMeOx35-b-PnBuOzi20-

b-PMeOx35) forms polymeric micelles in water with a hydrophobic core encapsulating

the hydrophobic drug inside. A very simplified picture for the use of polymeric micelles

in the drug delivery systems is that the hydrophilic micelle will protect the drug from

rapid clearance giving it time to be carried to its target in the body and at the target,

the hydrophobic drug will permeate through the cell membrane. [12]
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The diblock copolymer poly(2-methyl-2-oxazoline)100-block-poly(2-n-propyl-2-oxazine)100

(PMeOx100-b-PnPrOzi100) forms a hydrogel at a certain temperature, depending on its

concentration. A 20 wt-% solution will have a gelation temperature (Tgel) between 15 and

20 °C making it a gel at room temperature and a liquid below Tgel. [10] The drug-loaded

hydrogel could be injected through the needle into the eye where it would form a gel. The

gel state could give prolonged drug release extending the treatment interval.
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2. State of the art

2.1 Polymeric micelles and hydrogels

Polymeric micelles have been used a lot as drug delivery systems for hydrophobic

drugs. [7] [13] An early overview of polymeric micelles was written by Bader et al. [14] in

1984. Polymeric micelles consist of hydrophilic repeating units and hydrophobic side

chains in the same molecule and thus, in water, they form micelles with a hydrophobic

core and hydrophilic shell. Since the body is mainly water and numerous amount of

drugs are hydrophobic, polymeric micelles are ideal drug delivery systems; the hydropho-

bic drug can be incorporated into the core and shell will help to transfer the drug to its

target in the body. [14] For example, Jeong et al. [15] studied methotrexate incorporated

polymeric micelles of methoxy poly(ethylene glycol)-graft-Chitosan (MPEG-g-Chitosan).

The loading efficiency was more than 60 % with every formulation they tested, but it

decreased when the drug feed increased. [15] The schematic presentation of a polymeric

micelle is shown in Figure 2.1. The size of the polymeric micelles is usually 10-100 nm in

diameter. [16]
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Figure 2.1: Schematic presentation of a polymeric micelle loaded with a drug. Created with BioRen-

der.com

Synthetic polymer hydrogels were first introduced by Wichterle and Lim [17] in 1960. By

definition, the hydrogel is a cross-linked polymeric network that can swell in water. [18]

Nowadays, hydrogels are used in a variety of applications, for example, contact lenses,

wound dressings, and drug delivery systems. [19] Hydrogels are well suited for drug delivery

systems because they can have both hydrophilic and hydrophobic part. That is why they

can encapsulate both hydrophilic and hydrophobic substances and then release them into

the body. [19] [20] Hydrogels are easy to modify with chemical crosslinking for example, by

radical polymerization, [17] with aldehydes, [21] or by condensation reaction [22] or by physical

crosslinking for example by crystallization [23], by polymerizing block copolymers [24] or by

hydrogen bonds [25].

Liu et al. [26] synthesized triblock copolymers consisting of hydrophilic poly(ethylene gly-

col) (PEG), thermosensitive poly(propylene glycol) (PPG) and hydrophobic, biodegrad-

able poly(ε-caprolactone) (PCL) segments joined together by urethane bonds. This poly-

mer forms a hydrogel having the gelation point at 16.3 °C when the polymer concentration

is 7 %. They showed that this polymer works as an endotamponade agent in the eye after

surgery by creating a bridge across the retinal break and detachment. Because this poly-

mer is biodegradable, it will later work as a scaffold implant for in vivo reconstruction of

a vitreous-like body instead of removal surgery. [26]
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2.2 Poly(2-oxazoline)s and poly(2-oxazine)s

Polyoxazolines (POx) were synthesized first time already in 1966 by Tomalia and

Sheetz. [27] POxs are synthesized via living cationic ring-opening polymerization (LCROP)

from 5 membered 2-oxazoline cyclic imino ethers (Figure 2.2).

Figure 2.2: Schematic illustration of initiation, propagation and termination of the living cationic

ring-opening polymerization of poly(2-oxazoline).

A review article on poly(2-oxazoline)-based biomaterials by Lorson et al. [28] from 2018

shows a graph of annual publications containing the terms "poly" and "oxazoline" per

year. The number of publications has increased a lot during the last two decades as

the interest towards poly(2-oxazoline)s has increased, especially their use in biomedical

applications. [29] [30] [31]

Gaertner et al. [32] have studied the biodistribution and excretion of radiolabeled poly(2-

alkyl-2-oxazoline)s in mice. They were not the first ones to study this as Goddard et al. [33]

demonstrated intravenous administration of poly(2-methyl-2-oxazoline) in mice already

in 1989. However, Gaertner et al. [32] has done this study more recently (2006) and for

shorter polymers, PMeOx and PEtOx, having a molecular weight of 6.6 and 6.2 kg/mol,

respectively, while Goddard et al. [33] had polymers with the molecular weight of more than

10 kg/mol, depending on the GPC system (described in more detail below). Gaertner
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et al. [32] concluded that both radiolabeled polymers (PMeOx48 and PEtOx43) are rapidly

cleared from the blood circulation and do not accumulate in the body tissues. [32] They

mentioned in their study that the results were different from what Goddard et al. [33]

obtained and they give reasoning for that to be the size of the polymers. Goddard et

al. [33] studied POx-conjugates with the molecular weights of 15 kg/mol and 29 kg/mol

using polyethylene glycol GPC calibration or 45 kg/mol and 120 kg/mol when calibrated

against poly[N-(2-hydroxypropyl)methacrylamide] (poly(HPMA)). They concluded that

the copolymers were distributed throughout the body into various organs, tissues, and

interstitial space between organs. Gaertner et al. [32] explain this difference by the size

difference of the polymers; smaller polymers will not accumulate and bigger ones will

accumulate.

Poly(2-oxazoline)s have also shown potential "stealth" behavior which means that the

polymer will have suppressed interactions with the body, such as with proteins or with

the immune system. [34] Woodle et al. [34] grafted liposomes with PMeOx or PEtOx and

discovered that both of those POx conjugates enhanced the blood circulation time and

lowered the hepatosplenic uptake of the liposomes similarly to what PEG does. [34]

As mentioned before, poly(2-oxazoline)s have been studied a lot in biomedical applica-

tions such as drug delivery systems. The hydrophilicity/hydrophobicity of the poly(2-

oxazoline)s is easy to modify with different side chains (a longer chain will increase hy-

drophobicity, see Figure 2.3). Thus it is possible to use POx to encapsulate hydrophobic

drugs.

The cloud point, TCP , is the temperature where the transparent solution undergoes either

liquid-liquid phase separation or liquid-solid separation turning into a turbid solution.

Thermoresponsive polymers dissolve in a suitable solvent at a certain temperature with

a certain concentration and form a homogeneous solution with the solvent. At a certain

temperature when the polymer changes its conformation, the phase separation occurs. In

the liquid-liquid separation, the cloud point can be lower critical solution temperature

(LCST) which is the lowest temperature where the phase separation occurs or the upper
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critical solution temperature (UCST) which is correspondingly the highest temperature

at which the phase separation occurs. At the temperatures above LCST or below UCST

at all concentrations, solution has two phases. Usually the material shows either LCST

or UCST behavior, but it is possible that material have both LCST and UCST. Poly(2-

oxazoline)s and poly(2-oxazine)s show LCST behaviour. [35]

Figure 2.3: A) The homologue series of poly(2-alkyl-2-oxazoline)s that share the polar amide motif

with decreasing water solubility as the 2-alkyl side chain length increases. POx with intermediate side

chain length displays a temperature dependant solubility (lower critical solution temperature (LCST). B)

Polymer structures of polymers used in this study. Figure reprinted and modified with permission from

ref [36].

Based on earlier studies, He et al. [7] loaded water-insoluble Paclitaxel (PTX) into poly(2-

oxazoline)-based polymeric micelles. They synthesized PMeOx-b-PnBuOx-b-PMeOx) tri-

block copolymers with block lengths of 33-26-45 and 47-21-36. The loading efficiency of

PTX was more than 90 % (45 g/L) even on the highest drug feed concentration. [7]

Poly(2-oxazine)s (POzi) are synthesized via living cationic ring-opening polymerization

from 6 membered 2-oxazine cyclic imino ethers (Figure 2.4). They can be derived from

poly(2-oxazoline)s by relocating a methylene group from the side chain to the main chain
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(Figure 2.5). Poly(2-oxazine)s are much less studied than their structural isomers poly(2-

oxazoline)s, only 537 references could be found in SciFinder using the search term "poly

AND oxazine" whereas with the search term "poly AND oxazoline" the number of refer-

ences was 5489 (accessed 26 February 2022).

Figure 2.4: Schematic illustration of initiation, propagation, and termination of the living cationic

ring-opening polymerization of poly(2-oxazine).

Bloksma et al. [37] discovered that the homopolymers of 2-ethyl-2-oxazine and 2-propyl-2-

oxazine were thermoresponsive having cloud point temperatures (TCP ) lower than TCP s

of poly(2-oxazolines) with similar side chains. But comparing poly(2-oxazine) and poly(2-

oxazoline) isomers (Figure 2.5), for example water soluble poly(2-n-propyl-2-oxazine) (Pn-

PrOzi) and water insoluble poly(2-n-butyl-2-oxazoline) (PnBuOx), it can be noticed that

the side chain has a stronger impact on water solubility than the backbone of the poly-

mer. [37]

Figure 2.5: Structure of poly(2-oxazoline) and poly(2-oxazine) structural isomers. The methylene group

from the side chain is relocated to the main chain.
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Lorson et al. [11] synthesized PnPrOzi-b-PMeOx diblock copolymers with block lengths of

50-50 and 100-100. They investigated the influence of the chain length on the physic-

ochemical properties and discovered that polymer with a block length of 100-100 has

more elastic character than 50-50 polymer. However, hydrogels of both polymers showed

notably high mechanical strengths at about 4 kPa while usually thermogelling polymer

hydrogels have a mechanical strength of <1 kPa, according to Lorson et al. [11]

2.3 Macular edema and triamcinolone acetonide

Age-related Macular Degeneration (AMD) is the most common cause of blindness among

elderly people in industrialized countries. [1] It is an inflammatory chronic progressive eye

disease that damages the retinal pigment epithelium cells of the eye in its early stage. The

later stage can be either a slowly progressing nonvascular type or a rapidly progressing

neovascular type. [38] Both forms lead eventually to blindness through degeneration of

retinal pigment epithelium and posterior photoreceptor cells. [6]

Diabetic Macular Edema (DME) is the most common cause of blindness among people

with Diabetes mellitus. [2] It induces the swelling of the macula (see Figure 2.6) because

fluids and proteins accumulate on or under the macula. There are multiple different treat-

ment options for DME, for example, laser photocoagulation treatment, vitreous surgery,

or intravitreal TAA injection. [2]
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Figure 2.6: The simplistic anatomy of the human eye. [39] Created with BioRender.com

Common to these edemas is that they both are a consequence of the breakdown of the

blood-retinal barrier (BRB). [40] However, as their names also indicate, they are caused by

different origins; AMD happens because of the aging process and DME happens because of

diabetes. The coexistence of these two is very rare and it is believed that the inflammatory

repair responses may be cumulative. In patients that are affected by both diseases, it could

lead to chronic diffuse cystoid edema. [41]

A triamcinolone acetonide (TAA) is a synthetic corticosteroid that is used clinically as

an anti-inflammatory drug in a variety of diseases including AMD and DME. [42] TAA

appears to affect the permeability and adhesion of endothelial cells in culture [43] and

it hinders the cytokine production and cytokine-induced expression of the intercellular

adhesion molecule - 1 (ICAM-1). [44] ICAM-1 is a cell surface glycoprotein which is one

of the ligands for lymphocyte function-associated antigen 1 (LFA-1). [45] LFA-1 has a

crucial role in the process where leukocytes leave the bloodstream and enter their targeted

tissues. This down-regulation of ICAM-1 expression leads to an inhibition of inflammatory

processes, such as edema. [43] TAA acts also on vascular endothelial growth factor (VEGF)

by inhibiting its excretion, as an anti-VEGF. [46]
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2.4 Selecting the drug

The drug was selected based on a few criteria: it had to be hydrophobic but still soluble in

some suitable solvent, which in this case were for example ethanol, methanol, acetonitrile,

or chloroform because they have boiling points lower than 80 °C at the normal pressure.

Also, a drug should be related to some eye disease.

Several candidates were selected based on literature research. The three strongest candi-

dates have been presented here in more detail: triamcinolone acetonide (TAA), methotrex-

ate (hydrate) (MTX), and tacrolimus. Properties of these three are tabulated in Table

2.1 and molecular structures are shown in Figure 2.7.

The triamcinolone acetonide is a corticosteroid that is used for example in the treatment of

Diabetic Macular Edema (DME) [42] or in Age-related Macular Degeneration (AMD) [1] [43].

It has a water solubility of less than 0.1 g/L so it can be considered to be insoluble in

water. TAA’s solubility in ethanol is 5 g/L which is high enough for this study.

The reason why triamcinolone acetonide was used instead of triamcinolone is that TAA

has a clearance of 0.57 L/h [47] whereas triamcinolone has a clearance of 28.6 L/h [48].

The clearance tells us how many liters of blood are cleared from the drug in one hour.

Anything that gets injected into a body ends up eventually in the blood circulation. Lower

clearance means that the drug that has transferred from the target (here from the eye)

to the blood circulation will still remain in the body. It will circulate through the eye

again and possibly diffuse back in it if the concentration of the drug gets lower in the

eye than in the blood. The longer time the drug has to affect, the dosage is needed less

often. Also, the acetonide derivative of triamcinolone is considered to be more potent

than triamcinolone. [49]
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Table 2.1: The molecular weights and solubilities of three different drugs, triamcinolone acetonide, [50] [42]

methotrexate hydrate [51] and tacrolimus [52] [53]

Triamcinolone Methotrexate Tacrolimus

Acetonide (hydrate)

Molecular weight (g/mol) 434,5 454,4 804,02

Solubility in water 0.021 g/L 0.0819 g/L 0.00402 g/L

Solubility in ethanol 5 g/L insoluble 30 g/L

Figure 2.7: The molecular structures of the three drug candidates triamcinolone acetonide, methotrexate

(hydrate), and tacrolimus.

TAA loaded liposomes have shown promising results as topical therapy for macular

edema. [54] Nayak and Misra [55] studied PEGylated microemulsion as a carrier for TAA and

it was proven to work as a topical ocular microemulsion for retinal drug delivery. These

facts give us a reason to assume, that it might work with polyoxazolines and polyoxazines

since they have shown similar character as PEG and could possibly replace PEG. [56]

Methotrexate (hydrate) is an antimetabolite that is used for the treatment of ocular

inflammatory and intraocular lymphoma. It is practically insoluble in water but soluble

in dimethyl sulfoxide (DMSO) and dimethylformamide. Both of those solvents have a

boiling point higher than water so in order to use MTX (hydrate) in our study, some

solubility tests should have been conducted first.
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Tacrolimus, also known as FK-506, is also insoluble in water but its solubility in ethanol

is approximately 30 g/L which in this study would be very good. Tacrolimus is used to

treat allergic eye diseases and immune-mediated diseases. [57] Wang et al. [58] showed that

tacrolimus was loaded into nano-micelles successfully and then used for retina ganglion

cells protection. However, the price of tacrolimus is a minimum of 52 € per 50 mg, which

is too much for this project.

In conclusion, the drug that was selected to continue with was triamcinolone acetonide due

to its suitable solubility properties, promising results from earlier studies, applications,

and fare.
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3. Motivation

Based on earlier studies done with POx and POzi polymers with water-insoluble

drugs [7] [8] [9] it was expected that we could load also TAA into POx-POzi micelles or

gel. Also, Hirani et al. [59] loaded PEGylated poly(lactic-co-glycolic acid) nanoparticles

with TAA with the encapsulation efficiency of 42 % and incorporated it into a thermore-

versible gel. The results of this study showed that this combination exhibited sustained

in vitro drug release of TAA for approximately 10 days.

There are many challenges in the therapeutic approaches for the treatment of the posterior

segment of the eye. Four main challenges are: (1) the treatment does not affect the

patients as effectively as it should, (2) relatively short dosing intervals, because drug

levels are not effective over an extended period of time, (3) challenging to get the drug

molecules to the posterior segment of the eye, and (4) the dysfunctionality of cells or

tissues in repairing or in substitution. [60] For example, Järvinen et al. [4] showed that

when the drug was administered via eye drops, less than 5 % of the drug reaches the

target tissue, while a major fraction of the instilled dose is lost due to the drainage and

limited corneal permeability.

Another way of dosage is intravitreal injections where the drug is injected directly into

the posterior segment of the eye. However, these intravitreal injections have several

complications: they may cause endophthalmitis, cataract or retinal detachment, and are

discomfortable. [61] To offer a solution to some of these issues, we wanted to study POx-

POzi-based hydrogel as a drug delivery system for the hydrophobic drug TAA that is used
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to treat ophthalmic diseases. It is commercially available as a suspension (TRIESENCE®)

where the amount of TAA is 40 g/L. [3]

The target of this study was to be able to load POx-POzi-based polymeric micelles or

hydrogel or a combination of these two with TAA so that the final concentration of the

drug in the system would be at least 40 g/L. Since the hydrogel swells in the water, the

drug release could be extended by the fact that the drug needs a longer time to dissolve

from the gel to its surroundings. A prolonged release could lead to the need for a less

frequent dosage.

To the best of my knowledge, there are no earlier studies done with POx- and POzi-based

materials with corticosteroids.
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4. Experimental

4.1 Polymer synthesis

4.1.1 Purification of the monomers

Monomers that were used in this work were synthesized earlier by previous students and

purified prior to use. Purification was done by distillation. CaH2 granules and 200 -

300 mL of monomer were added to the dried flask and the mixture was stirred overnight

in an argon atmosphere at room temperature. The distillation apparatus was dried with a

hot air gun (170 °C) three times before use. The monomer flask was then attached to the

distillation apparatus and collector flasks were kept in an ice bath. The distillation was

done under reduced pressure and the distilled product was stored in a Schlenk flask. Table

4.1 shows properties of each purified monomer. 1H-NMR spectrum of each monomer can

be found in appendixes.

4.1.2 Synthesis of PMeOx100-b-PnPrOzi100

The diblock copolymer, PMeOx100-b-PnPrOzi100, was polymerized via living cationic ring-

opening polymerization. Schematic presentation of the reaction represented in Figure 4.1.

First, a 500 mL flask was rinsed with acetone and then dried with a hot air gun (170 °C).

The flask was flushed with argon, heated and let cool down to room temperature at

total of three times under a vacuum. After that, approximately 62 mL of benzonitrile,
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Table 4.1: Abbreviations, structures, and boiling points (bp) of 2-alkyl-2-oxazines and 2-methyl-2-

oxazoline used for polymerizations.

Monomer Abbreviation Structure bp

2-n-propyl-(2-oxazine) nPrOzi 61 °C, 16.2 mbar

2-n-butyl-(2-oxazine) nBuOzi 53 °C, 3.8 mbar

2-methyl-(2-oxazoline) MeOx 40 °C, 50 mbar

1 eq. (0.480 g) of methyl triflate (MeOTf), and 100 eq. (24.9 g) of MeOx were added

to the flask under inert atmosphere (glovebox). The mixture was then stirred overnight

(a total of 17.5 hours) at 100 °C. The reaction was followed with 1H-NMR using CDCl3

(from Sigma Aldrich) as the solvent. GPC samples were diluted with distilled HFIP.

After the complete consumption of the monomer, the mixture was cooled down to room

temperature, and approximately 72 mL of benzonitrile and 100 eq. (37.2) g of the second

monomer, 2-n-propyl-(2-oxazine), were added to the flask under argon atmosphere. The

mixture was heated to 120 °C and stirred for 4 hours.

Figure 4.1: The schematic presentation of the living cationic ring-opening polymerization for the

PMeOx100-b-PnPrOzi100 diblock copolymer.
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Complete consumption of the monomer was confirmed with 1H-NMR. Termination was

carried out by adding 3 eq. (1.64 g) of the terminator tert-butyl piperazine-1-carboxylate

(1-Boc-PIP) dissolved into a small amount of the solvent (8 mL). The mixture was stirred

overnight at 50 °C. Approximately 1 eq. (0.4 g) of K2CO3 was added to the mixture

and the mixture was stirred for 5 hours at 50 °C. The majority of the solvent was first

removed with a rotary evaporator before residual solvent was removed in fine vacuum at

80 °C oil bath with a cold finger attached to the flask. This was continued the next day,

for a total of 6 hours. Then approximately 100 mL of distilled water was added and the

mixture was evaporated with a rotary evaporator when the water bath was 80 °C and the

pressure 30 mbar.

The mixture was shaken for 30 minutes and then put in the fridge for three days. Some

more water was evaporated with a rotary evaporator and then the solution was put into the

cellulose acetate dialysis membrane tubes, with a pore size of 1 kDa molecular weight cut-

off (MWCO). On the first day, the mixture was dialyzed against Milli-Q ultrapure water

and the water was changed every hour. The next day, the water was changed once and

let dialyze for 5 hours. After dialysis, the solution was lyophilized. The characterization

was done by measuring 1H-NMR, GPC and rheological properties. The yield of the

polymerization was 77 %. Multiplicities of signals are depicted as follows: s, singlet; d,

doublet; t, triplet; q, quartet; quin, quintet; m, multiplet; b, broad. The peak information

of the 1H-NMR spectrum of PMeOx100-b-PnPrOzi100 (see Figure 5.1):δ = 3.60 - 3.32 (br,

380H, H 1); 3.32 - 3.02 (br, 317H, H 2); 3.01 - 2.96 (br, 4H, H 3); 2.32 - 2.12 (br, 176H,

H 4); 2.12 - 1.93 (br, 304H, H 5); 1.88 - 1.66 (br, 164H, H 6); 1.66 - 1.44 (br, 171H, H 7);

1.41 - 1.37 (s, 9H, H 8); 1.03 - 0.71 (br, 252H, H 9).
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4.1.3 Synthesis of PMeOx35-b-PnBuOzi20-b-PMeOx35

Also, the triblock copolymer, PMeOx35-b-PnBuOzi20-b-PMeOx35, was polymerized via

living cationic ring-opening polymerization. Schematic presentation of the reaction pre-

sented in Figure 4.2. 35 eq. (1.82 g) of MeOx and 1 eq. (0.102 g) of MeOTf were weighed

into syringes in an inert atmosphere (in a glovebox). They were added to approximately

10.8 mL of sulfolane and stirred at 100 °C for 3 hours. Complete consumption of the

monomer was confirmed with 1H-NMR and the solution was cooled down to room tem-

perature. 20 eq. (1.72 g) of BuOzi and 6 mL of sulfolane were added and the mixture

was stirred at 120 °C for 18 hours. 35 eq. (1.82 g) of MeOx and 10 mL of sulfolane were

added to the mixture and the reaction was continued at 100 °C for 3 hours.

Figure 4.2: The schematic presentation of the living cationic ring-opening polymerization for PMeOx35-

b-PnBuOzi20-b-PMeOx35 triblock copolymer.

1H-NMR and GPC samples were taken from the mixture and when it was confirmed that

there was no more monomer left, the solution was cooled down to room temperature

and 3 eq. (0.345 g) of 1-Boc-PIP was dissolved in 9.2 mL of sulfolane and then added

to the mixture. The mixture was stirred at 50°C overnight for a total of 17.3 hours.

Approximately 1 eq. (0.4 g) of K2CO3 was added to the mixture and the mixture was

stirred at 50 °C for 5 hours and then continued at room temperature overnight. An

attempt was made to remove some of the solvent using a 50 °C oil bath and full vacuum.

Since the solvent did not start to distill out, the oil bath was increased to 85 °C, but the
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process was still very slow (only a few milliliters during 5 hours). So the whole mixture

was diluted with Millipore water and put into the dialysis membrane tube (MWCO 1

kDa, cellulose acetate). The water was changed every half hour using distilled water.

The mixture was dialyzed overnight against Millipore water and the water was changed 3

times the next day. On a third day, water was changed one more time and dialyzed for 4

more hours. After dialysis, the solution was lyophilized. The polymer was characterized

with 1H-NMR, GPC and DLS (Zetasizer). The yield of the polymerization was 73 %.

The peak information of the 1H-NMR spectrum of PMeOx35-b-PnBuOzi20-b-PMeOx35

(see Figure 5.2): δ = 3.73 - 3.22 (br, 301H, H 1); 3.32 - 3.05 (br, 122H, H 2); 3.01 - 2.94

(br, 3H, H 3); 2.40 - 2.14 (br, 62H, H 4); 2.13 - 1.94 (br, 223H, H 5); 1.84 - 1.62 (br, 86H,

H 6); 1.61 - 1.44 (br, 61H, H 7); 1.41 - 1.36 (s, 9H, H 8); 1.35 - 1.13 (br, 76H, H 9); 0.92 -

0.76 (br, 87H, H 10).

4.2 Nanoformulations

4.2.1 Preparation of nanoformulations

The formulations were done using the thin film method (see Figure 4.3). Stock solutions

for the polymer were prepared by weighing for example 24 mg of the polymer and then

adding 1200 µL of ethanol to get the final polymer concentration of 20 g/L. Similar to

that, stock solutions for the drug were prepared by weighing for example 5 mg of the

TAA and then adding 1000 µL of ethanol to get the final polymer concentration of 5 g/L.

The mixture was stirred with a Vortex shaker so that all solid material was dissolved.

Formulations started with pipetting a certain amount of polymer and drug stock solutions

into a test tube and shaking the mixture for 1 minute. After that, ethanol was removed

with a 50 °C
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Figure 4.3: Schematic representation of the preparation of the drug-loaded poly(2-oxazoline)s (POx)

micelles. The drug-loaded POx micelles were prepared by the thin film hydration method involving (a)

dissolution of the drug and block copolymer in ethanol, (b) solvent evaporation to form the film of the

drug-solvent blend and (c) hydration of the formed film and dispersion in water. The figure is reprinted

and modified with permission from ref [62].

water bath and air blow. After 10 minutes dry tubes were transferred to a flask and

kept in a vacuum for 20 minutes. Then, 150 µL of 37 °C Milli-Q water was added to

each tube, and the mixtures were shaken at 55 °C for 15 minutes (also different water

temperatures, shake temperatures, and shake times were tested, see Subsection 5.7.1).

After the hydration, samples were centrifuged at 9000 rpm for 5 minutes. Solubilized

TAA was measured from the supernatant, diluting it with ACN/water so that the final

concentration of TAA was 100 times smaller than in the original sample.
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4.3 Methods

4.3.1 Nuclear magnetic resonance spectroscopy, 1H-NMR

1H-NMR measurements were performed using Bruker Fourier 300 1H-NMR. All samples

were diluted or dissolved in deuterated chloroform (CDCl3). The spectra were calibrated

to the CDCl3 signals at 7.26 ppm.

4.3.2 Gel permeation chromatography, GPC

The sizes of the polymers were determined with GPC Agilent 1260 Infinity, System Poly-

mer Standards Service with 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) containing 3 g/L

potassium trifluoroacetate (KTFA) as eluent. Precolumn: 50 mm x 8 mm PSS PFG

linear M; 2 columns: 300 mm x 8 mm PSS PFG linear M (particle size 7 µm; pore size

0.1–1000 kDa). The columns were kept at 40 °C, and the flow rate was 0.3 mL/min. Be-

fore GPC measurement, the sample was filtered through a 0.2 µm PTFE filter to remove

possible particles.

4.3.3 Thermal analysis

Thermal properties of hydrogel were investigated with differential scanning calorimetry

(DSC) and thermal gravimetric analysis (TGA). DSC measurements were done in alu-

minum crucibles on a DSC 204 F1 Phoenix system from Netzsch. Samples were heated

up to 350 °C and then cooled and heated twice from -50 to 350 °C using a heating and

a cooling rate of 10 K/min in a N2-atmosphere. The Tgs were analysed from the second

heating curve. The TGA measurement was performed in an Al2O3 crucible on a TG

209F1 Iris system from Netzsch. The sample was heated from 30 to 900 °C with a heating

rate of 10 K/min in a N2-atmosphere. Sample sizes were 5-6 mg for both DSC and TGA.
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4.3.4 Dynamic light scattering, DLS

A Malvern Nano-ZS DLS equipment was used to measure the size distributions of both

polymers in the solvent with the polymer concentration of 10 g/L and their formula-

tions in the solvent with the total concentration (polymer an drug) of 10 g/L. The data

was analysed with Zetasizer software version 7.11. Measurements were performed in

disposable cuvettes. First, following solutions were prepared using phosphate-buffered

saline (PBS, pH: 7.4) as a dilutant: plain PMeOx100-b-PnPrOzi100 10 g/L and PMeOx100-

b-PnPrOzi100/TAA (250/16) 10 g/L (total concentration of polymer and drug), plain

PMeOx35-b-PnBuOzi20-b-PMeOx35 10 g/L and PMeOx35-b-PnBuOzi20-b-PMeOx35/TAA

(10/2) 10 g/L (total concentration of polymer and drug), three replicates of each sample to

get reproducible data. Prepared samples were measured at 25 °C and then filtrated with

0.45 µm PVDF syringe filter and measured again. The filtered samples of PMeOx35-b-

PnBuOzi20-b-PMeOx35/TAA 10 g/L were further diluted with filtered PBS and measured

the samples unfiltered to exclude the variation due to the dilution effect. The hydrody-

namic diameters of micelles were determined by intensity-mean z-averaged particle size

(effective diameter) and the polydispersity index (PDI) from cumulant analysis. Results

were obtained from the average of three independent samples which each were measured

two times.

4.3.5 Rheological measurements

Rheological measurements were performed to characterize the 20 wt-% diblock copolymer

hydrogel and study the properties of hydrogel/drug formulation with 20 wt-% polymer

concentration and with the polymer/drug ratio of 250/16. The instrument used in these

measurements was Anton Paar Physica MCR 301 rheometer. The temperature was con-

trolled using a Peltier system. All measurements were done with 25-mm-diameter parallel

plate geometry using a 0.35 mm gap. First, a temperature sweep from 5 °C to 50 °C was

carried out with the heating rate of 3 °C/min. Strain and angular frequency were kept
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constant at 0.5 % and 10 rad/s, respectively. The heating rate was chosen based on ear-

lier studies done by Hu et al. [10] They stated that no difference was observed when using

slower heating rates.

Other measurements were strain sweep, frequency sweep, time sweep, steady-state shear

flow test, and steady stress sweep and they were done at a physiological temperature of

37 °C. Strain sweep was measured to obtain a linear viscoelastic (LVE) range. Angular

frequency was kept constant at 10 rad/s and oscillation strain amplitude was varied from

0.01 % to 500 %. In the frequency sweep, the strain was kept constant at 0.1 % and

alternating angular frequency was applied from 0.1 to 100 rad/s. In time sweep, alter-

nating oscillation strain of 0.1 % and 150 % was applied at a constant angular frequency

of 10 rad/s. Viscosity dependence from shear rate was studied with a steady-state flow

test varying shear rate from 0.01 to 1000 1/s. The steady-stress sweep was performed

where shear stress was applied from 0.01 to 1 000 Pa and viscosity was recorded. Another

steady-stress sweep was performed by keeping the angular frequency constant at 10 rad/s

and alternating oscillation shear stress amplitude from 0.01 to 1 000 Pa while storage and

loss modulus were recorded. Finally, the structure recovery of the polymer was tested

alternating strain between 0.1 and 150 % while recording storage and loss modulus.

4.3.6 High-performance liquid chromatography, HPLC

The drug concentrations in polymer formulations were measured using LC-20A Promi-

nence HPLC, Shimadzu equipped with SIL-20AC HT autosampler, DGU-20A 5R de-

gassing unit, SPD-20A UV-Vis detector, LC-20AD liquid chromatography, and CBM-20A

communication bus module. Stationary phase used was a ZORBAX Eclipse Plus, Agi-

lent C18 column (4.6 x 100 mm; 3.5 µm) and mobile phase was ACN/H2O (60/40; v/v)

containing 0.05 % of THF. Flow rate used was 1.0 mL/min and injection volume 10 µL.

TAA was quantified at 254 nm. [63]
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4.4 Drug release

Drug release was studied by dialysis membrane method against PBS (pH 7.4) at 37 °C. 1

mL of the drug-loaded hydrogel was added to the dialysis bag (MWCO 1 kDa, cellulose

acetate), placed in 300 mL of release medium PBS. The picture of the setup can be seen in

Figure 4.4. At certain time intervals, a small sample was taken from the release medium

and replaced with the same amount of fresh medium to keep the volume constant. Samples

were lyophilized and redissolved in HPLCmedium (ACN/H2O, 60/40) to measure the drug

concentration with HPLC. Results were obtained from the average of three independent

samples.

Figure 4.4: A) The drug release setup. B) Close up from the beaker and membrane tube where the

formulation was.
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5. Results and Discussion

5.1 Proton nuclear magnetic resonance, 1H-NMR

Both polymers were characterized by 1H-NMR. The actual composition of the polymers

was determined with 1H-NMR end-group analysis. The integrals were calibrated to the

signal of the methyl group of the terminator (8). The degree of polymerization for both

blocks could then be determined from the signals that were unique for each repeating

unit. These signals were (1) and (5) for the PMeOx-block and (2), (4), (6), and (9) for

the PrOzi-block. Calculated values for block lengths were averages of these signals. The

target was 100-100 (shown in Figure 5.1) and the actual lengths were 98-84. This indicates

that something has happened during the polymerization because both blocks, especially

the second block, are not on their target. The first block has been quite successful, but it

seems that the second block has terminated too early. Since the consumption of monomers

was followed during polymerization and it was confirmed that no more monomers were

left in the mixture it might have been a weighing error or possibly there was some water

or some other impurities getting inside the flask when adding a second monomer that has

disturbed the polymerization. One possibility is that there are very small compounds for

example only from 2 monomer units and they are filtered out before the GPCmeasurement

and are not visible in the NMR spectrum due to their weak signal. Despite the fact that
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something went wrong with the synthesis this polymer forms a gel below room temperature

with the concentration of 20 wt-% so it is suitable for the later work (formulations) and

shows that the polymer has similar properties even if block lengths vary between 90 and

120 [10] repeating units.

Figure 5.1: 1H-NMR (CDCl3; 300 MHz; 298 K) spectrum and structure of diblock copolymer PMeOx100-

b-PnPrOzi100 with signal assignments of all major signals.

To determine the block lengths of the first and the third blocks for the triblock copolymer,
1H-NMR was measured from the mixture before adding the second and the third monomer

blocks. From these spectra, the ratio between PMeOx-block and PnBuOzi-block could

be determined. As this ratio became two times larger after adding the third monomer

block, the first and the third block can be considered to have equal lengths.
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Figure 5.2: 1H-NMR (CDCl3; 300 MHz; 298 K) spectrum and structure of triblock copolymer PMeOx35-

b-PnBuOzi20-b-PMeOx35 with signal assignments of all major signals.

5.2 Gel permeation chromatography, GPC

The size of the polymer can be determined with the GPC. The polymerization was con-

trolled with GPC by taking samples of the solution before adding the next monomer

block or terminator. Figure 5.3 A) shows GPC elugrams for PMeOx100-b-PnPrOzi100 and

Figure 5.3 B) for PMeOx35-b-PnBuOzi20-b-PMeOx35.



29

Figure 5.3: A) GPC elugrams of PMeOx100-b-PnPrOzi100 polymerization. B) GPC elugrams of

PMeOx35-b-PnBuOzi20-b-PMeOx35 polymerization.

The signal of the plain polymer in GPC elugram of PMeOx100-b-PnPrOzi100 has a clear

bimodality. This supports the fact that something went wrong with the synthesis. The

first block shows a clear single peak having a minor high molar mass shoulder and then the

second block shows clear bimodality. The bimodality is even stronger in the elugram of

the purified polymer. A new GPC sample was prepared and measured in case something

went wrong with sample preparation the first time, but the other sample showed the same

bimodality. It is clear that there were some issues in synthesis.

Because earlier studies done with similar polymer [10] [8] (PMeOx100-b-PnPrOzi100) shows

monomodality, different GPC system was tested to see if the polymer behaves differently

with used solvent chloroform. In Figure 5.4 is the elugram of PMeOx100-b-PnPrOzi100 in

chloroform GPC system.

It seems that the polymer does not behave well with chloroform and the results are

very inconsistent. Calculating Mw based on block lengths obtained from NMR-spectrum,

Mw,calc. is 17.7 kg/mol and based on this elugram, it is only 3.9 kg/mol, which is only 22

% from the Mw,calc.. Because Mw obtained with the 1H-NMR and the other GPC system

is much higher than 3.9 kg/mol, the result from this GPC system can be considered to

be unreliable. Also, there is a dip before and after the polymer signal so that it does not

begin nor end on the same level. This makes it difficult to integrate correctly.
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Figure 5.4: GPC elugram of plain PMeOx100-b-PnPrOzi100 polymer in different GPC system where

eluent was chloroform. On the right there is a zoom in from the left graph.

The signal of the purified polymer in the GPC elugram of PMeOx35-b-PnBuOzi20-b-

PMeOx35 shows a clear single peak with the dispersity of 1.17. In the non-purified samples

(2nd and 3rd block) a low molecular mass shoulder can be seen but it seems to be some

impurities that are removed at the purifying step, since the purified polymer sample does

not show that shoulder. Lübtow et al. [64] has synthesized a similar polymer with block

lengths of 38-19-38 and their GPC elugram showed a similar shoulder in the purified

polymer sample.

Table 5.1 shows degrees of polymerization (theoretical and experimental), Mns, and Mws

calculated from 1H-NMR-spectra and GPC elugrams.

Table 5.1: Molecular weights from NMR and GPC and DP’s of two different block copolymers. A-

PrOzi = PMeOx100-b-PnPrOzi100; A-BuOzi-A = PMeOx35-b-PnBuOzi20-b-PMeOx35.

Polymer DPtheo DPexp Mn,theo Mn,NMR Mn,GP C Mw,GP C Ð

(kg/mol) (kg/mol) (kg/mol) (kg/mol)

A-PrOzi 100/100 98/84 21.4 19.2 8.8 10.8 1.23

A-BuOzi-A 35/20/35 37/24/37 9.0 8.1 4.9 5.8 1.17
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5.3 Thermal analysis (DSC and TGA)

Thermal analysis was used to analyze the composition and thermal properties of the

freeze-dried PMeOx100-b-PnPrOzi100 hydrogel with the concentration of 20 wt-% and of

the freeze-dried PMeOx100-b-PnPrOzi100/TAA (250/16) formulation with the polymer

concentration of 20 wt-%. The formulations were prepared as described earlier and then

centrifuged. The supernatant was taken in a different test tube and both samples were

freeze-dried so that another one contains only the gel part of the formulation and the

other one the precipitated part of the formulation. They were both analyzed to see if

they behaved similarly. The glass transition temperature, Tg, can be determined from

the DSC. The Tg is a temperature where polymer segments start to move, softening the

material (not melting). The material can have two separate Tg values, if the material has

long enough segments of different building blocks to form separate domains. This gives

rise to different Tg values.

Hu et al. [10] synthesized similar polymer (PMeOx116-b-PnPrOzi125) in their study and they

got two Tg values for their polymer, for the PnPrOzi part at 8 °C and for the PMeOx

part at 76 °C. Oleszko-Torbus et al. [65] showed that more branched side chain decreased

thr glass transition temperature. Also for the plain polymer, PMeOx100-b-PnPrOzi100,

synthesized in this study, two Tg values were obtained, for the PnPrOzi block Tg1 at

8.7 °C and for the PMeOx block Tg2 at 74.6 °C (see Figure 5.5) due to the microseparation

of the PMeOx-block and PnPrOzi-block.
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Figure 5.5: A) The DSC heat flow of the first heating/cooling cycle of a plain TAA and the DSC heat

flow of a second heating/cooling cycle of PMeOx100-b-PnPrOzi100. B) Zoom in from A) to see Tgs of the

polymer.

The DSC graphs of the separated gel from the formulation sample right after preparation

and after 14 days of preparation are presented in Figure 5.6. The sample that was mea-

sured after the formulation was stored for 14 days showed slightly lower Tgs than the fresh

gel (Tg1, 14d = 8.5 °C and Tg2, 14d = 71.9 °C; Tg1, 0d = 11.7 °C and Tg2, 0d = 73.7 °C)).

Figure 5.6: A) The DSC heat flow of the second heating/cooling cycle of PMeOx100-b-PnPrOzi100/TAA

(250/16) formulation, where the gel and the precipitate are separated. This is the DSC from the gel part

right after the formulation is prepared and after 14 days. B) Zoom in from A) to see Tgs better.
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This 14 d sample was measured to see how much the formulation changes with time. The

difference between these 0 d and 14 d samples is quite small, so it can be considered that

no significant changes will occur in the formulation’s gel part during 14 days.

Similar to the gel samples, the DSC was measured for the precipitated part of the formu-

lation, again right after preparation (0 d) and 14 days after preparation. The DSC graphs

are presented in Figure 5.7. Here the change in the Tg1 is quite dramatic, from 11.8 to

-25.6 °C and it does not appear as clear as in the 0 d sample. The Tg2 is also decreasing

but only 4 degrees. This decrease could be a consequence of different crystallinity of the

precipitates, the fresh sample has only had a few hours to form crystals whereas the 14

d sample has had more time to crystallize. Also, in the 14 d sample, there are more

precipitates than in the fresh sample. Thus there are more agglomerated micelles in the

14 d sample and that can be seen as a decrease in the polymeric network strength and

thus in Tg.

Figure 5.7: A) The DSC heat flow of the second heating/cooling cycle of PMeOx100-b-PnPrOzi100/TAA

(250/16) formulation, where the gel and the precipitate are separated. This is the DSC from the pre-

cipitated part right after the formulation is prepared and after 14 days. B) Zoom in from A) to see Tgs

better.

TGA can be used to determine a material’s thermal stability and the fraction of volatile

components. The TGA graph of the plain PMeOx100-b-PnPrOzi100 (Figure 5.8) shows the

thermal decomposition of the polymer between 390 and 438 °C (middle point 414 °C).
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There is another weight loss region from 450 to 700 °C. Major part of the sample begins

to decompose at 390 °C and the rest of it is decomposing slowly between 450 and 700 °C.

The major weight loss is due to the PMeOx100-b-PnPrOzi100 decomposition and the latter

weight loss could be slower decomposition of the residual organic part.

Figure 5.8: A thermogravimetric analysis of a plain PMeOx100-b-PnPrOzi100. Thermal decomposition

of the polymer can be seen between 390 and 700 °C.

5.4 Dynamic Light Scattering, DLS

The polymers were dissolved in phosphate-buffered saline (PBS, pH: 7.4) with a concen-

tration of 10 g/L and the solutions were characterized by dynamic light scattering to

determine the size of the polymeric micelles or vesicles in the solution. The data of the

PMeOx100-b-PnPrOzi100 in Figure 5.9 A shows the monomodal and broad size distribu-

tion of the plain polymer in solution and the formulation in the solution with the particle

size ranging from 20 to 80 nm. The size distribution of plain PMeOx35-b-PnBuOzi20-b-

PMeOx35 in the solution in Figure 5.9 B is also monomodal but narrower having the size

range between 10 and 40 nm. However, the size distribution of PMeOx35-b-PnBuOzi20-b-

PMeOx35/TAA formulations in the solution seemed to be multimodal. When comparing
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the distribution by the volume, number, and intensity (see Figure 5.10) it seems that there

are micelles that have a diameter between 5 and 8 nm and bigger particles that have a

diameter between 10 and 30 nm. These bigger particles could be aggregates of the smaller

micelles since some kind of sedimentation happened in the samples (see Figure 5.22).

Figure 5.9: Particle size distributions of A) a plain PMeOx100-b-PnPrOzi100 and a PMeOx100-

b-PnPrOzi100/TAA formulation and B) a PMeOx35-b-PnBuOzi20-b-PMeOx35 and a PMeOx35-b-

PnBuOzi20-b-PMeOx35/TAA formulation determined by dynamic light scattering.

Important to note here that these data were analyzed based on an assumption that the

particles have a spherical shape, mainly micelles or vesicles. This was not confirmed for

example with transmission electron microscopy (TEM) imaging, so it is possible that

instead of spherical micelles there were vaguely shaped particles or blending of differently

shaped particles.
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Figure 5.10: Particle size distributions of a PMeOx35-b-PnBuOzi20-b-PMeOx35 formulation with the

polymer/drug ratio of 10/2 and total concentration of 10 g/L determined by the dynamic light scattering.

One reason for inconsistent multimodality could be impurities in the samples, but this

seems unlikely since three replicates were prepared for each sample, all the samples were

filtered and each sample was measured several times. The more likely explanation is the

instability of the formulations. It seems that the particles are very unstable in the solution

and that is why the data appears to be so inconsistent. Other observations support this

conclusion (see Section 5.7.3 and Figure 5.22).

5.5 Rheological properties

The rheological and viscoelastic properties of the hydrogel PMeOx100-b-PnPrOzi100 were

studied with the rheometer. Similar polymer, (PMeOx116-b-PnPrOzi125), was synthe-

sized earlier by Hu et al. [10] and characterized using rheology. The polymer used in this

work had only shorter blocks (PMeOx98-b-PnPrOzi84). According to their studies, the

optimal concentration for the measurements was 20 wt-% gel, which was used in these

measurements based on that statement. Results are shown in Figures 5.11 and 5.12. The
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temperature sweep confirmed the thermogelling properties of the polymer solutions (Fig-

ure 5.11 A). G′ and G′′ were recorded and the intersection of those two (G′=G′′) is defined

as the gel point or as the gelation temperature (Tgel) of the polymer. In the beginning,

the storage modulus seems to be higher than the loss modulus, which indicates a gel

state. The measurement was performed several times for a fresh sample every time and

every measurement showed this gel state at the beginning. This polymer is shear-thinning

material which means, that when the stress is applied, it will become liquid-like. In the

beginning, the moduli are very small indicating an extremely weak gel that will become

liquid when even a small amount of stress is applied. Thus, it would be difficult to dis-

tinguish a gel or a sol state. At the temperature range from 13 to 19 °C G′′>G′ which

means that the system is in a sol state. As the temperature rises, both moduli increase.

Near the gelation temperature, the increase is more rapid than at the beginning and soon

after Tgel both moduli reach a plateau value at 21-30 °C. When G′′<G′ the polymer is in

a gel state. The Tgel for PMeOx100-b-PnPrOzi100 is 20 °C and G′max is 4.45 ± 0.3 kPa.

From the strain sweep (Figure 5.11 B), the linear viscoelastic (LVE) range can be exam-

ined. LVE indicates the range in which the test can be performed without destroying the

structure of the sample. A decrease ofG′ and an increase ofG′′ indicates that the structure

of the hydrogel is damaged. The LVE range is approximately between 0 - 0.5 % strain, so

a strain value of 0.1 % was chosen for the angular frequency sweep (Figure 5.11 C). G′ is

quite stable and higher than G′′ for the whole investigated frequency range meaning that

the sample maintained a gel phase the whole time.
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Figure 5.11: A) Temperature dependent rheological properties of PMeOx100-b-PnPrOzi100 hydrogel.

B) Amplitude sweep of the PMeOx100-b-PnPrOzi100 hydrogel, where cyan area is LVE of the hydrogel at

37 °C. C) Dependence of G′ and G′′ on the angular frequency of the hydrogel at 37 °C. D) Dependence

of viscosity on the applied shear rate for hydrogel at 37 °C including power-law fitting.

Fluids can be categorized into Newtonian and non-Newtonian fluids depending on their

behavior. [66] Newtonian fluid follows Newton’s law of viscosity which means that the

viscosity is independent of the stress. Correspondingly, non-Newtonian fluid does not

follow Newton’s law of viscosity and the viscosity may vary depending on the stress

applied to the sample. The power-law model (Equation 5.1) describes viscosity of the

fluids:

η = Kγ̇n−1 (5.1)

where η is viscosity, K is consistency index, γ̇ is a shear rate and n is the flow index. If
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the material is Newtonian fluid, n = 1. If n < 1 material is shear thinning and if n > 1

material is shear thickening. [66] Shear-thinning material will have a decrease in viscosity

when the stress is applied to it and it is an important property of materials used for 3D

(bio)printing. [10] The viscosity dependence on shear rate was studied with a steady-state

flow test (Figure 5.11 D). Using Origin Pro power-law fitting tool to the shear rate-

viscosity plot, n and K was calculated for the curve. Results were n = 0.11358 ± 0.0037

and K = 112.7 meaning that the sample is shear thinning material.

Figure 5.12: A) A yield stress measurement for the 20 wt-% hydrogel at 37 °C. The intersection of

dashed line and y-axis refers to the yield stress (arrow) which was 150 Pa. B) Dependence of G′ and

G′′ on the applied shear stress for the hydrogel at 37 °C. Dashed line refers to the yield stress. C) The

recovery study of the hydrogel under alternating strain between 0.1 and 100 %.
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From steady-stress sweep (Figure 5.12 A) one can obtain the yield stress of the material.

Yield stress is the stress where the inner structure of the material will begin to change,

here approximately at 150 Pa. Yield stress can be determined also from Figure 5.12 B

(dashed line). Here, the yield stress was approximately 47 Pa which is quite different

from the yield stress that was determined from Figure 5.12 A. From Figure 5.12 B also

the flow point could be determined. It is the point where G′′ exceeds G′ and the material

begins to flow. Here, the flow point is approximately at 103 Pa.

In time sweep (Figure 5.12 C), an alternating oscillation strain of 0.1 % and 150 % was

applied at a constant angular frequency of 10 rad/s. The maximum strain of 150 % was

selected to be sure that the transition from a gel to a sol state happens. The transition

between the sol and the gel state of this hydrogel was completely reversible within 20

seconds.

Rheological measurements were performed for the PMeOx100-b-PnPrOzi100/TAA (250/16)

formulation right after preparing and after 5 days. Results can be seen from Figure 5.13.

The fresh formulation has lower Tgel than that of the plain polymer solution. However,

after 5 days the Tgel of the formulation has increased approximately 5 degrees, even higher

than the Tgel of a fresh polymer solution. This could be a consequence of the formulation

instability; some of the drug and the polymer has precipitated making the solution more

dilute and that causes the increase of Tgel. Both formulations reach G′ plateau value at

approximately 3 kPa which is 1 kPa lower than that of the plain polymer supporting

the conclusion that some polymer precipitates with the drug over time and the solution

becomes more dilute.
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Figure 5.13: Temperature sweeps for the plain PMeOx100-b-PnPrOzi100/water solution, for the

PMeOx100-b-PnPrOzi100/TAA (250/16) formulation at day 0 and for the same formulation after 5 days.

5.6 High-performance liquid chromatography, HPLC

Drug concentration in a sample was calculated from the HPLC result. First, the TAA

curve had to be determined to be able to calculate the concentration of TAA from the

samples where it is unknown. Firstly, TAA solutions with six different exactly known

concentrations were prepared and measured with HPLC. The graph was formed where

the area averages were on the y-axis and the concentration was on the x-axis. Then the

Origin Pro fitting tool was used to fit the equation

y = a+ bx (5.2)

where a and b are the intercept and the slope. The result is a straight line intercepting all

the measuring points. The intercept of the fitted line was 1900.44883 and the slope was

14860000. These values were used later to determine TAA concentration in the samples.

The adjusted R square was 0.99988 which means that there is an excellent correlation

between measurement points and this curve is valid. The TAA standard curve showed in

Figure 5.14.
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Figure 5.14: Standard curve for the TAA HPLC.

Exemplarily, TAA concentration was calculated as follows using Microsoft Excel:

A− a

b
= cdiluted (5.3)

where A is area, a is intercept and b is slope.

cdiluted · dilution ratio = cformulation (5.4)

cformulation · Vformulation = mloaded drug (5.5)

From this, the drug loading capacity LC and loading efficiency LE were calculated as

follows

LC = mloaded drug

mpolymer feed +mloaded drug

· 100% (5.6)

LE = mloaded drug

mdrug feed

· 100% (5.7)

Figure 5.15 shows HPLC spectra for 0.1 g/L TAA solution at both 220 nm and 254 nm.
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Figure 5.15: A) HPLC chromatogram of 0.1 g/L TAA solution where the eluent is ACN/H2O (60/40;

v/v) from the UV detector at 220 nm. B) HPLC chromatogram of the same sample from the UV detector

at 254 nm, which is the drug’s detection wavelength.

5.7 Nanoformulations

5.7.1 Triblock copolymer nanoformulations

The triblock copolymer formulations form polymeric micelles that are loaded with the

hydrophobic drug. In this study, several different polymers were tested which all are

listed in Table 5.2.

Table 5.2: Triblock copolymers used in this study, their block lengths, and the maximum amount of

solubilized TAA in the polymer solution.

Polymer Block lengths Maximum amount of

solubilized TAA (g/L)

PMeOx-PnPentOx-PMeOx 35-20-35 0.32 ± 0.08

PMeOx-PnBuOx-PMeOx 35-20-35 0.31 ± 0.02

PMeOx-PnBzOzi-PMeOx 35-20-35 0.28 ± 0.02

PMeOx-PnBuOzi-PMeOx 35-20-35 0.28 ± 0.03

PMeOx-PnBzOx-PMeOx 35-16-35 0.14 ± 0.08

PMeOx-PnPrOzi-PMeOx 32-19-31 0.10 ± 0.04
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From Figure 5.16 it can be seen, that the highest amount of solubilized TAA is less than

a 0.35 g/L which is far away from the target of 40 g/L. The polymer that gave the best

results in loading capacity and stability (see Figure 5.20) was PMeOx35-b-PnBuOzi20-b-

PMeOx35 and it was tested using different shake temperatures because it is temperature

responsive material. Temperatures 5 °C, 10 °C, and 70 °C were tested to see roughly if

the temperature affects to the loading efficiency and whether higher or lower is better (see

Figure 5.16).

Figure 5.16: A) The amounts of solubilized TAA with different triblock copolymers. "A" refers to

PMeOx. B) The amounts of solubilized TAA in the PMeOx35-b-PnBuOzi20-b-PMeOx35/TAA formulation

with different shake temperatures.

The temperature had a notable effect on the loading capability as can be seen from

Figure 5.16. The amount of solubilized TAA was more than six times higher when shake

temperature was 5 °C compared to 55 °C. 70 °C gave slightly higher TAA concentration

and 10 °C much higher than 55 °C. There is a clear difference between 5 °C and 10 °C so

for the further studies shake temperature of 5°C was used. Also, the temperature of Milli-

Q ultrapure water used in the hydration step was changed to 5 °C. Although TAA was

solubilized more at the lower temperature, the concentration, 1.77 ± 0.02 g/L, was still
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far behind the target of 40 g/L. So next, the diblock copolymers which form a hydrogel

at a certain temperature were tested since hydrogels have shown promising behavior with

hydrophobic drugs. [67]

5.7.2 Diblock copolymer nanoformulations

Four different kinds of diblock copolymers for TAA loading were investigated in this

study. Polymers used are listed in the Table 5.3. For the diblock copolymers, the shake

temperature was chosen to be 5 °C from the beginning but one study was done at 55 °C

to ensure that a lower temperature was better for them too. That can be seen from

Table 5.3: The block lengths and the maximum amount of solubilized TAA in the different diblock

copolymers used in this study.

Polymer Block lengths Maximum amount of

solubilized TAA (g/L)

PMeOx-b-PnPrOzi 100-100 3.42 ± 0.05

PEtOx-b-PnPrOzi 50-50 2.64 ± 0.81

PMeOx-b-PnPrOzi 70-20 1.01 ± 0.18

PEtOx-b-PnPrOzi 70-20 0.82 ± 0.41

PMeOx-b-PnPrOx 50-50 0.27 ± 0.13

Figure 5.17 B). The best polymer was PMeOx-b-PnPrOzi with block lengths of 100-

100 (see Figure 5.17 A)). Based on previous studies [8] [10] [11] it was known that polymer

PMeOx-b-PnPrOzi with block lengths of 100-100 forms a hydrogel at a concentration of

20 wt-% at room temperature. The formulation procedure was modified for these high

concentrated formulations: at the solvent removal step, they were kept under airflow

30 + 15 min punching the surface gently with the needle in between, then kept in a

vacuum for 30 min, added 0.45 mL of Milli-Q ultrapure water (5 °C), shaken at 5 °C for
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60 min (1250 rpm) and centrifuged at 5 °C 9000 rpm for 5 min. Dilutions were done

gravimetrically since the formulation was too viscous for volumetric methods such as an

adjustable pipette.

Figure 5.17: A) The amounts of solubilized TAA for the different diblock formulations at 25 °C. The

numbers after the polymer abbreviations refer to the block lengths. B) The temperature comparison for

PMeOx100-b-PnPrOzi100 formulation.

The formulations were done so that the final polymer concentration was 20 wt-%. Now

that polymer concentration was so high, also the drug feed had to be increased. The high-

est possible drug amount was tested with 40, 50, and 60 g/L of drug feed concentrations.

The highest amount of solubilized TAA was 12 g/L in the final formulation (see Figure

5.18) with the polymer/drug ratio of 250/40. For the rest of the studies a polymer/drug

ratio of 250/16 was selected based on earlier studies where the loading efficiency of 76 %

was reached with polymer/drug ratio of 250/12. Since the highest amount of solubilized

TAA was 12 g/L, drug feed 16 was selected. The decrease in the amount of solubilized

TAA while the drug feed increases could be explained by aggregation that was observed

earlier by Haider et al. [68] They stated that the forming polymeric micelles agglomerate

and precipitate out. [68]

Different drug loading methods were tested for the diblock copolymer PMeOx100-b-

PrOzi100. 5 mg of polymer powder and 1 mg of solid TAA were weighed into a glass
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vial and kept in a 250 °C oven overnight. Then 1 mL of Milli-Q ultrapure water was

added to the melt and mixed well with a Vortex mixer. The amount of solubilized TAA

was determined with HPLC and the average of duplicates was 0.17 g/L. This method was

not investigated further due to the low drug concentration.

Figure 5.18: PMeOx100-b-PrOzi100/TAA formulation with the highest used TAA feeds to discover the

highest amount of solubilized TAA.

Another method was similar to what Lübtow et al. [8] did. 16.9 wt-% diblock polymer/drug

formulation was prepared and incorporated into the 23.1 wt-% gel prepared from same

polymer as the formulation, so that the final concentration of the gel was 20 wt-%. The

mixture was shaken gently and then the amount of TAA was measured with HPLC.

Results are shown in Figure 5.19. This method was tested because it was simpler to

prepare the formulation with 16.9 wt-% than with 20 wt-%.

From Figure 5.19 it can be seen that incorporating the method actually decreased the

amount of solubilized TAA. Obviously, the amount of TAA is lower in the "after mixing"

solution since it is a diluted version. Despite that fact, the amount of TAA seems to

decrease at higher loading capacities. This method was not investigated further.
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Figure 5.19: PMeOx100-b-PrOzi100/TAA formulation prepared with thin film method (purple) and

with mixing method, where blue is PMeOx100-b-PrOzi100/TAA formulation (before mixing) and lighter

blue is triblock formulation mixed with 20 wt-% PMeOx100-b-PrOzi100 gel.

5.7.3 Stability of the formulations

The formulations’ stability was studied by keeping the formulations in a cupboard and

measuring the HPLC at certain time intervals from the supernatant. For the triblock

copolymers, the samples were kept at room temperature throughout the experiment.

Results for different triblock copolymers that were studied are shown in Figure 5.20. The

polymer PMeOx35-b-PnBuOzi20-b-PMeOx35 showed the best stability with a decrease of

the drug concentration of approximately 50 % during 30 days. For the hydrogels, a small

amount of the sample was taken from the original formulation, then put into the fridge for

20 minutes and centrifuged. The amount of TAA in the supernatant was then determined

using HPLC. The results are shown in Figure 5.21.
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Figure 5.20: The stability of the different triblock copolymer formulations at days 0, 1, and 30 with

different drug feeds.

Figure 5.21: The stability of the PMeOx100-b-PrOzi100/TAA formulation at day 0, 1, 5, 15 and 30.

After 4 days, one of the samples was not a gel anymore. After 7 days also another

sample became liquid and after 10 days all the samples were liquid at room temperature.

But then after 14 days, two of the samples were gel again. This observation among the

DLS data indicates that formulations are quite unstable at room temperature. Haider
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et al. [68] has shown that the more hydrophobic side chain (EtOx) interacts stronger with

hydrophobic drug, compromising its hydration. When drug loading was increased further,

the hydrophilic corona of PnEtOx-B-PnEtOx (B refers to the hydrophobic part which

can be PnBuOx, PnBuOzi, PnPrOzi or PnPrOx) micelles collapses and precipitates,

while PMeOx-B-PMeOx micelles remains their colloidal stability even at 50 wt-%. [68]

This discovery could explain the instability of the formulations in this study as well.

In further studies, stability could be improved by trying different storing conditions for

example, temperatures below 0 °C, or testing different surfactants for the drug.

The DLS samples of plain PMeOx35-b-PnBuOzi20-b-PMeOx35 (polymer concentration 10

g/L) and the PMeOx35-b-PnBuOzi20-b-PMeOx35/TAA (10/2) formulation (total concen-

tration 10 g/L) and their dilutions are shown in Figure 5.22. It can be seen that the

formulation samples with the concentration of 10 g/L and 5 g/L are somewhat turbid.

After some time the solutions became clear and after shaking they were turbid again. This

indicates that the formulation is not miscible with the solvent PBS and forms aggregates

in the solution which sediment at the bottom with time. The most dilute solutions appear

to be clear all the time which could be explained by the fact that there were so few of

those aggregates that one can not observe them with the naked eye.
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Figure 5.22: Picture of the DLS samples (in PBS) after several days of storing. From left to right:

filtered plain polymer PMeOx35-b-PnBuOzi20-b-PMeOx35 with the polymer concentration of 10 g/L

and its two dilutions; three PMeOx35-b-PnBuOzi20-b-PMeOx35/TAA (10/2) formulations with the total

concentrations of 10 g/L and dilutions at 5 and 1 g/L from each formulation.

5.8 Drug release

Results for the drug release are presented in Figure 5.23. The drug showed quite a fast

release considering that our goal was to get a formulation that has a drug release of much

longer than 24 hours. After 24 hours the highest release was reached. The drug release

seemed to decrease after 24 hours. This is probably because the drug will crystallize in

water and the release medium is mainly water and even if it was mixed all the time, the

crystals are floating unevenly in the solution. That would also explain the great deviation

between identical setups.
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Figure 5.23: TAA release from PMeOx100-b-PnPrOzi100/TAA formulation with the drug concentration

of 12 g/L. All TAA-loaded hydrogels were prepared once and injected in 3 individual release setups (see

Figure 4.4). Results are presented as mean ± SD (n=3).

In the future, it would be good to test this same method but injecting 7.1 mL of the

formulation into a membrane tube and immersing it in 300 mL of PBS or 3.5 mL immersed

in 150 mL of PBS. This would mimic better the situation where 100 µL is injected into

the vitreous (approximately 4 mL). 1 mL of formulation and 300 mL of release medium

that were used in this study were selected because the maximum amount of formulation

that could be prepared in one test tube was 1 mL and 300 mL was the minimum amount

of release medium that was enough in a beaker to cover the dialysis bag (had to use 400

mL beaker because clips that hold the bag closed would not fit into a smaller beaker).
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6. Conclusions

Two different POx- and POzi-based polymers were synthesized, the diblock copolymer

PMeOx100-b-PnPrOzi100 and the triblock copolymer PMeOx35-b-PnBuOzi20-b-PMeOx35.

Both polymers were loaded with the hydrophobic corticosteroid TAA using the thin film

method. When comparing the loading efficiencies of the triblock copolymer and the

diblock copolymer at the same polymer/drug ratio (10/4), the LE of the diblock copolymer

was 48 % and the LE for the triblock copolymer was only 4 % at even with different drug

loading methods. Based on these results, the diblock copolymer, PMeOx100-b-PnPrOzi100,

was selected for the further studies.

The drug was encapsulated into a hydrogel and the gel had a Tgel at approximately 18 °C

and a storage modulus plateau value of approximately 3.5 kPa. However, the formulations

were not stable when stored at room temperature; after 5 days, 80 % of the drug was

precipitated out. They also had quite a fast drug release, since after 24 hours all the drug

was released.

This study shows that the hydrophobic corticosteroid can be loaded into the poly(2-

oxazoline)- and poly(2-oxazine)-based polymer, even though they do not form a stable

formulation and the amount of loaded drug remained relatively small. In future studies,

different storing conditions, such as fridge or freezer temperatures, or different surfactants

for the TAA could be investigated. Also, different drug release methods could be studied

or try to mimic better the environment in the eye using different volumes with the same
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method that was used in this study. The results obtained from this study give information

on how POx and POzi-based materials behave with a corticosteroid and could help to

develop the drug delivery system for the hydrophobic corticosteroid which would have

prolonged drug release and would clear out from the body with time making removal

surgery needless.
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A. 1H-NMR of monomers

A.1 1H-NMR of 2-methyl-2-oxazoline

Figure A.1: 1H-NMR (CDCl3; 300.12 MHz; 298 K): δ = 4.16 (t, 2H, H1); 3.74 (t, 2H, H2); 1.91 (s, 2H,

H3).
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A.2 1H-NMR of 2-n-butyl-2-oxazine

Figure A.2: 1H-NMR (CDCl3, 300.12 MHz; 298 K): δ = 4.08 (t, 2H, H 1); 3.29 (t, 2H, H 2); 2.07 (t,

2H, H 3); 1.78 (qt, 2H, H 4); 1.48 (qt, 2H, H 5); 1.28 (m, 2H, H 6); 0.84 (t, 3H, H 7).
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A.3 1H-NMR of 2-n-propyl-2-oxazine

Figure A.3: 1H-NMR (CDCl3, 300.12 MHz; 298 K): δ = 4.07 (t, 2H, H 1); 3.29 (t, 2H, H 2); 2.03 (t,

2H, H 3); 1.78 (qt, 2H, H 4); 1.53 (m, 2H, H 5); 0.86 (t, 3H, H 6).
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