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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 -blockpoly(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 hydrophobic 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]

4

Figure 2.1: Schematic presentation of a polymeric micelle loaded with a drug. Created with BioRender.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 glycol) (PEG), thermosensitive poly(propylene glycol) (PPG) and hydrophobic, biodegradable poly(ε-caprolactone) (PCL) segments joined together by urethane bonds. This polymer 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 polymer 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(2alkyl-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 applications such as drug delivery systems. The hydrophilicity/hydrophobicity of the poly(2oxazoline)s is easy to modify with different side chains (a longer chain will increase hydrophobicity, 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(2oxazoline)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(2oxazoline)-based polymeric micelles. They synthesized PMeOx-b-PnBuOx-b-PMeOx) triblock 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(2oxazoline)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 references 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-2oxazine 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(2oxazoline) isomers (Figure 2.5), for example water soluble poly(2-n-propyl-2-oxazine) (PnPrOzi) 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 polymer. [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 physicochemical 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 treatment 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 candidates have been presented here in more detail: triamcinolone acetonide (TAA), methotrexate (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]

12
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 thermoreversible 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 POxPOzi-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
4.1.1

Polymer synthesis
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. 1 H-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 ringopening 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,

17
Table 4.1: Abbreviations, structures, and boiling points (bp) of 2-alkyl-2-oxazines and 2-methyl-2oxazoline 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 1 H-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 1 H-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 cutoff (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 1 H-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 1 H-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 presented 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 1 H-NMR and the solution was cooled down to room temperature. 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.

1

H-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

20
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 1 H-NMR, GPC and DLS (Zetasizer). The yield of the polymerization was 73 %.
The peak information of the 1 H-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
4.2.1

Nanoformulations
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
4.3.1
1

Methods
Nuclear magnetic resonance spectroscopy, 1 H-NMR

H-NMR measurements were performed using Bruker Fourier 300 1 H-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 Polymer 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. Before 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 aluminum 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 Tg s 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 formulations 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 -bPnBuOzi20 -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 hydrodynamic 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 controlled 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 earlier 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, alternating 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 Prominence HPLC, Shimadzu equipped with SIL-20AC HT autosampler, DGU-20A 5R degassing unit, SPD-20A UV-Vis detector, LC-20AD liquid chromatography, and CBM-20A
communication bus module. Stationary phase used was a ZORBAX Eclipse Plus, Agilent 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 HPLC medium (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 1 H-NMR. The actual composition of the polymers
was determined with 1 H-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 GPC measurement
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: 1 H-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,
1

H-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: 1 H-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 controlled 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 .
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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 1 H-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 -bPMeOx35 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 1 H-NMR-spectra and GPC elugrams.
Table 5.1: Molecular weights from NMR and GPC and DP’s of two different block copolymers. APrOzi = PMeOx100 -b-PnPrOzi100 ; A-BuOzi-A = PMeOx35 -b-PnBuOzi20 -b-PMeOx35 .

Polymer

DPtheo

DPexp

Mn,theo

Mn,N M R

Mn,GP C

Mw,GP C

(kg/mol)

(kg/mol)

(kg/mol)

(kg/mol)

Ð

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 Tg s 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 measured after the formulation was stored for 14 days showed slightly lower Tg s 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 Tg s 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 formulation, 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 precipitated part right after the formulation is prepared and after 14 days. B) Zoom in from A) to see Tg s
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 concentration 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 distribution 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 -bPMeOx35 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 -bPMeOx35 /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 -bPnBuOzi20 -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.

36

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 synthesized 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 (Figure 5.11 A). G0 and G00 were recorded and the intersection of those two (G0 =G00 ) 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 distinguish a gel or a sol state. At the temperature range from 13 to 19 °C G00 >G0 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 G00 <G0 the polymer is in
a gel state. The Tgel for PMeOx100 -b-PnPrOzi100 is 20 °C and G0max is 4.45 ± 0.3 kPa.
From the strain sweep (Figure 5.11 B), the linear viscoelastic (LVE) range can be examined. LVE indicates the range in which the test can be performed without destroying the
structure of the sample. A decrease of G0 and an increase of G00 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). G0 is
quite stable and higher than G00 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 G0 and G00 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 = K γ̇ n−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 rateviscosity 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 G0 and
G00 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 G00 exceeds G0 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 G0 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
= cdiluted
b

(5.3)

where A is area, a is intercept and b is slope.
cdiluted · dilution ratio = cf ormulation

(5.4)

cf ormulation · Vf ormulation = mloaded drug

(5.5)

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

mloaded drug
· 100%
mpolymer f eed + mloaded drug

(5.6)

mloaded drug
· 100%
mdrug f eed

(5.7)

LE =

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
5.7.1

Nanoformulations
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 -bPMeOx35 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 MilliQ 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 100100 (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 highest 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 -bPrOzi100 . 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 concentration 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(2oxazoline)- 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.

55

Bibliography
[1] P. Fernández-Robredo, A. Sancho, S. Johnen, S. Recalde, N. Gama, G. Thumann,
J. Groll, and A. García-Layana. Current treatment limitations in age-related macular
degeneration and future approaches based on cell therapy and tissue engineering.
Journal of ophthalmology, 2014(ID 510285):1–13, 2014.
[2] N. Bhagat, R. A. Grigorian, A. Tutela, and M. A. Zarbin. Diabetic macular edema:
Pathogenesis and treatment. Survey of Ophthalmology, 54(1):1–32, 2009.
[3] "triesence".

https://www.rxlist.com/triesence-drug.htm#description.

Ac-

cessed: 2.1.2021.
[4] K. Järvinen, T. Järvinen, and A. Urtti. Ocular absorption following topical delivery.
Advanced Drug Delivery Reviews, 16(1):3–19, 1995. Ocular Drug Delivery.
[5] LY. Rojanasakul, Y. annd Wang, M Bhat, D. D. Glover, C. J. Malanga, and J. K. H.
Ma. The transport barrier of epithelia: A comparative study on membrane permeability and charge selectivity in the rabbit. Pharmaceutical Research, (9):1029–1034,
1992.
[6] R. D. Jager, W. F. Mieler, and J. W. Miller. Age-related macular degeneration. New
England Journal of Medicine, 358(24):2606–2617, 2008.
[7] Z. He, X. Wan, A. Schulz, H. Bludau, M. A. Dobrovolskaia, S. T. Stern, S. A.
Montgomery, H. Yuan, Z. Li, D. Alakhova, M. Sokolsky, D. B. Darr, C. M. Perou,
R. Jordan, R. Luxenhofer, and A. V. Kabanov. A high capacity polymeric micelle

56
of paclitaxel: Implication of high dose drug therapy to safety and in vivo anti-cancer
activity. Biomaterials, 101:296–309, 2016.
[8] M. M. Lübtow, M. Mrlik, L. Hahn, A. Altmann, M. Beudert, T. Lühmann,
and R. Luxenhofer.

Temperature-dependent rheological and viscoelastic in-

vestigation of a poly(2-methyl-2-oxazoline)-b-poly(2-iso-butyl-2-oxazoline)-b-poly(2methyl-2-oxazoline)-based thermogelling hydrogel. Journal of Functional Biomaterials, 10(3):36, 2019.
[9] D. Hwang, J. D. Ramsey, and A. V. Kabanov. Polymeric micelles for the delivery
of poorly soluble drugs: From nanoformulation to clinical approval. Advanced Drug
Delivery Reviews, 156:80–118, 2020.
[10] C. Hu, L. Hahn, M. Yang, A. Altmann, P. Stahlhut, J. Groll, and R. Luxenhofer.
Improving printability of a thermoresponsive hydrogel biomaterial ink by nanoclay
addition. Journal of Material Science, 56(1):691–705, 2021.
[11] T. Lorson, S. Jaksch, M. M. Lübtow, T. Jüngst, J. Groll, T. Lühmann, and R. Luxenhofer. A thermogelling supramolecular hydrogel with sponge-like morphology as a
cytocompatible bioink. Biomacromolecules, 18(7):2161–2171, 2017.
[12] V. P. Torchilin, A. N. Lukyanov, Z. Gao, and B. Papahadjopoulos-Sternberg. Immunomicelles: targeted pharmaceutical carriers for poorly soluble drugs. Proceedings
of the National Academy of Sciences of the United States of America, 100(10):6039–
6044, 2003.
[13] M.-C. Jones and J.-C. Leroux. Polymeric micelles – a new generation of colloidal drug
carriers. European Journal of Pharmaceutics and Biopharmaceutics, 48(2):101–111,
1999.
[14] H. Bader, H. Ringsdorf, and B. Schmidt. Watersoluble polymers in medicine. Die
Angewandte Makromolekulare Chemie, 123(1):457–485, 1984.

57
[15] Y.-I. Jeong, D.-H. Seo, D.-G. Kim, C. Choi, M.-K. Jang, and J.-W. Nah.
Methotrexate-incorporated polymeric micelles composed of methoxy poly(ethylene
glycol)-grafted chitosan. Macromolecular Research - MACROMOL RES, 17:538–543,
07 2009.
[16] M. Davis, Z. Chen, and D. Shin. Nanoparticle therapeutics: an emerging treatment
modality for cancer. Nat Rev Drug Discov, 7:771–782, 2008.
[17] O. Wichterle and D. Lím. Hydrophilic gels for biological use. Nature, 185:117–118,
1960.
[18] Ahmed E. M. Hydrogel: Preparation, characterization, and applications: A review.
Journal of advanced research, 6(2):105–121, 2015.
[19] E. Caló and V. V. Khutoryanskiy. Biomedical applications of hydrogels: A review of
patents and commercial products. European Polymer Journal, 65:252–267, 2015.
[20] N.A. Peppas, P. Bures, W. Leobandung, and H. Ichikawa. Hydrogels in pharmaceutical formulations. European Journal of Pharmaceutics and Biopharmaceutics,
50(1):27–46, 2000.
[21] W.S. Dai and T.A. Barbari. Hydrogel membranes with mesh size asymmetry based
onthe gradient crosslinking of poly(vinyl alcohol). Journal of Membrane Science,
(156):67–79, 1999.
[22] A. J. Kuijpers, P. B. van Wachem, M. J. van Luyn, G. H. Engbers, J. Krijgsveld,
S. A. Zaat, J. Dankert, and J. Feijen. In vivo and in vitro release of lysozyme
from cross-linked gelatin hydrogels: a model system for the delivery of antibacterial
proteins from prosthetic heart valves. J Control Release., 67(2-3):323–336, 2000.
[23] F. Yokoyama, I. Masada, K. Shimamura, T. Ikawa, and K. Monobe. Morphology
and structure of highly elastic poly(vinyl alcohol) hydrogel prepared by repeated
freezing-and-melting. Colloid and Polymer Science, 264(7):595–601, 1986.

58
[24] J. M. Bezemer, D. W. Grijpma, P. J. Dijkstra, C. A. van Blitterswijk, and J. Feijen.
A controlled release system for proteins based on poly(ether ester) block-copolymers:
polymer network characterization. Journal of Controlled Release, 62(3):393–405,
1999.
[25] S. Nagahara and T. Matsuda. Hydrogel formation via hybridization of oligonucleotides derivatized in water-soluble vinyl polymers. Polymer Gels and Networks,
4(2):111–127, 1996.
[26] Z. Liu, S. S. Liow, S. L. Lai, A. Alli-Shaik, G. E. Holdera, B. H. Parik, S. Krishnakumar, Z. Li, M. J. Tan, J. Gunaratne, V. A. Barathi, W. Hunziker, R. Lakshminarayanan, C. W. T. Tan, C. K. Chee, P. Zhao, G. Lingam, X. J. Loh, and X. Su.
Retinal-detachment repair and vitreous-like-body reformation via a thermogelling
polymer endotamponade. Nature Biomedical Engineering, 3(8):598–610, 2019.
[27] D. A. Tomalia and D. P. Sheetz. Homopolymerization of 2-alkyl- and 2-aryl-2oxazolines. Journal of Polymer Science Part A-1: Polymer Chemistry, 4(9):2253–
2265, 1966.
[28] T. Lorson, M. M. Lübtow, E. Wegener, M. S. Haider, S. Borova, D. Nahm, R. Jordan,
M. Sokolski-Papkov, A. V. Kabanov, and R. Luxenhofer. Poly(2-oxazoline)s based
biomaterials: A comprehensive and critical update. Biomaterials, 178:204–280, 2018.
[29] N. Adams and U. S. Schubert. Poly(2-oxazolines) in biological and biomedical application contexts. Advanced Drug Delivery Reviews, 59(15):1504–1520, 2007.
[30] M. N. Ramiasa, A. A. Cavallaro, A. Mierczynska, S. N. Christo, J. M. Gleadle, J. D.
Hayball, and K. Vasilev. Plasma polymerised polyoxazoline thin films for biomedical
applications. Chem. Commun., 51:4279–4282, 2015.
[31] V. R. de la Rosa. Poly(2-oxazoline)s as materials for biomedical applications. Journal
of Materials Science: Materials in Medicine, 25(5):1211–1225, 2014.

59
[32] F. C. Gaertner, R. Luxenhofer, B. Blechert, R. Jordan, and M. Essler. Synthesis,
biodistribution and excretion of radiolabeled poly(2-alkyl-2-oxazoline)s. Journal of
Controlled Release, 119(3):291–300, 2007.
[33] P. Goddard, L. E. Hutchinson, J. Brown, and L. J. Brookman. Soluble polymeric carriers for drug delivery. part 2. preparation and in vivo behaviour of n-acylethylenimine
copolymers. Journal of Controlled Release, 10(1):5–16, 1989.
[34] M. C. Woodle, C. M. Engbers, and S. Zalipsky. New amphipatic polymer-lipid conjugates forming long-circulating reticuloendothelial system-evading liposomes. Bioconjugate Chemistry, 5(6):493–496, 1994.
[35] P. Atkins and J. de Paula. Atkins’ Physical Chemistry. W. H. Freeman and Company,
8 edition, 2006.
[36] R. Luxenhofer, A. Schulz, C. Roques, S. Li, T. K. Bronich, E. V. Batrakova, R. Jordan, and A. V. Kabanov. Doubly amphiphilic poly(2-oxazoline)s as high-capacity
delivery systems for hydrophobic drugs. Biomaterials, 31(18):4972–4979, 2010.
[37] M. M. Bloksma, R. M. Paulus, H. P. C. van Kuringen, F. van der Woerdt, H. M. L.
Lambermont-Thijs, U. S. Schubert, and R. Hoogenboom. Thermoresponsive poly(2oxazine)s. Macromolecular Rapid Communications, 33(1):92–96, 2012.
[38] J. Z. Novak. Age-related macular degeneration (amd): pathogenesis and therapy.
Pharmacological Reports, (58):358–363, 2006.
[39] D. Atchison and G. Smith. Optics of the human eye. Butterworth-Heinemann, 1st
edition, 2000.
[40] U. N. Das. Diabetic macular edema, retinopathy and age-related macular degeneration as inflammatory conditions. Archives of medical science : AMS, 12(5):1142–1157,
2016.

60
[41] M. Cummings and J. Cunha-Vaz. Treatment of neovascular age-related macular
degeneration in patients with diabetes. Clin Ophthalmol., 2(2):369–375, 2008.
[42] "triamcinolone acetonide". https://go.drugbank.com/drugs/DB00620. Accessed:
3.11.2020.
[43] L. Gopal and T. Sharma. Use of intravitreal injection of triamcinolone acetonide in
the treatment of age-related macular degeneration. Indian J Ophthalmol., 55(6):431–
435, 2007.
[44] P. L. Penfold, L. Wen, M. C. Madigan, N. J. C. King, and J. M. Provis. Modulation
of Permeability and Adhesion Molecule Expression by Human Choroidal Endothelial
Cells. Investigative Ophthalmology & Visual Science, 43(9):3125–3130, 2002.
[45] J. Satoh, L. F. Kastrukoff, and S. U Kim. Cytokine-induced expression of intercellular
adhesion molecule-1 (icam-1) in cultured human oligodendrocytes and astrocytes.
Journal of neuropathology and experimental neurology, 50(3):215–226, 1991.
[46] W.-S. Wu, F.-S. Wang, K. D. Yang, C.-C. Huang, and Y.-R. Kuo. Dexamethasone
induction of keloid regression through effective suppression of vegf expression and
keloid fibroblast proliferation. Journal of Investigative Dermatology, 126(6):1264–
1271, 2006.
[47] Heald D. Argenti D, Shah B. A pharmacokinetic study to evaluate the absolute
bioavailability of Triamcinolone Acetonide following inhalation administration. The
Journal of Clinical Pharmacology, 39(7):695–702, 1999.
[48] G. Hochhaus, M. Pörtner, J. Barth, H. Möllmann, and P. Rohdewald. Oral bioavailability of triamcinolone tablets and a triamcinolone diacetate suspension. Pharmaceutical Research, 7(5):558–560, 1990.
[49] G. Miolo, A. Ricci, S. Caffieri, L. Levorato, E. Fasani, and A. Albini. In vitro
phototoxic properties of triamcinolone 16,17-acetonide and its main photoproducts.
Photochemistry and Photobiology, 78(5):425–430, 2003.

61
[50] "triamcinolone

acetonide".

https://pubchem.ncbi.nlm.nih.gov/compound/

Triamcinolone-acetonide. Accessed: 3.11.2020.
[51] "methotrexate".

https://www.caymanchem.com/product/13960/

methotrexate-(hydrate). Accessed: 4.11.2020.
[52] "tacrolimus".

https://www.caymanchem.com/product/10007965/fk-506.

Ac-

cessed: 5.11.2020.
[53] "tacrolimus". https://pubchem.ncbi.nlm.nih.gov/compound/Tacrolimus. Accessed: 5.11.2020.
[54] J. Navarro-Partida, J. C. Altamirano-Vallejo, E. J. Lopez-Naranjo, A. GonzalezDe la Rosa, A. Manzano-Ramírez, L. M. Apatiga-Castro, J. Armendáriz-Borunda,
and A. Santos. Topical triamcinolone acetonide-loaded liposomes as primary therapy
for macular edema secondary to branch retinal vein occlusion: A pilot study. Journal
of Ocular Pharmacology and Therapeutics, 36(6):393–403, 2020.
[55] K. Nayak and M. Misra. Triamcinolone Acetonide-Loaded PEGylated Microemulsion
for the Posterior Segment of Eye. ACS Omega, 5(14):7928–7939, 2020.
[56] R. Luxenhofer, Y. Han, A. Schulz, J. Tong, Z. He, A. V. Kabanov, and R. Jordan.
Poly(2-oxazoline)s as polymer therapeutics. Macromolecular Rapid Communications,
33(19):1613–1631, 2012.
[57] J. Zhai, J. Gu, J. Yuan, and J. Chen. Tacrolimus in the Treatment of Ocular Diseases.
BioDrugs, 25:89–103, 2011.
[58] D. Wang, M. Luo, B. Huang, W. Gao, Y. Jiang, Q. Li, K. Nan, and S. Lin. Localized
co-delivery of CNTF and FK506 using a thermosensitive hydrogel for retina ganglion
cells protection after traumatic optic nerve injury. Drug Delivery, 27(1):556–564,
2020.

62
[59] A. Hirani, A. Grover, Y. W. Lee, Y. Pathak, and V. Sutariya. Triamcinolone acetonide nanoparticles incorporated in thermoreversible gels for age-related macular
degeneration. Pharmaceutical Development and Technology, 21(1):61–67, 2016.
[60] R. Kholdebarin, R. J. Campbell, Y.-P. Jin, and Y. M. Buys. Multicenter study of
compliance and drop administration in glaucoma. Canadian Journal of Ophthalmology, 43(4):454–461, 2008.
[61] K. M. Sampat and S. J. Garg. Complications of intravitreal injections. Current
Opinion in Ophthalmology, 21(3):178–183, 2010.
[62] Y. Seo, A. Schulz, Y. Han, Z. He, H. Bludau, X. Wan, J. Tong, T. K. Bronich,
M. Sokolsky, R. Luxenhofer, R. Jordan, and A. V. Kabanov. Poly(2-oxazoline)
block copolymer based formulations of taxanes: effect of copolymer and drug structure, concentration, and environmental factors. Polymers for Advanced Technologies,
26(7):837–850, 2015.
[63] A. J. P. van Heugten, W. de Boer, W. S. de Vries, C. M. A. Markesteijn, and
H. Vromans. Development and validation of a stability-indicating hplc-uv method
for the determination of triamcinolone acetonide and its degradation products in an
ointment formulation. Journal of Pharmaceutical and Biomedical Analysis, 149:265–
270, 2018.
[64] M. M. Lübtow, T. Lorson, T. Finger, F.-K. Gröber-Becker, and R. Luxenhofer.
Combining ultra-high drug-loaded micelles and injectable hydrogel drug depots for
prolonged drug release. Macromolecular Chemistry and Physics, 221(1):1900341,
2020.
[65] Natalia Oleszko-Torbus, Alicja Utrata-Wesołek, Marcelina Bochenek, Daria
Lipowska-Kur, Andrzej Dworak, and Wojciech Wałach. Thermal and crystalline
properties of poly(2-oxazoline)s. Polym. Chem., 11:15–33, 2020.

63
[66] A. Y. Malkin and A. I. Isayev. Rheology : Concepts, Methods, and Applications.
ChemTec Publishing, 3 edition, 2017.
[67] C. Torres-Luna, X. Fan, R. Domszy, N. Hu, N. S. Wang, and A. Yang. Hydrogelbased ocular drug delivery systems for hydrophobic drugs. European Journal of
Pharmaceutical Sciences, 154:105503, 2020.
[68] M. S. Haider, M. M. Lübtow, S. Endres, S. Forster, V. J. Flegler, B. Böttcher,
V. Aseyev, A.-C. Pöppler, and R. Luxenhofer. Think beyond the core: Impact of
the hydrophilic corona on drug solubilization using polymer micelles. ACS Applied
Materials & Interfaces, 12(22):24531–24543, 2020.

64

A. 1H-NMR of monomers

A.1

1

H-NMR of 2-methyl-2-oxazoline

Figure A.1: 1 H-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

1

H-NMR of 2-n-butyl-2-oxazine

Figure A.2:

1

H-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

1

H-NMR of 2-n-propyl-2-oxazine

Figure A.3:

1

H-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 ).

