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ABSTRACT

The aim of this diploma thesis is to study the possibility of chemical crosslinking of
biodegradable thermosensitive macromonomer o,®-itaconyl-PLGA-PEG-PLGA in aqueous
solutions at ambient and physiological temperature (37 °C). Macromonomer can be
crosslinked physically due to hydrophobic interactions between hydrophobic PLGA and
hydrophilic PEG. Double bonds from itaconic acid ending the macromonomer provide the
possibility of additional chemical crosslinking by photopolymerization. This hybrid network
enhances the mechanical stability and lifetime of the hydrogel. Photorheology as a powerful
tool for the direct monitoring of the network formation was used to investigate mechanical
properties during the irradiation. The possibility to chemically crosslink a,m-itaconyl-PLGA-
PEG-PLGA was initially proved by photopolymerization in bulk. For this purpose
organosoluble photoinitiator ethyl (2,4,6-trimethylbenzoyl) phenyl phosphinate (TPO-L) was
used. ATR-IR and real time-NIR spectroscopies confirmed double bond consumption.
Photorheology showed that photopolymerization leads to higher storage modulus, however,
chemical network has not been formed.

It was found that aqueous solutions of a,w-itaconyl-PLGA-PEG-PLGA have highly time-
dependant behaviour due to the thixotropy confirmed by shear rate sweeps. Later it was the
reason for different initial modulus in photorheology. On the other hand it could also be an
advantage if the material would be used for injecting.

Consequently, very efficient water soluble photoinitiator ethyl (2,4,6-trimethylbenzoyl)
phenyl phosphinate (LiTPO) and light in the visible (VIS) range between 400 and 500 nm
were used to initiate the reaction in aqueous solutions. It was discovered that the addition of
LiTPO increases the pH of aqueous solutions. This results in higher amount of deprotonated
carboxylic groups. Repulsive force between negative charges leads to the micelle destruction,
when the certain concentration of LiTPO is exceeded. Nevertheless, at higher temperatures
micelle structure can be again recovered due to hydrophobic interactions. It was found, that
LiTPO shifts the region of gel stability to higher temperatures.

Micelles created by o,m-itaconyl-PLGA-PEG-PLGA associate double bonds in their middle.
This closeness is essential for later chemical crosslinking while hybrid network can be
formed. Therefore, at 25 °C the best mechanical properties were achieved with the addition of
LiTPO 0.1 wt. % while the addition of 3 wt. % did not lead to any chemical crosslinking. At
37 °C the addition of 0.5 wt. % and 1 wt. % of LiTPO lead to good mechanical properties. In
general these hydrogels prepared at 37 °C showed better properties since these
thermosensitive copolymers are mainly used as injectable drug delivery systems.
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ABSTRAKT

Tato praca si dava za ciel' chemicky zasietovat’” biodegradovatelny makromonomér a,wm-
itaconyl-PLGA-PEG-PLGA vo vodnom roztoku pri teplote okolia a pri teplote tela (37 °C).
a,0-itaconyl-PLGA-PEG-PLGA makromonomér moéze VO vode vytvarat fyzikalnu siet’
vd’aka hydrofébnym interakciam medzi hydrofébnym PLGA a hydrofilnym PEG. Vdaka
dvojitej vazbe kyseliny itakonovej, ktord je k makromonoméru pripojena na jeho koncoch sa
naskytuje moznost’ dodato¢ného chemického zasietovania fotopolymerizaciou. Vysledkom je
hybridna siet, ktora zvySuje mechanickl stabilitu a zivotnost hydrogélu. Na priame
sledovanie formovania siete prostrednictvom zmeny mechanickych vlastnosti bola v praci
pouzita fotoreoldgia. Moznost' chemicky zasietovat' o,w-itaconyl-PLGA-PEG-PLGA bola
najskor overena fotopolymerizaciou bulku. Reakcia bola iniciovana fotoiniciatorom etyl
(2,4,6-trimetylbenzoyl) fenylfosfinatom (TPO-L). ATR-IR aReal Time-NIR potvrdili
spotrebu dvojitych vézieb po oziareni. Fotoreologické meranie ale ukazalo, ze sice elasticky
modul rastie, chemicka siet’ sa netvori.

Pocas fotoreologickych merani vodnych roztokov a,w-itaconyl-PLGA-PEG-PLGA bol
problém ziskat’ rovnaky pociato¢ny modul. Bolo zistené, ze je to kvoli tixotropii vodnych
roztokov, ktora bola neskor potvrdena reologickymi meraniami za postupného zvySovania
Smykovej rychlosti. Tixotropia vS§ak moze byt aj vyhodou, ak by bol material aplikovany
injek¢ne.

Fotopolymerizacia vodnych roztokov bola uskuto¢nena v pritomnosti efektivneho vo vode
rozpustného fotoiniciatora etyl (2,4,6-trimetylbenzoyl) fenylfosfinatu (LiTPO). Ako zdroj
ziarenia bolo pouzité vidite'né svetlo v rozsahu vlnovych dizok 400 az 500 nm. Bolo zistené,
ze pridavok LiTPO zvySuje pH vodnych roztokov makromonoméru, ¢o vedie k vysSej
deprotonécii karboxylovych skupin. Odpudiva sila medzi zdpornymi nibojmi pri urcitej
zvysenej koncentracii LiTPO vedie k deStrukcii micelarnej Struktiry. Napriek tomu moZze byt
micelarna Struktira opédt’ obnovena pri vysSej teplote. Bolo totiz zistené, Ze LiTPO postva
oblast’ stability fyzikdlneho gélu k vysSim teplotam.

Micely zdruzuju dvojité vazby pohromade a bolo dokazané, Ze je to nevyhnutny predpoklad
pre nasledné chemické zasietovanie a vytvorenie tak hybridnej siete. Preto najlepSie
mechanické vlastnosti pri teplote 25 °C boli dosiahnuté pre pridavok LiTPO 0.1 hm.%, zatial
¢o pridavok 3 hm. % neviedol ku ziadnemu chemickému zasietovaniu. Pri 37°C pridavky
0.5% a 1 % viedli k dobrym mechanickym vlastnostiam. Celkovo hydrogély pripravené pri
37 °C vykazovali lepsie mechanické vlastnosti.

KLICOVA SLOVA

Termocitlivy hydrogél, sietovanie, fotoreologia
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1 INTRODUCTION

Temperature induced sol-gel transition is of a great interest in tissue engineering.
Thermoresponsive hydrogels can be used as injectable gels, which undergo gelation at body
temperature. Those are very often used in the field of drug release. It is very advantageous
especially from toxicological viewpoint, because no other substances are required. Moreover,
injection is relatively body-friendly method regarding the incorporation of hydrogel [1]. There
are also lots of polymer solutions, which are in a sol state at higher temperatures and gel at the
body temperature [2]. However, this brings other demands and limitations for drugs, because
some of them cannot stand high temperatures [1]. One of the well-examined drug carriers is
PLGA-PEG-PLGA triblock copolymer, commercially known as ReGel®. Its aqueous
solutions are in a sol state at lower temperature and create a gel at body temperature due to
hydrophobic interactions [3]. ReGel® has been already used for the release of insulin [4] or
under the trade name OncoGel® releasing the paclitaxel drug [3].

In spite of all advantages thermoresponsive hydrogels have, chemical crosslinking is often
desirable to enhance mechanical properties and lifetime. Photopolymerization became a
common technique of hydrogel preparation. Photopolymerized hydrogels have a wide range
of applications in tissue engineering. They have been already used as tissue barriers [5], drug
vehicles [6] or for cells encapsulation [7], wound treatment [8] or even 3D printing [9]. To
design the structure of photopolymerizable hydrogels, photorheology appears as the proper
tool, because it enables direct monitoring of the network formation [10].

The group headed by assoc. prof Lucy Vojtova has recently synthetized novel a,®-itaconyl-
PLGA-PEG-PLGA copolymer, which maintain thermoresponsive properties of PLGA-PEG-
PLGA and moreover enables either additional chemical crosslinking due to double bonds
(DBs) from itaconic acid or binding other molecules through COOH functional
groups [11; 12].



2 CURRENT STATE OF THE ART

2.1 Hydrogels

Hydrogel is a 3D elastic network of macromolecules holding together by physical or chemical
interactions. Some hydrogels, so-called superabsorbents, are able to swell and retain a
voluminous amount of water. However, hydrogels do not dissolve in the water due to the
network junctions. When hydrogels are swollen, the content of the polymer is much lower
than the content of the water. Water fills voids and the whole space between chains of
polymers. The water content is dependent on the density of the network, type of junctions and
the environment. Water can be released or absorbed by the change of ambient conditions as
pH, temperature or by exposure to an external field [13-17].

According the origin of molecules, hydrogels can be natural or synthetic origin. Natural
hydrogels are made either of polypeptides or polysaccharides. Hydrogels created from natural
polymers have good biocompatibility and cell adhesion, but their degradation profile and
mechanical properties are more difficult to control. Mechanical properties, responses to the
environment and lifetime of synthetic hydrogels can be more precisely tailored. They also
possess larger water absorption [15; 18].

Regarding the composition, hydrogels can be divided in three main groups. Homopolymeric
hydrogels are made of one kind of monomer. Copolymeric hydrogels have chains created
from two or more different monomers. Minimally one of the monomers always has to be
hydrophilic in order to provide water solubility of pre-polymer and later bind the water within
its network. Depending on the crosslinking type they can form physical or chemical network.
Sometimes, one copolymer can create both networks at the same time so called hybrid
network [19]. The third group creates interpenetrating network of polymeric hydrogels. They
consist of two polymers, which are crosslinked independently [15].

2.1.1 Hydrogels in Tissue Engineering

There are many reasons why hydrogels are sought-after in tissue engineering. First of all their
mechanical properties are very similar to those of soft tissues and they are often
biocompatible and biodegradable. The degradation is usually caused by cleavage of groups
either hydrolytically or enzymatically [13; 20]. Due to the high water content, their
consistency is very similar to soft tissues. They have great transport properties. Their network
structure is full of voids filled by water, what facilitates the diffusion. This allows cells to
penetrate and proliferate. Therefore they are proper material for regenerative templates and
encapsulation of cells [21; 22]. Hydrogels as wound dressings can transport wound exudate
and they are also highly permeable for oxygen. On the other hand they still protect tissues
against bacteria and infection [17]. Usually they can easily be modified by functional groups
which may also increase the cell adhesion. Their hydrophilic nature makes them likely to use



as drug carriers since drugs as proteins and oligonucleotides are also hydrophilic. The drug
release can be controlled by density of crosslinking and rate of degradation [23].

Another advantage of hydrogels is that some of them can be prepared in situ [1; 6; 23]. It
tends to a better adhesion between hydrogel and tissue. Hydrogel formation in situ can be
done by change of pH, change of temperature, light irradiation, solvent exchange or by ionic
cross-linkage. Thermoresponsive hydrogels are very attractive because no other components
are required. This minimizes the cytotoxicity [1]. There are some hydrogels which are
thermoresponsive and create gels at body temperature. Those may be injected in a liquid state
and subsequently create a gel in the body. Injectable materials can nicely fill the defects due
to their flowing properties [1]. However, in vivo polymerization has high demands for
biocompatibility, cytotoxicity, pH and released heat [23].

2.1.2 Physical Crosslinking

Hydrogels may arise from chemical or physical gelation. In the case of physical gelation
network is created due to junctions, which are based on physical interactions such Van der
Waals, Coulombic, ionic, hydrophobic or hydrogen bonds and crystallization [24]. Examples
of physical interactions are shown in the Figure 1 and Figure 2.

lonic interaction 6—%_

Hydrogel formed by ionic
interactions (complex coacervate)

4

d

Polyanion Polycation

Hydrogen bonding

4

Polymer chains bearing hydrogen Hydrogel formed by hydrogen
donors @ and acceptors @ bonding

Figure 1: Schematic examples of physical crosslinking [25].

Physical network has an advantage that connections can be changed in response to
environment (temperature, pH, pressure, magnetic field etc.), what makes this network
reversible. After the physical gelation there is no change in molecular weight and gel may be
still soluble in the solvent. This is the main difference between physical and chemical
crosslinking. Therefore it is more difficult to determine the gel point. Here, the importance of
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rheology is stressed. It allows to measure an increase in elastic modulus and gelation point
can be determined as the cross point of the storage modulus (G") and loss modulus (G"") [24].

Figure 2: Hydrophobic interactions of polymer chains lead to a micelle structure [26].

The point when the critical gel is created differs for different concentrations of polymer [16].
At the gel point interactions polymer-polymer and water-water become more preferable than
interactions between the polymer and water [1]. Gel point can be also defined as the point,
when the correlation length starts to change. Correlation length is the distance, in which the
relocation of one molecule influences the motion of the other molecule. This effect rises
gradually as the physical network is created due to a higher connectivity of the polymer
system. It means that the movement of polymer chains correlates over larger distances [24].

2.1.3 Chemical Crosslinking

It is difficult to well-define the physical network and also to secure the sufficient lifetime for
the certain application [24]. Therefore, mechanical and thermal stability of many polymers
can be significantly improved by chemical crosslinking [13]. Chemical crosslinking is
irreversible because covalent bonds are created. They make hydrogels more resistant to the
structural collapse [27]. Covalent junctions can be formed by chemical reactions between
functional groups (Schiff-base formation, Michael type addition, click chemistry etc.), by
radical polymerization and by enzymatic/catalytic reactions. Radical polymerization can be
induced either thermally or by the light irradiation and redox reactions [25; 28]. Examples of
chemical crosslinking are shown in the Figure 3.

Hydrogels can be prepared by the bulk polymerization or the polymerization in solution. In
the case of the bulk polymerization, initiator is dissolved in the pre-polymer or the
monomer [23]. Reaction in bulk produces high amount of heat. Due to a high concentration of
DBs viscosity increases rapidly during the network creation. It is often undesirable. One can
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avoid overheating by polymerization in solution. After the preparation hydrogels have to be
cleared from impurities, residual initiators, crosslinking agents, unreacted monomers etc. [15].

..1'\ Condensation
-+ —_—
‘:7@\ Addition

Reactive cross-linkers

Photopolymerization
Or

>
>

Enzymatic cross-linking

Polymer chains Covalently linked hydrogels

Figure 3: Schematic examples of chemical crosslinking [25].

2.1.3.1 Hydrogels Formed by Photopolymerization

Recently, photopolymerization, initiated by UV and visible light irradiation, became a
common way for hydrogels preparation. This is performed in the presence of photoinitiators
(PlIs), which interact with the light and induce the radical polymerization. One of the main
advantages is that photo-curing can be done in situ. [13]. It can have minimal side effects
when it is made laparoscopically, using a catheter [29; 30] or when transdermal irradiation is
applied [23; 31-33]. During the transdermal irradiation more than 99 % of the UV light is
absorbed by the skin. This may lead to residual unreacted Pls and monomers, which are often
cytotoxic [28]. Since the light of longer wavelengths may transmit through the skin better, the
transdermal photopolymerization is more effective for VIS or IR light irradiation [23]. One
can directly target the damaged tissue what contributes to the efficiency of the treatment and
decreases the contravention of surroundings. Another great advantage of the
photopolymerization is the fast curing rate, which is often less than few seconds or
minutes [33].

Photocrosslinked hydrogels have quite a wide range of use in biomedicine. According to the
literature, polymerized hydrogels have been already tested as drug carriers [6], prevention of
thrombosis [6], biosensor coatings [34; 35], post-surgery barriers [5] and as templates for
cells, scaffolds [36]. Moreover, layered matrices have been already produced by
photopolymerization. They are prepared layer by layer and can contain different concentration
of the drug according to the requirements. Hydrogel layers firmly adhere to each other. One
can also design the concentration profile of the drug release by the regulation of the thickness
of layers and the rate of the diffusion of dissolved substances [23].
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Photopolymerization of monomers is quite well examined. However, monomers may often be
cytotoxic. For this reason, pre-polymers, so-called macromonomers, are likely to use for
tissue engineering applications [23; 33]. In comparison with monomers they cannot diffuse
through cell membranes and thus do not influence intracellular processes. Number of DBs
within macromonomers is lower and therefore, they do not produce a high amount of heat.
Moreover, they can be often photopolymerized by VIS light, which is less toxic than UV
light [37].

2.1.3.2 Photocrosslinking of Water Soluble Polymers

There are many papers dealing with water soluble polymers which are befitting for the
chemical crosslinking induced by light [38]. A lot of water soluble photocrosslinkable
polymers are based on poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA) or
polysaccharides such as hyaluronic acid [9; 39], dextran [38; 40-43] and chitosan [28]. Those
have incorporated reactive groups or more precisely DBs [23]. Functional groups as OH,
COOH and NH; promote the water solubility of polymers [13] and DBs enable the
photocrosslinking. Pendant functional groups can be modified with vinyl groups. Some water
soluble polymers have pendant groups at every monomeric unit and some only at the ends of
chains. Schematic examples are shown in the Figure 4. Attachment of the vinyl group mostly
decreases water solubility since it usually replaces hydroxyl or carboxylic groups. One has to
always compromise between the degree of substitution, which brings better mechanical
properties and good water solubility. On the other hand the incorporation of some structures
such as maleic acid can enhance the solubility in water. Carbon from carbonyl group of
maleic anhydride reacts with hydroxyl group of polymer. This ring opening polymerisation
(ROP) leads to one free carboxyl group. This group can either enhance the water solubility or
can be used for the attachment of bioactive molecules. For instance Sin-Hee Kim et al.
synthetized dextran-maleic acid hydrogel precursors and afterwards the hydrogel network was
created by the UV irradiation [38]. Hydrogels are often non-adherent to cells. This can be
changed by incorporation of cell adhesion ligands such as tripeptide arginyl-glycyl-aspartic
acid (RGD), which can bring the adhesion for specific kind of cells. Also grow factors can be
added to coordinate activity of cells [23].

HO
\%MPEG)

OH

m m (eg. PVA)
OH

OH

Figure 4: Schematic drawing of water soluble polymers, which have pendant functional groups
either only at the ends (PEG) or at every monomer unit (PVA).
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Pre-polymers Based on PVA

Commonly prepared hydrogels by irradiation are those based on PVA [44-49]. PVA is a
hydrophilic and biocompatible material. It has a pendant hydroxyl group at every repeating
unit and this enables its modification [50]. After the introducing of vinyl groups PVA
becomes a crosslinkable polymer and can be used for a wide range of soft-tissue engineering
applications [22]. The attachment of DBs and subsequent photopolymerization removed the
problem with the diffusion of crosslinker during the chemical crosslinking of PVA [45].
PVA-based hydrogels are generally non-adhesive, therefore, PVA has to be modified by cell-
adhesives peptides to promote cell adhesion and proliferation [22].

Schmedlen et al. evaluated the use of modified PVA in tissue engineering applications. They
prepared hydrogels seeded with human fibroblasts. Cells were incorporated to the hydrogel
precursor to maintain the homogeneity. More than 80 % of cells stayed viable after the
photopolymerization and also after two weeks in the culture media. In this case PVA was
modified with methacrylamidoacetaldehyde dimethyl acetal and Irgacure 2959 (12959) was
used as the photoinitiator [22].

Photopolymerizable PVA has been already synthetized using acrylic acid, methacrylic
acid [48], glycidyl acrylate [45] or acryloyl chloride [51]. The biodegradable hydrogel
network is often desirable. Therefore, ester-acrylate linkages, which can be easily cleaved by
the hydrolysis, are likely to use as crosslinker segments [46; 47].

Pre-polymers Based on PEG

There are lots of works dealing with photocrosslinked hydrogels based on PEG [52-56]. PEG
is a strongly hydrophilic substance, which can be easily modified at its ends by different
reactions [33]. PEG is a non-immunogenic polymer, resistant to the protein and cell
adsorption and has tissue like elasticity [6; 33].

West and Hubbell prepared photo-crosslinked hydrogels which may be used as drug carriers
or even as a prevention of thrombosis. Hydrogels were formed by photopolymerization of
aqueous solution of pre-polymer containing PEG and a-hydroxy acid modified at the ends by
acrylate. Hydrophilic bioactive molecules were added to the aqueous solution to ensure the
homogeneity. Ester bonds are hydrolysed during the polymer degradation. It leads to the
increase of pore size and bioactive molecules can be continuously released. Design of drug
precursors determines the rate of the drug release. It was found that the drug release at the
beginning is faster. It is probably due to a swelling of the hydrogel, which supports the
diffusion of the drug. Moreover, hydrogel can be formed in situ on the tumour site and the
drug can be effectively targeted. Also the formation of the hydrogel on walls of blood vessels
can be done to avoid the thrombosis [6]. This is called interfacial polymerization. Firstly, the
PI, which has a good affinity to the tissue, is absorbed. Afterwards the hydrogel precursor is
brought into the contact with Pl and during the light irradiation hydrogel is created [23].
In situ formation also improves the adhesion of hydrogel to the tissue. Otherwise the prepared
hydrogel is more or less non-adherent to tissues [6]. Amarpreet S. Sawhney et al. also
designed and synthetized photopolymerized poly(ethyleneglycol)-co-poly(a-hydroxyacid)
diacrylate macromers. With the content of PEG more than 55 mol. % they ensured the water
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solubility. Amphiphilic structure of molecules leads to the micelle formation in water. In
micelles DBs are oriented and concentrated next to each other, which facilitates the
polymerization and increases the rate of propagation. These macromers can be
photopolymerized by VIS light in direct contact with tissue. Argon ion laser (514 nm) was
used to induce the polymerization. Formation of the heat during the photopolymerization can
cause the damage of tissues. In this case there is only low amount of DBs per macromer.
Therefore also the amount of released heat is low. PEG based macromers are suitable as burn
dressings or they can be used as adhesives in surgery to prevent the formation of scars and
organs adhesion [55].

Well-known and well-characterised polymer for the preparation of photocrosslinked
hydrogels is poly(ethylene glycol) diacrylate (PEGDA) [57-60]. PEGDA is non-adhesive to
cells and tissues without the modification. PEGDA hydrogels were first time equipped with
RGD peptide by Hubell et al. [61]. Structure of PEGDA and its subsequent crosslinking by
UV irradiation is shown in the Figure 5.

PEGDA

9 n UV laser
Irgacure 2959 ‘

(o)

Figure 5: Schematic crosslinking of PEGDA hydrogels [62].

It has become very common to combine pre-polymers to create hydrogel networks. For
example the combination of dextran and PEGDA is quite well examined [42; 63].

2.1.4 Hybrid Networks

To ensure the immediate gelation and subsequently improve the stability of the hydrogel, the
physical and chemical gelation can be coupled in some pre-polymers resulting in hybrid
networks [33]. This was done for the thermoresponsive triblock copolymer ABA modified by
additional methacrylate’s groups on its side chains. B block is made of the hydrophilic PEG
and A block is made of poly(N-(2-hydroxypropyl) methacrylamide lactate). Polymer in
aqueous solution shows the thermoresponsive behaviour. After the physical gelation
mechanical properties and lifetime of the hydrogel can be improved by UV polymerization.
Vermonden et al. compared the degradation of physically crosslinked ABA and ABA, which
was additionally cured by UV light. The degradation time at physiological conditions for
irradiated gels was from 10 to 20 days depending on the amount of crosslinks, while the
degradation of physically crosslinked gels was within two days [19]. This ABA copolymer is
quite well examined. Thanks to the ester bonds the material undergoes hydrolysis and is
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biodegradable [19]. The release of different proteins was investigated by changing the
concentration of pre-polymer [64] and by varying its molecular design different mechanical
properties, degradation rates and protein release processes were achieved [65]. Material has
been already tested in vivo. It was subcutaneously implanted into the mice and the response of
organism was monitored [66]. It was also used to prepare 3D printed constructs for tissue
engineering applications [67].

Hybrid networks can be made as well as from modified thermoresponsive PLGA-PEG-PLGA
triblock copolymer applicable in biomedicine, especially as the drug carrier under trade names
ReGel® and OncoGel® [68-70]. Michlovska et al. have recently described the synthesis of
new triblock copolymer based on PLGA-PEG-PLGA, where OH end groups were modified
by itaconic acid, resulting in a,m-itaconyl-PLGA-PEG-PLGA macromonomer. The whole
structure of a,w-itaconyl-PLGA-PEG-PLGA is shown in the Figure 6. This modification
brought into the molecule new functional groups (COOH) and DBs suitable for chemical
crosslinking [11; 12].

0] 0] 0] o]
0] 0] o) OH
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Figure 6: Chemical structure of a,w-itaconyl-PLGA-PEG-PLGA.

Physical crosslinking of this macromonomer in aqueous solutions rises from hydrophobic
interactions between hydrophilic PEG and hydrophobic PLGA blocks, which assemble in
micelles. Thermoresponsive properties of this macromonomer can be designed by the change
of PLGA/PEG weight ratio and lactide/glycolide (LA/GA) molar ratio. The ratio between
PLGA and PEG affects more the critical gel temperature (CGT), whereas critical gel
concentration (CGC) is mainly influenced by LA/GA ratio. The higher the PLGA/PEG and
LA/GA ratio the lower is the CGT and CGC, respectively [71]. This influence shows the
Figure 7.

Michlovska et al. used the Pl camphorquinone (CQ) and co-initiator 2-(dimethylamino)ethyl
methacrylate to chemically crosslink the macromonomer in bulk without supporting physical
network. The blue light in the range 430—490 nm was used as the light source. DBs were
consumed during the irradiation but material was still soluble in tetrahydrofuran (THF) after
the irradiation. However, they improved thermal and mechanical properties of the material
and decreased the degradation rate [12].
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Figure 7: Influence of LA/GA ratio and PLGA/PEG ratio on the critical gel temperature and critical
gel concentration [71].

2.2 Photoinitiators

Pls are chemical compounds, which generates reactive species after the UV or VIS light
irradiation [72]. They are essential additives of radical photopolymerization [73]. Radicals
attack DBs of monomers or pre-polymers resulting in the polymerization. The emission
spectrum of the light source has to overlap with the absorption spectrum of the PI [72].

There are two types of Pls according to the initiation mechanism. Type | Pls undergo
homolytic cleavage to create radicals upon irradiation with light [72]. The cleavage can be
within bonds C-C or C—X, where X can be oxygen, sulphur or halogen [23]. The mechanism
of type | Pls is shown in the Figure 8. Type Il Pls require co-initiators. After the exposure to
the light, the PI is excited and transfers its energy to the co-initiator to produce reactive
intermediates [72]. The example of this mechanism is shown in the Figure 9.

In situ photopolymerization is a very common used technique in restorative medicine. PI CQ
is one of the most frequently used Pls in this field [74] and was also used for the chemical
crosslinking of o,m-itaconyl-PLGA-PEG-PLGA in previous studies as already mentioned
before [12]. It belongs to the group of type Il Pls. In the case of CQ usually tertiary amines
are used as co-initiators to reach sufficient efficiency. CQ is not suitable for the
photopolymerization from aqueous solutions due to its poor water solubility [75].
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Figure 8: Examples of the mechanism of type | Pls, where the first reaction is o cleavage and second
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Figure 9: Example of the mechanism of type 1l PI — after the light irradiation PI (B) abstracts the
hydrogen from the co-initiator (DH) to create radicals [23].

2.2.1 Water Soluble Photoinitiators

Especially in fields, where the low cytotoxicity and biocompatibility is required, water as a
solvent is likely to be used. Water-borne formulations and various applications of hydrogels
require water soluble initiators. In spite of that, they are less commercially available than the
initiators soluble in organic solvents [76]. Insufficient variety of water soluble initiators is
also a difficulty in the preparation of 3D hydrogel structures for tissue engineering by two-
photon induced polymerization [77].
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The most frequently used water-soluble PI is the commercially available 12959 [76]. Its
structure is shown in the Figure 10. Solubility of 12959 in 100 g of water at 20 °C is about
1 g [78]. For some applications higher concentration of Pls is desirable. Therefore, either the
modification of 12959 is needed or the use of other PIs is necessary [76].

Stephan Benedikt et al. described highly efficient water soluble Pls suitable also for the VIS
light. They tested their solubility, storage stability, reactivity and cytotoxicity. N-
acryoylmorpholine was used as the monomer. Monoacylphosphineoxide (MAPO) salt LiTPO
showed very good reactivity. The rate of polymerization was 670 mmol-L™*-s with the double
bond conversion (DBC) of monomer 97.7 % for wavelengths 320-500 nm. Under VIS light
irradiation (400-500 nm) the reactivity of LITPO slightly decreased. The rate of
polymerization and DBC was measured as 590 mmol-L™s™ and 83.7 %, respectively. It was
tested via photo-differential scanning calorimetry. For applications including living cells the
use of VIS light irradiation and low cytotoxicity of the initiator is needed. LiTPO showed the
best biocompatibility among other Pls examined in the article [76]. The chemical structure of
the ionic PI LiTPO is shown in the Figure 11.
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Figure 10: Commercially available, water soluble PI 12959.
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Figure 11: Cleavage of LiTPO initiated by UV irradiation.
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2.3 Rheology

Rheology deals with mechanical properties of materials and examines their response to the
mechanical force. The term rheology was coined by Eugene C. Bingham in 1920. The word
originates from Greek and its meaning includes the definition of rheology, which was also
accepted by The Society of Rheology founded in 1929: “Rheology is the study of the
deformation and flow of matter” [79; 80].

Rheology has a wide range of applications including both liquids and solids. It plays also
important role in the field of polymers [24]. Also rheological characterization of hydrogels is
of great interest to scientists since they have wide range of applications in tissue engineering
as mentioned above. Determination of mechanical properties by the rheology has many
advantages. It is a very sensitive technique and requires just a small amount of the
sample [81]. Liquid-solid transitions significantly influence the mobility of chains, what
makes the rheology the proper method for examination of gel point of hydrogels [24].

Regarding the rheology, fluids can have either Newtonian or non-newtonian behaviour.
Newtonian fluids are ideal liquids, which obey Newton’s law of viscosity:

_oodx
r—ndydt—ny 1)
where 7 is shear stress, # is dynamic viscosity, dx presents the displacement between two
virtual layers and dy determines the distance between them. Shear rate » determines the
speed of the deformation increase. Shear stress can be also defined as the ratio of the shear
force and area of the layer, on which the force acts [82]. Those relations are schematically

shown in the Figure 12.

dx

Figure 12: Schematic image of the Newton's law of viscosity.

According the equation 1, viscosity can be defined as the ratio of shear stress and shear rate.
Newtonian liquids have constant viscosity for different shear rates during the rheological
measurement. However, there are lots of cases when the viscosity is not the same for different
shear rates. This is assigned to the non-newtonian behaviour. This behaviour can be displayed
by flow curves. There are 3 possibilities how to show this non-newtonian dependency: 7 (7),
n (7)) and 7 (). One can distinguish two basic kinds of non-newtonian behaviour and those
are shear thinning and shear thickening. Shear thinning or pseudoplastic behaviour shows
materials, when their viscosity decreases with the increasing shear rate. Shear thickening, also
called dilatant behaviour, shows materials with the increasing viscosity during the shear rate
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increase. Some materials have combination of both [83]. Different kinds of flow curves are
shown in the Figure 13.

Newtonian Pseudoplastic Dilatant
(shear thinning) (shear thickening)
T T T
Y Y R Y
n n n
Y Y Y

Figure 13: Flow curves of fluids with different rheological behaviour.

Some pseudoplastic materials are also thixotropic, what means that they behaviour is time
dependent. The longer time is material sheared, the lower is the viscosity. Thixotropy can be
investigated by thixotropic loops. It is shown in the Figure 14. The change of the shear stress
during the increasing of the shear rate does not have the same path as it has during the
subsequent decreasing of the shear rate. In other words, the viscosity is decreasing at constant
shear rate. Time dependent behaviour for the dilatant material is called antithixotropy or
rheopexy. Viscosity is increasing at the constant shear rate [84].
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Figure 14: Thixotropic loop showing time dependant behaviour of fluid.

2.3.1 Oscillatory Rheology

Oscillatory rheology also called dynamic mechanical analysis enables the examination of
viscoelasticity of materials [85]. Sample is located between stationary and oscillating part of
measuring system, usually two parallel plates or cone and plate. Sinusoidal strain ()
deformation is applied on sample while stress (7 ) response is measured [86]. Elastic solids
have sinusoidal stress and sinusoidal strain in phase. Newtonian liquids have sinusoidal stress
at same frequency as strain wave, but shifted by phase angle () n/2. These are two extreme
situations. Most of the materials are viscoelastic and has strain wave shifted by ¢ between n/2
and 0. This is shown in the Figure 15. Mathematically it can be explained by following
equations [87]:

¥ =7, sin(at) 2)
T =1, sin(at + ) ?3)
Where y, is amplitude of strain, w is angular frequency, t is time and z, is amplitude of stress.
According to Figure 15 one can see that shifted stress wave from viscoelastic response can be
broken down in two waves — one in the phase with strain (z’) and one shifted by m/2
(z"). Moreover, the wave shifted by m/2 is in the phase with the maximal rate of strain wave
because it is defined as [87]:

. dy
=L 4
=4t (4)
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One can write:

r=7"+1" =1} sin(at)+ 7] cos(at) (5)
According to trigonometry tan ¢ can be determined as follows:
T_(!)!

tano = — (6)
%o

From Hooke’s law it is known that stress is equal to modulus multiplied by strain. Here it

leads to two following moduli [87]:
c'=2,6=2 )

7o 7o

Where G’ is storage modulus and G’ is loss modulus. G” represents elastic behaviour of

material, energy stored in a material during stressing and then consumed for reformation

when it is unloaded. G’ represents viscous behaviour, and is a measure for the dissipated

energy.

By coupling equations 6 and 7 one can write [87]:

G
tand = — 8
S ®)

!

G’ and G are typical variables which are sought to measure in oscillatory rheology [85].

Time

Figure 15: Oscillatory strain deformation and stress response shifted by phase angle 6 [87].
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2.3.2 Photorheology

The irradiation within the rheometer was first time introduced and described in 1992 by Khan
and co-workers [88]. During the measurement the classical dynamic mechanical analysis is
performed and after some time UV or VIS light is triggered on. It enables the real time (RT)
monitoring of the material’s mechanical behaviour during the polymerization initiated by
light. The time dependency of parameters such as G” and G”” can be determined during the
photopolymerization. One can evaluate time to gelation or maximal storage modulus (G, )
after irradiation.

Another possibility, which photorheology offers, is the monitoring of the polymerization
shrinkage during the irradiation either by monitoring of the normal force decrease at constant
gap [89] or gap decrease at constant normal force [90]. Shrinkage is a common result of the
chemical crosslinking. It occurs due to a replacement of long distance van der Waals bonds by
short distance covalent bonds [91]. Stress caused by the shrinkage is often the reason of the
later mechanical failure. Photopolymerizable materials are widely used in dentistry, where the
shrinkage is the most significant downside [89; 92]. Shrinkage is highly dependent on the
DBC during polymerization. Thanks to the photorheology one can better design parameters of
the irradiation and the shrinkage may be minimised. To determine DBC, another analytical
technique has to be combined with the photorheology [89].

Sample thickness used in photorheology should be between 50 and 500 um to achieve reliable
rheological values and homogenous photoirradiation [10]. Photorheological measurements are
also dependent on the intensity of the light source. With the increasing intensity, the number
of photons exposed to the sample is higher. When the intensity is lower, the polymerization is
delayed. As the result, the time required to reach the gel point or the maximum modulus is
longer [93; 94].

2.3.2.1 Hyphenated Photorheology/Fourier Transform Infrared Spectroscopy

Hyphenated photorheology/Fourier transform infrared spectroscopy was first time introduced
by Botella et al. [93]. Thanks to this coupling one can simultaneously measure viscoelastic
properties, polymerization shrinkage and DBC. Subsequently the correlation between them
can be determined, because IR spectrum is recorded during the whole measurement. DBC is
calculated by the integration of the band area, which represents DBs. This band during the
irradiation decreases or even completely disappears. The reactivity of monomers or pre-
polymers can be easily determined by this technique. It is of great interest to use this
combined technique for UV curable formulations [10; 89].

Due to the IR beam this combination always requires parallel plate-to-plate measuring
system. In addition at least one of steel plates has to be replaced by quartz, glass plate, which
transmits the IR beam and the UV or VIS light. Example of the setup is shown in the
Figure 16.
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Figure 16: Schematic example of coupling rheometer, light source and IR measurement [10].

2.3.2.2 Photorheological Characterization of Hydrogels

Recently photorheology became sought-after method for examination of hydrogels prepared
by photoirradiation [44; 52; 95-99]. Photoreactivity of prepared precursors and mechanical
properties during the whole photopolymerization process can be determined [44].

In the Figure 17 one can see typical photorheological curve and some of parameters, which
can be calculated. Time sweep of G’ is recorded, when at some certain time light is triggered
on, what leads to polymerization, increase of modulus. G, after the polymerization can be
determined. Gorsche et al. defined G, as the measure of the crosslinking density. They also
defined other two parameters — delay time (tp) and slope, which evaluation is shown in the
Figure 17. Slope of the modulus increase represents the photoreactivity of sample. 1p is the
cross-point of linear fits from baseline and modulus increase. They suggested to fit curves so,
that the correlation coefficient is higher than 0.98 [10]. Aimetti et al. used photorheology for
examination of gel point and determined it as the point, when G” overcame G’ [98].
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Figure 17: Photorheological curve and determination of zp and photoreactivity of hydrogel [10].

It was confirmed that higher pre-cursor content increases the photoreactivity [44; 52; 97].
Photorheology of hydrogels has been already coupled with near infrared spectroscopy (NIR).
It requires the use of deuterium oxide as a solvent. Signal from water would overlap double
bond band in NIR [10; 52]. Felix Markus et al. observed that the start time of DBC after the
irradiation in NIR was shorter than the start time of G” increase in photorheology [52]. As
they stated, also others came to the same results [93; 100]. This difference can be easily
explained. At the beginning of the irradiation chains combine but there is no 3D network.
Modulus is increasing later when the elastic network is formed. [52].

Griffin et al. used photorheology even for the determination of rate constants of hydrogel
photodegradation from G decrease. Hydrogels had photodegradable ortho-nitrobenzyl groups
incorporated in their backbone and light was used to control release of cells [101].
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3 MAIN GOALS OF THE WORK

The goal of the proposed work is the examination of the photopolymerization of a,w-itaconyl-
PLGA-PEG-PLGA macromonomer in bulk and its aqueous solutions using the
photorheology as a powerful tool for photocurable materials. The aim is to determine proper
conditions for the hybrid network formation from aqueous solutions in the presence of highly
efficient water soluble photoinitiator, as well as characterise the influence of both physical
and chemical parameters on the photopolymerization.
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4 EXPERIMENTAL PART

4.1 Chemicals

a,w-itaconyl-PLGA-PEG-PLGA

PEGDA
poly(ethylene glycol) diacrylate

UPW
Ultra-pure water

Speedcure TPO-L

ethyl (2,4,6-trimethylbenzoyl) phenyl phosphinate

LiTPO

lithium phenyl-2,4,6-trimethylbenzoylphosphinate

Irgacure 2959 (12959)

2-hydroxy-4'-(2-hydroxyethoxy)-2-methyl-

propiophenone

Acetone

THF
tetrahydrofuran

4.2 Preparation of Samples

M, =5 200 g-mol™, PDI = 1.19
DS =89 %

Macromonomer prepared by L.
Michlovska (CEITEC, BUT Brno)

M, = 4 600 g-mol™
Macromonomer prepared by Z.
Tomasikova (TU Wien)
Solvent for hydrogels
Organosoluble photoinitiator
bulk measurements

(min 94.5 %, LAMBSON)

Water soluble photoinitiator
(TU Wien)

Water soluble photoinitiator
(Ciba Speciality Chemicals Inc.)

Distilled acetone

Solvent for bulk measurements, test of

chemical crosslinking

Distilled tetrahydrofuran

GPC sample preparation, GPC eluent

a,0-itaconyl-PLGA-PEG-PLGA polymer was stored in a fridge to avoid the hydrolysis.
Before the sample preparation, material was stored a couple of hours at ambient conditions to
heat up for the better manipulation. Viscosity of the material is very high and material is very

sticky.
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4.2.1 Preparation of the Bulk Sample

a,m-itaconyl-PLGA-PEG-PLGA was dissolved in acetone and 3 wt. % of TPO-L was added.
The mixture was vortexed until it was completely dissolved. Later the acetone was evaporated
at 40 °C under the vacuum on the Rotavapor R-210.

Samples prepared for ATR-IR were additionally put in to the UV chamber INTELLI RAY
600 Shuttered UV Floodlight for 2400 s and the intensity was set to 50 %.

4.2.2 Preparation of Aqueous Solutions

a,o-itaconyl-PLGA-PEG-PLGA was weighed into a vial and calculated amount of the ultra-
pure water was added by the glass Pasteur pipette. After the addition of water, samples were
let to dissolve on magnetic stirrer for 3-5 days at 8 °C. During the day larger pieces of the
material were disintegrated with the spatula. The more times it was done, the faster was
dissolving of polymer. Solutions were prepared with three different additions of
macromonomer — 10 wt. % (100 mg of sample/1 g of UPW), 15 wt. %, 20 wt. %.

Samples were stored at ambient conditions two days and at the third day the photorheological
measurements were performed. Before the photorheological measurement Pl LiTPO was
added relative to the aqueous solution. During the whole experiment four different weight
concentrations of LiTPO were used — 0.1 wt. %, 0.5 wt. %, 1 wt. %, 3 wt. %., where 100 % is
aqueous solution together with LiTPO. From that time samples had to be protected against the
light. They were stored in vials made of the amber glass. All the manipulations with samples
either took place in a yellow lab room or samples were additionally protected with an
aluminium foil. Before every measurement samples were mixed on Vortex mixer to assure the
homogeneity.

One measurement was done with additional crosslinker PEGDA. 5 mol. % of PEGDA per
DBs of o,o-itaconyl-PLGA-PEG-PLGA was added to 20 wt. % solution with 0.5 wt. % of
LiTPO.

4.2.3 Preparation of Aqueous Solutions for the Proof of Chemical Network

Aqueous solutions with the content of a,w-itaconyl-PLGA-PEG-PLGA 15wt. % and
20 wt. % were mixed with 0.1 wt. %, 0.5 wt. %, 1 wt. % and 3 wt. % of LiTPO. After the
addition of the initiator, samples were vortexed for couple of minutes and also mixed with the
spatula. Afterwards they were put in to the UV chamber INTELLI RAY 600 Shuttered UV
Floodlight for 2400 s and the intensity was set to 50 %. They were covered with a watch glass
to avoid the contamination and evaporation. Prepared irradiated samples were stored in the
vacuum oven (60 °C) during the night. Dried material was put in to falcons, which were
weighed in advance. Falcons with samples were weighed again in order to determine the
exact mass of the material. 6 mL of acetone was added to each sample and vortexed. Samples
were centrifuged for 15 min at 5000 rpm. Subsequently the supernatant was withdrawn with
the syringe. Washing with the acetone was repeated three times. After the washing, samples
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were stored at ambient conditions during the night. The other day, when the weight of
residual material was constant, falcons were weighed again.

4.3 Methods

4.3.1 Photorheology and Real Time Near Infrared Spectroscopy

Photorheological measurements were carried out with Anton Paar Modular Rheometer MCR
302 WESP. Plate-to-plate measuring system was used. Upper steel plate with the diameter
25 mm is the mobile plate. Bottom glass plate enables light irradiation and IR beam pass
through the sample. The bottom plate is immobile. As the light source Omnicure type S2000-
XLA with the range of wavelengths 400-500 nm was used. Later also the Omnicure type
S2001 with the filter 320-500 nm was used as the light source since the PI 12959 does not
work in the VIS light range. Omnicure was calibrated by EXFO R2000 Radiometer. It
contains the detector which responds to wavelengths between 250-1000 nm. The intensity
4 W-cm™ was used for aqueous solutions and 4.3 W-cm™ for the bulk. The intensity of the
light was higher for the bulk because the tape was used during the bulk measurement. Tape
was applied to the lower glass plate. It was used to prevent the measuring system damage.
Since the light comes from the lower plate, its intensity decreased when the tape is used.

Samples were applied in the middle of the glass plate with the spatula. Afterwards the steel
stamp was lowered to the measuring position. Excess of sample was wiped off by paper
tissue. Whenever it was possible, liquid samples were applied on the glass plate by
micropipette (75 pL) directly into the measuring gap. Subsequently, the paraffin oil was
applied on edges of the steel stamp before every measurement of aqueous solution to avoid
the evaporation. There was no need to avoid the evaporation in bulk sample. Measurements
were performed in the mode of constant gap 150 um between measuring plates. Amplitude of
the strain was for all measurements 1 % and frequency was 1 Hz. G" and G** were measured
every second during the experiment. Every measurement contains different time and
temperature intervals. This will be specified for every measurement in the result part.

During the measurement of bulk also RT-NIR was performed. It was done on the FTIR-
Spectrometer Bruker Vertex 80. This device is coupled with the photorheometer. External
mirrors guide the IR beam to the sample on the glass plate and it allows RT monitoring of the
DBC during the irradiation. The signal from the IR is detected on the external Mercury-
Cadmium-Telluride (MCT) detector, which is cooled down by liquid nitrogen. Background
was measured before every measurement at zero gap (16 scans). NIR measurement was
always switched on by trigger 5 seconds before the irradiation started. Data were recorded
from 4000 cm™ to 7000 cm™ with the resolution 4 cm™ during the whole irradiation.
Between two recorded spectra there was 1 s waiting time due to a huge amount of recorded
data. The whole set-up of photorheometer coupled with IR spectrometer is shown in the
Figure 18.
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Figure 18: RT-IR-photorheology set-up [10].

4.3.2 Rheology

Modular Compact Rheometer Anton Paar Physica MCR 300 was used for the measuring of
shear rate sweeps, temperature sweeps and time sweeps. Bottom plate contains the Peltier
temperature control. Shear rate sweeps were done with the measuring system plate to plate
with the constant gap 0.15 mm. Upper mobile steel plate had the diameter 25 mm. Measuring
system cone-plate was used to measure temperature and time sweeps. Upper cone plate CP25
with the diameter 25 mm and cone angle 0.979° and band gap 48 um was used.

Shear rate sweeps measurements were carried out at 25 °C for aqueous solutions. Shear rate
was linearly increasing from 1s™ to 1000s™ in 500s. Then 10s it stayed at 1000 s™* and
subsequently the shear rate was decreasing back to 1 s in 500 s. This was performed for all
three concentration of aqueous solution without the P1 and with the content of Pl 0.1 wt. %,
0.5 wt. %, 1 wt. % and 3 wt. %.

Temperature sweeps of 10 wt. %, 15 wt. % and 20 wt. % solutions from 8 °C to 60 °C were
performed. Before the measurement samples were stored in the fridge approximately one day
from the time they were taken out from the magnetic stirrer. Samples were transferred in an
ice bath and directly pipetted to the plate cooled down to 8 °C. Parameters of the
measurement were adopted from the dissertation work of Chamradova [102]. It was
performed at shear stress 0.4 Pa and angular frequency was set to 1 rad-s™. The rate of heating
was 0.5 °C per minute. 150 puL of the sample was applied on the plate by micropipette. Plate
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was already cooled down to 8 °C. If some bubbles occurred they were burst with the syringe
needle. At the trim position excess of the formulation was wiped off with a paper tissue.
Afterwards the paraffin oil was applied on edges of the steel stamp at the measuring position
to avoid the evaporation.

4.3.3 Gel Permeation Chromatography (GPC)

Number-average molecular weight (M,) and polydispersity index (PDI = M,,/M,) of the a,o-
itaconyl-PLGA-PEG-PLGA bulk were determined using gel permeation chromathography
with multi-angle light scattering method (GPC-MALS). An instrumental setup included
Agilent HPLC 1 100 Series instrument with degasser, pump, autosampler, set of two PLgel
5mm Mixed-C 300 x 7.5 mm columns (Agilent, USA) thermostated to 25 °C and UV-VIS
diode array detector in connection with a DAWN HELEOS Il multi-angle laser light
scattering detector, ViscoStar-Il differential viscometer and Optilab T-rEX refractive index
detectors (Wyatt Technology, Germany). Both MALS and RI detectors operated at 658 nm.
THF was used as the mobile phase at a flow rate of 1 mL-min™’. Astra 6.1 software was used
for data collection and analysis and Agilent software was used to control the HPLC. The
measurement was done by dr. L. Michlovska (CEITEC).

Change in the molecular weight of 15 wt. % aqueous solution at certain time was determined
by GPC. 50 uL of the sample dissolved in THF was injected into a chromatography system
Using Waters 717plus Autosampler. THF with the flow rate 1 mL-min was used as an
eluent. Columns were heated up to 40 °C. Molecular weight was determined via Refractive
Index Detector Waters 2 410 according the calibration curve. Calibration was done for
polystyrene standards of the wide range of molecular weights. For this reason, results from
these GPC measurements can only be used for a relative comparison of the values as no
absolute molecular weight are obtained. Run time of one measurement was 40 min. Samples
for GPC were prepared always in the concentration 5 mg of 15 wt. % aqueous solution per
3mL of THF. Before the measurement samples were filtered through the 0.22 um PTFE
syringe filter. Data were evaluated by OmniSec software from Malvern.

4.3.4 Proton Nuclear Magnetic Resonance ("H NMR)

Molecular weight and polymer characterization results were confirmed using proton nuclear
magnetic resonance *H NMR spectroscopy on 700 MHz Bruker AVANCE 111 HD instrument
using 128 scans in deuterated chloroform (CDCI3) solvent at 25 °C. Chemical shifts were
reported in ppm relative to tetramethylsilane (TMS). *H NMR spectra were evaluated using
ACD/1D NMR Processor. Measurement was provided by dr. O. Humpa from Masaryk
University in Brno and evaluated by dr. L. Michlovska.
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4.3.5 Attenuated total reflectance - Fourier Transformed Infrared Spectroscopy (ATR-
FTIR)

ATR-FTIR measurements of bulk before and after the irradiation in UV chamber were
performed on the spectrometer Perkin Elmer Spectrum 65. Spectra were recorded from
4000 cm™ to 600 cm™ at resolution 4 cm™.
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5 RESULTS AND DISCUSSION

5.1 Well-defined a,m-itaconyl-PLGA-PEG-PLGA Macromonomer

Material was prepared by dr. L. Michlovska (CEITEC, BUT BRNO). Synthesis is described
elsewhere [12]. The degree of modification was determined by *H NMR spectroscopy. Batch
prepared for this diploma thesis contains the highest amount of end-bonded ITA, which has
been achieved till now. The degree of modification was 89 mol. %. Ratios between
PLGA/PEG and LA/GA determined by NMR spectroscopy are in a very good agreement with
theoretical values. Number average molecular weight (M,) was determined by both NMR and
GPC. M, determined by GPC differs 6 % from the theoretical and NMR value. However, this
difference is still acceptable. PDI is very low (1.19) and it shows high uniformity. Results
from NMR and GPC are shown in the Table 1.

Table 1: Characterization of a,w-itaconyl-PLGA-PEG-PLGA.
M, [g'mol™®] PLGA/PEG LA/GA ITA[mol. %] PDI

theoretical 5 250 2.50 3.00 - -
NMR 5280 2.52 2.96 89 -
GPC 5580 - - - 1.19

5.2 Photocrosslinking “Proof of Concept”

ATR-IR study was done as initial experiment to proof the concept of photocrosslinking.
Using this method one can relatively easy and fast determine the DBC. Spectrum of the bulk
sample was measured before and after the exposure to UV light in UV chamber in the
presence of 3wt. % of Pl TPO-L. The light in UV chamber has high intensity and is
composed of wide range of UV light. If the DBC would not occur in this experiment, it would
not make sense to continue with the concept.

Spectral analysis of o,o-itaconyl-PLGA-PEG-PLGA with ATR-IR is described
elsewhere [12]. Spectra were more or less same at the first sight. However, after the zooming,
double bond band was found at 1640 cm™ for non-irradiated material. Band disappeared after
the irradiation. Band corresponds to DBs from itaconic acid. DBs were consumed during the
irradiation. The zoomed difference in spectra is shown in the Figure 19. Non-irradiated
material was measured both with and without the PI. Spectra were completely same because
the amount of added PI (3 wt. %) is probably negligible for ATR-IR.
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Figure 19: Part of the spectra from ATR-IR: double bond band of non-irradiated a,w-itaconyl-
PLGA-PEG-PLGA disappears after the exposure to the UV light.

5.3 Photocrosslinking in Bulk

As described in the experimental part, the intensity of the light was set on the Omnicure to
4.3 W-cm™ for bulk measurements. However, the proper way how to set the intensity is to
measure the exact intensity of the light above the lower glass plate. This is done in order to
determine the intensity of the light on the surface of the sample. At the very beginning
USB2000+ Fiber Optic Spectrometer was used to do so. Unfortunately, the device got broken
so the above mentioned value on the calibrated Omnicure was set. This approach still allows
the comparison of measurements between each other.

Firstly, the bulk sample was prepared without acetone. However, the viscosity of the material
IS so high that it was not possible to properly mix and homogenize the mixture of polymer and
P1. The sample with the TPO-L was stored in the oven at 60 °C and afterwards mixed with the
spatula. Even when this process was repeated couple of times the measurement was not
successful. Therefore, we decided to use acetone for the preparation in order to ensure
homogeneity.

In the photorheology it is very difficult to obtain reproducible results for systems with a low
reactivity. Even though that this batch of a,®-itaconyl-PLGA—PEG-PLGA has the highest DS
(89 mol. %), the amount of DBs is still very low regarding the length of the macromonomer.
Material is also very viscous and sticky. Therefore, it was very difficult to always use the
same amount of the sample for all measurements. This was probably the reason why
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especially the initial modulus differed considerably. The graph shown in the Figure 20 is the
average from 6 measurements. It shows the dependence of G and G’ on the irradiation,
which was started after 305 s. First 900 s of the irradiation is performed at 60 °C. Afterwards,
the temperature decreases to 25 °C, which causes the second build-up of the moduli.

Cross point of G" and G”” was not observed during the irradiation at 60 °C. It means that the
network does not create upon the irradiation. In spite of that the irradiation immediately leads
to the increase of the G and the G’. We assume that molecular weight of polymer is
increasing, when the material is irradiated. Chains terminated by itaconic acid recombine and
create longer chains. Difference between the modulus before the irradiation at 60 °C and after
was calculated to be (5 600 + 1 400) Pa. In some measurements G” and G"” crossed after the
sample was cooled down to 25 °C. This may be assigned to physical crosslinking of the
material. During the polymerization normal force should decrease as the result of the
shrinkage, when the constant gap between two plates is set. However, normal force was
increasing in this case. It should mean that the material expands during the polymerization.
However, it was found that this misleading information is due to the tape, which was used
during the measurement. Unfortunately, shrinkage may not be determined, when the tape is
used at the temperature higher than ~ 40 °C. When it was cooled down the normal force
started to decrease.
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Figure 20: Development of the G"and G " during the whole photorheological measurement of the
bulk.
The reactivity of the formulation may be determined from the slope of the G increase. It is
shown in the Figure 21. Linear fit was performed. It has been agreed that the value of
correlation coefficient R> must be higher than 0.98. The slope was calculated to be
(21 + 6) Pa's™. Another variable, which may be determined from the photorheological
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measurement is the zp, which is the time between the start of the irradiation and the cross
point of the linear fittings of the G” baseline and G” increase. This evaluation is also shown in
the Figure 21. The tp in the case of the bulk polymerization is (115 + 4) s.
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Figure 21: Determination of the zp and the slope of the G modulus increase after the irradiation.

Simultaneously with the photorheological measurement RT-IR measurement was performed.
The whole NIR spectrum before the irradiation is shown in the Figure 22. The part of the NIR
spectra, which was measured simultaneously with the rheology, may be divided in to 2 parts.
Bands with the wavenumber less than 5000 cm™ are combination bands and bands above
5000 cm™ are assigned to 1% overtone region. The region in the spectra approximately from
4000 cm™ to 4600 cm™ is called first combination region CH. Those wide bands arise from
the combination of CH stretching and CH bending. The band with the maximum at 4721 cm™
represents OH group vibrations and COO polymeric vibrations. The band with the maximum
at 5246 cm™ is assigned to C=0 stretching and COOH vibrations. Bands between 5600 cm™
and 6100 cm™ belong to the 1% overtone CH region. [103]

The band with a very small absorption, in order 10, which has the maximum approximately
at 6 175 cm™ originates from the vibration of CH,=. It means that this band indicates the
presence of DBs from itaconic acid. The RT 3D image of the band is shown on the Figure 23.
During the irradiation of the bulk the peak is diminishing, DBs are consumed. The DBC was
calculated by the equation 1. Area of DB band was determined by the integration of the band.
Integration was done in the software OPUS 7.0 for all spectra recorded during the
measurement. The absorbance was very small regarding the background. It just gives the
evidence, that the amount of DBs is very low per molecular weight of the pre-polymer. DBC
graph is shown in the Figure 24. It shows only first 500 s of the irradiation, because later there
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is no obvious difference in the DBC. Due to a low signal-noise ratio DBC cannot be precisely
determined. From values above 500 s the average and error were obtained for every single
curve to approximately determine the percentage of the DBC. Subsequently the average of
average and the average of error were calculated. The conversion after the rounding was
(74 + 14) %.
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Figure 22: The NIR spectrum of a,w-itaconyl-PLGA-PEG-PLGA.
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Figure 23: 3D image of the diminishing of DBs in time during the irradiation of the bulk a,-
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Figure 24: DBC during the irradiation of the bulk a,w-itaconyl-PLGA-PEG-PLGA.
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5.4 Behaviour of a,m-itaconyl-PLGA-PEG-PLGA Aqueous Solutions

5.4.1 Sol-gel Phase Transition

According to previous studies [104], when the CGT was determined, we expected that the
aqueous solutions will stay in the liquid state at the laboratory temperature. However,
photorheological measurements and visual observations showed that after some time material
undergoes gelation also already at the laboratory temperature. This time differs for different
concentrations. The higher the concentration, the earlier the gel has been created,
corresponding to the general sol-gel phase transition diagram. In the Figure 25 aqueous
solutions are shown immediately after they were withdrawn from the magnetic stirrer (A) and
after 24 h (B) and also in 48 h (C) at ambient conditions. One can see that in first 24 h
20 wt. % and 15 wt. % solutions have already created a gel while the 10 wt. % was still in a
liquid state, but its viscosity also increased. In 48 h also 10 wt. % solution underwent gelation.
We assumed that this may be caused by higher amount of end-bonded ITA. It was previously
proved that the ITA decreases the critical gel temperature [105]. Introducing of DBs often
decreases the solubility of polymers in water [38]. Based on this we decided to determine the
critical gel temperature of this particular batch by rheology.

s

{1

Figure 25: Agueous solutions A - immediately after they were taken from the magnetic stirrer, B —
after 24 h, C — after 48 h.

Temperature sweeps were performed and obtained curves were smoothed in OriginPro 7.5.
Curves are shown in the Figure 26. Always one representative curve was chosen. It was not
possible to make average curves because temperature for one measured point was not exactly
the same among three measurements. One can see that modulus increases with the higher
concentration of the solution. In comparison with previous studies [104] modulus is higher,
what is probably the result of higher DS for itaconic acid. Physical gel is supported by both
hydrophobic interactions and hydrogen bonds between H from carboxylic groups and O in
backbone of esters. Surprisingly all three concentrations showed the sol-gel temperature (Tsg)
higher than the laboratory temperature. It was approximately 30 °C for 15 wt. % and 20 wt. %
solutions and 31 °C for 10 wt. % solution. Second cross point of G” and G'” is defined as the
gel-suspension transition. Gel-suspension temperature (Tgs) was for all three concentrations
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approximately 36 °C. Transition temperatures and temperatures, when the maximal modulus
was achieved together with corresponding G” are shown in the Table 2. Even though that
temperature sweeps of 10 wt. % solution were performed couple of times, only two times
cross points were achieved. For this reason two values are shown instead of average and error.
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Figure 26: Temperature sweeps of 10 wt. %, 15 wt. %, 20 wt. % solutions.

Table 2: Temperature and G " values obtained from temperature sweeps.

Sample o , . ) : ;
concent?ation Tsc [°C] G'sg[Pa] Tmax[°C] G'max[Pa] Tes[°C] G'ss[Pa]

10% 30.8+0.1 6; 4 35.1;352 25;30 35.9;359 24;29
15% 299+01 36+5 348+01 213+25 357+01 205+21
20% 298+0.2 109+40 348+01 505+94 36.1+0.1 450+83

It was assumed that either even the small oscillation may increase the gel temperature or the
rate of heating 0.5 °C per minute is still too fast. According this we decided to measure time
sweep of 15 wt. % aqueous solution at 25 °C. It is shown in the Figure 27. After 6 460 s at
25 °C gel was really created. Due to the lack of time the measurement was stopped despite the
fact that the modulus was still increasing. This was performed twice, second time even shorter
time just to verify time, when the gel is created (6 420 s). Resulting gel after 13 140 s of time
sweep is shown in the Figure 28. Polymer chains probably need longer time to assemble in to
micelle structure at 25 °C. At higher temperature diffusion is faster and gel may be created
without delay.
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Figure 27: Time sweep of 15 wt. % solution of a,w-itaconyl-PLGA-PEG-PLGA carried out at 25 °C.

Figure 28: The physical gel created during the time sweep of 15 wt. % solution carried out at 25 °C.

5.4.2 Thixotropic Behavior

As it was mentioned above after some time at ambient conditions all three aqueous solutions
showed the gelation and did not flow anymore. We noticed that after samples were shaken on
the vortex mixer their viscosity again decreased. Later when the photorheological
measurements were performed, it was critical to achieve the same initial G’. Couple of times
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in a row the measurement was stopped and turned on again, when it was observed that the
initial modulus increased steadily. Samples were vortexed before every measurement and it
took some time until they again achieved steady modulus. Regarding these facts shear rate
sweeps were measured to confirm the thixotropic behaviour of formulations. Figure 29,
Figure 30 and Figure 31 show the thixotropic behaviour of solutions. Shear stress is not
constant when the shear rate changes and paths of curves differ for the increasing and
decreasing shear rate. Even at the constant shear rate 1000s™ shear stress decreases.
Thixotropic behaviour was observed and measured also for solutions with LiTPO. This will
be discussed in the next chapter.
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Figure 29: Thixotropy of 10 wt. % physical hydrogel.
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Figure 30: Thixotropy of 15 wt. % physical hydrogel.
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Figure 31: Thixotropy of 20 wt. % physical hydrogel.
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5.4.3 Influence of LiTPO on the Physical Gelation

The solubility of the PI LiTPO in water is 47 g-L™* [76]. Therefore, concentration of 3 wt. %
was chosen as the highest concentration for the photorheology measurements. It was expected
that the higher the concentration of the PI will be used, the better chemical crosslinking and
the higher modulus will be achieved. Based on this, first measurements were done with the
concentration of the Pl of 3 wt. %. At the beginning the Pl was always added immediately
after the solutions were taken from the magnetic stirrer (8 °C). Solutions were in a liquid state
so it was not observed immediately that the initiator destructs the micelle structure. Later on
we decided to perform all measurements after the solution had been 2 days at ambient
conditions. For solutions of all three concentrations gelation was observed after some time at
ambient conditions as mentioned above. Afterwards the Pl was added and solutions were
homogenized by vortexing. Physical gel, which was created by hydrophobic interactions
completely, disappeared after the addition of 3 wt. % of Pl and the formulation changed to
liquid. It was assumed that PI influences the pH of solutions, that leads to higher dissociation
of carboxylic groups from itaconic acid. Carboxylic groups are associated in micelles. When
the degree of dissociation is high, repulsive force from negative charges may lead to the
breakdown of micelle structure. We decided to measure pH of solutions after the addition of
different PI1 concentrations. According the Figure 32 one can see that the addition of the PI
causes the increase of pH. The increase is more or less linear. Naturally, the lower the
concentration of macromonomer, the higher is the pH. This is pronounced between 10 wt. %
and 15 wt. % concentration. Difference between 15 wt. % and 20 wt. % is very low.

3.4
33
32 |
3.1 - +
3.0 -
s y=0.1436x + 2.8259 .,
=59 R2 = 0.9959 10%
- 3 y=0.1565x + 2.6754 )
28 R2=10.9891 15%
2.7 y=0.1434x + 2.6628 20%
A R2=0.9872
26
25 T T T T T T T T
0 0.5 1 1.5 2 25 3 35 4
Content of PI [%0]

Figure 32: Influence of the LiTPO on the pH of macromonomer aqueous solutions.
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Itaconic acid contains two carboxyl groups with different pK, (3.85; 5.45). In o,w-itaconyl-
PLGA-PEG-PLGA there is only one carboxyl group. The other mediates connection with the
copolymer. Carboxyl group in the macromonomer is the one with pKa 3.85. pH, which
solutions had after the addition of 3 wt. % of PI, is still lower than pK,. It means that the
amount of protonated acid is still higher than deprotonated. We assume that even the
deprotonation less than pK, produces repulsive force sufficient to disrupt the micelle
structure. This strong influence of just a slight decrease of pH on the viscosity may be caused
by the closeness of DBs in micelle structure.

Up and down shear rate sweeps were performed to show the influence of the LiTPO on
viscosity of aqueous solutions and show the thixotropy. Measurements were performed
3 times, but only one representative curve is shown in graphs. Average could have not been
calculated because shear rates were not the same for one measuring point among three
measurements.

As it was mentioned before, solutions are thixotropic even after the addition of Pl. Only
solutions with 3 wt. % of Pl and also 10 wt. % solution with 1 wt. % of Pl do not show
thixotropy (Figure 34, Figure 36, Figure 38). Viscosity of solution decreases so much that
solutions show more or less Newtonian behaviour in the set range of shear rates. Only at very
low shear rates the viscosity is not constant but this can be caused by error at the beginning of
measurement. Unfortunately, measurements started from the shear rate 1s™ so we cannot
observe the behaviour for smaller shear rates. 1 wt. % of Pl decreases viscosity but solution
still shows quite a strong thixotropy (Figure 34, Figure 36, Figure 38).

Additions of Pl 0.1 wt. % and 0.5 wt. % do not influence the micelle structure and viscosity
so significantly (Figure 33, Figure 35, Figure 37). 0.1 wt. % of PI slightly increases the
viscosity for all concentrations of macromonomer. 0.5 wt. % of PI causes the decrease of the
viscosity of 15 wt. % and 20 wt. % hydrogels but only for the very low shear rates. For higher
shear rates the viscosity with 0.5 wt. % of Pl and without P1 is approximately the same.

During the down sweep the viscosity of solutions without Pl and with 0.1 wt. % of PI is
approximately the same. 0.5 wt. % addition of PI causes slight decrease. It is difficult to find
the exact trend of influence because it can vary for different sheer rates.

The most important finding is that the addition of Pl 1 wt. % and 3 wt. % destroys micelle
structure at 25 °C while additions 0.1 wt. % and 0.5 wt. % maintain hydrophobic interactions
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Figure 33: Up and down shear rate sweeps of 10 wt. % solution of a,w-itaconyl-PLGA-PEG-PLGA
with different concentrations of LiTPO — thixotropic behaviour.
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Figure 34: Up and down shear rate sweeps of 10 wt. % solution of a,w-itaconyl-PLGA-PEG-PLGA.
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Figure 35: Up and down shear rate sweeps of 15 wt. % solution of a,w-itaconyl-PLGA-PEG-PLGA
with different concentrations of LiTPO — thixotropic behaviour.
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Figure 36: Up and down shear rate sweeps of 15 wt. % solution of a,w-itaconyl-PLGA-PEG-PLGA
with different concentrations of LiTPO — the one with 1 wt. % of LiTPO shows thixotropic
behaviour.
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Figure 37: Up and down shear rate sweeps of 20 wt. % solution of a,w-itaconyl-PLGA-PEG-PLGA
with different concentrations of LiTPO — thixotropic behaviour.
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Figure 38: Up and down shear rate sweeps of 20 wt. % solution of a,w-itaconyl-PLGA-PEG-PLGA
with different concentrations of LITPO — the one with 1 wt. % of LiTPO shows thixotropic
behaviour.
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5.4.4 Proof of Chemical Network after the Irradiation

In previous studies a,m-itaconyl-PLGA-PEG-PLGA macromonomer was photocrosslinked
using the PI CQ and co-initiator 2-(dimethylamino)ethyl methacrylate (DMAEM).
Mechanical properties of bulk were improved; however, it was still soluble in THF [12]. At
the beginning of experimental work, always when the bulk or hydrogel were
photopolymerized, they were submersed in THF or acetone. It looked like material
completely dissolved because solution was transparent. It was assumed that also after the
photopolymerization with LiTPO no chemical network is created. During GPC measurements
of aqueous solutions, which were performed before and after irradiation, it was found that the
signal from the GPC measurements after the irradiation is lower, even though the same
concentrations were used. A closer look revealed that material dispersed in small particles and
settles after some time but was removed by syringe filtration. For this reason the real
concentration was lower than expected from the sample mass.

We decided to prove the chemical network creation by simple weighing. Water solutions
(10 wt. %, 15 wt. %) were crosslinked in UV chamber dried in a vacuum oven and
subsequently dissolved in distilled acetone. The weight of residual non-dissolved material was
determined as the percentage of created chemical network in comparison with the initial
weight of dried gel. This measurement was done just once due to a high demand for the
amount of sample. Therefore absolute values are not very reliable. However it was confirmed
that chemical network creates upon the light irradiation when the LiTPO PI is used. For both
10 wt. % and 15 wt. % hydrogel the amount of chemical network increases with the amount
of PI. It is shown in the Figure 39. The highest chemical crosslinking was achieved for
20wt. % gel with 3wt.% of Pl. 416 mg of photocrosslinked 15wt. % hydrogel
(3 wt. % LiTPO) submersed in 20 mL of distilled acetone is shown in the Figure 40.
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Figure 39: Graph shows the percentage of created chemical network for different contents of Pls.
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Figure 40: 15 wt. % photocrosslinked gel in distilled acetone.

5.4.5 Storage Stability of Aqueous Solutions

After few days at the magnetic stirrer at 8 °C the solution was white and milky without any
visible particles. It was assumed that there are still aggregates in the size above 500 nm [106].
It was found, that when the solutions were stored for a couple of days at ambient conditions
milky liquid state changed to transparent viscous state. GPC measurement was done to
determine the molecular weight during dissolution. It was investigated whether the dissolution
is accompanied by degradation or not. Measurements were always performed twice to show
that also values within one day can differ. Generally, M,,, compared to My, is not as sensitive
to variations in setting the integration limits during evaluation. Therefore, we chose M,, as the
main factor to compare molecular weights for different storage times. The values for weight
average molecular weight (M,,) for different storage times are shown in the Figure 41. My,
decreased less than 6 % on the 2™ and 3™ day of measurements. 4™ day it was more than
12 %. Therefore we decided to perform photorheological measurements on the 3™ day. All
other values obtained from GPC (M,, PDI) are shown in the Table 3. PDI of the bulk was
determined to be 1.19 as it was stated before. Already the first day at ambient conditions the
PDI of 15 wt. % solution was 1.51, meaning that some hydrolysis occurred during dissolution.
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Table 3: Table of values from GPC measurements in time.
Time My [g'mol™] M, [g:mol™] PDI
1. day 8990 8770 5800 5810 1.55 1.51
2. day 8410 8320 4360 4480 1.93 1.86
3. day 8430 8440 4360 4480 1.92 1.88
4. day 7940 7650 4410 4070 1.80 1.90
5. day 8040 8170 4570 4510 1.76 1.81
6. day 8160 8070 4890 4370 1.67 1.85
7. day 7330 7140 4130 3590 1.78 1.99

9500
9000 - e
8500 -
z i
s a
= 8000 - Q E
B 1%
=
a
7500 -
?000 T T T T T T 1
0 1 2 3 4 5 6 7
Time [days]

Figure 41: Change of M,, of 15 wt. % solution at ambient conditions in time.

5.4.6 Photocrosslinking in Water

5.4.6.1 Photocrosslinking at 25 °C

In comparison with bulk, photorheology of agueous solutions was not monitored by RT
monitoring to determine DBC. It would not be possible to observe the DB band since the
concentration of DBs is even lower here. If the sample would contain sufficient amount of
DBs, solutions would have to be prepared in D,0O. Otherwise the signal from H,O would
overlap with the double bond peak.

It was a problem to obtain reproducible initial G’. One reason for that was the aforementioned
thixotropic behaviour of the material. In order to avoid this time dependant behaviour the
samples were exposed to high shear rates at the beginning of measurement. The concept was
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to stress the sample at such a shear rate, which reset the samples and thereby increase the
reproducibility of the measurements. The shear rate 8 s* was chosen. This was done before
the shear rate sweeps, which showed that it was not sufficient at all. According the shear rates
sweeps at least the shear rate 20 s would be necessary.

Measurements at 25 °C had four intervals. First 300 s of rotation was performed at the shear
rate 8 s, as mentioned above. Than the shear rate was decreased from 8 s to 0 s™ in 300 s.
Afterwards, the oscillation started. After 300 s of oscillation the light was triggered on for
next 300s. Data in diagrams are shown from 605s or 610s due to a high error at the
beginning of oscillation.

In the case of 10 wt. % and 15 wt. % solution the addition of the 0.1 wt. % of Pl even increase
the initial modulus (Figure 43, Figure 44). This may be due to the decrease of solubility of
macromonomer in the presence of the low amount of PI. Higher concentrations of Pl decrease
the initial modulus for all solutions. For the concentration 0.5 wt. % of Pl the decrease is not
so significant and solutions still did not flow (Figure 42). On the other hand 1 wt. % of LiTPO
led to very low viscous liquid state. This happens, when certain critical concentration of P1 is
exceeded. At this concentration of PI, deprotonated carboxylic groups are in such an amount,
which is sufficient to cause the destruction of micelle structure due to the repulsive force
between negative charges.

It was assumed that physical crosslinking is essential for the later chemical crosslinking. In
micelles DBs are hold together in proximity due to hydrophobic interactions between PLGA
and PEG part. This was expected to facilitate the polymerization. This idea was proved by
photorheological measurements. One can see that the highest modulus after the
photopolymerization was achieved with the 0.1 wt. % of LiTPO while 1 wt. % addition led to
the modulus approximately the same as solution had without the irradiation, making this
concentration obsolete. 0.5 wt. % addition of Pl led to the increase of modulus but not as
much as it was for 0.1 wt. %.

In order to compare the influence of chemical crosslinking on mechanical properties of
physical gel also the measurement of the solution without LiTPO was performed. It was not
expected that the modulus started to slightly decrease upon the irradiation. This effect was
more pronounced for concentrations 15 wt. % and 20 wt. % (Figure 43, Figure 44). It is
assumed that this effect is caused by a local temperature inhomogeneity owing the irradiation.

At the very beginning of practical work 3 wt. % of LiTPO was used. This did not lead to any
significant increase of modulus. But in comparison with the material without the PI there was
not decrease because light interacted mainly with LiTPO.
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Figure 43: Average curves of the G’ of the 15 wt. % hydrogel during the chemical crosslinking at
25 °C. Black lines show the error of the measurement.
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In Figure 45 a comparison of G/, for different concentrations of macromonomer and
different concentrations of LiTPO is shown. The higher the concentration of macromonomer,
the higher the G/, achieved after the irradiation is. Influence of the macromonomer content
IS most significant when 0.1 wt. % of PI is used. Besides the macromonomer content also the
amount of Pl influences G/, as it was mentioned above. The influence has the same trend for
all concentrations. The highest G” is achieved for the 0.1 wt. % of PI. 0.5 wt. % and 1 wt. %
lead to the decrease of G, . The addition of Pl 0.5 wt. % still leads to the higher G" in
comparison with the modulus without any PIl. However, after the photopolymerization of the
aqueous solution with 1 wt. % of PI the modulus reached about the same level as the modulus
without PI.
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Figure 45: Dependency of the G/, on macromonomer content and PI content.

As before, the slope, a measure of the photoreactivity, and tp were determined. It is shown in
the Figure 46 and Figure 47. One can see that the higher the macromonomer content the
higher the slope and the longer the delay time. In solutions with higher macromonomer
content there are more DBs, which are essential for this photopolymerisation. On the other
hand the higher content of macromonomer, the more chains and entanglements and it is more
difficult for radicals to attack DBs. For the same reason the slope and tp are higher for the
bulk sample. This statement does not apply for the 20 wt. % solution with the content of Pl
0.5 wt. %, when tp, is shorter than in the case of 15 wt. % solution. No trend was observed for
the influence of PI on the slope and 1p.
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Photocrosslinking at 25 °C with crosslinker PEGDA

To obtain better mechanical properties, 20 wt. % o,o-itaconyl-PLGA-PEG-PLGA solution
was crosslinked with the addition of 5 mol. % PEGDA per DBs in the presence of 0.5 wt. %
of LiTPO. It was homogenised in ultrasonic bath for 1 hour. Acrylates react very fast and high
G’ can be achieved. However, they are quite brittle after photocrosslinking. In this experiment
the highest G, was achieved among the all measurements of aqueous solutions in this work
(Figure 48). Created gel is shown in the Figure 49. However, it was too brittle to be
transferred from the plate.

The slope of storage modulus increase was equal to (30 + 7) Pa-s™. This high photoreactivity
in comparison with other solutions is due DBs from acrylates. 1p was determined to
(6.4+0.5)s. It is higher than tp of 20 wt. % solution with 0.5wt. % of LiTPO without
PEGDA. The viscosity after the addition of PEGDA increased, what impedes diffusion.
Moreover DBs from ITA are hidden in micelles on hydrophobic ends and PEGDA is
hydrophilic. This all can prolong 1p,

3500
Storage modulus 0.5% LiTPO
3000 - Loss modulus 0.5% LiTPO

E error storage modulus
:‘ 25 00 H — error IOSS modulus
=
E
2 2000
2 il
2
= 1500 -
=
-*]
[=11]
£ 1000 -
=
w

500 -

0 ! T T T T T T T
300 400 500 600 700 800 900 1000

Time [s]

Figure 48: Photopolymerization of a,w-itaconyl-PLGA-PEG-PLGA with crosslinker PEGDA.
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Figure 49: Gel created after the irradiation of 20 wt. % solution a,w-itaconyl-PLGA-PEG-PLGA in
the presence of crosslinker PEGDA and 0.5 wt. % of LiTPO.

5.4.6.2 Photocrosslinking at 37 °C

Part of our concept was, that hydrogels based on a,w-itaconyl-PLGA-PEG-PLGA can be
prepared in situ e.g. for the treatment of wounds. This requires performing of
photocrosslinking at 37 °C.

Samples were applied on the glass plate at 25 °C. Afterwards steel stamp went to measuring
position and linear temperature increase from 25 to 37 °C was done at rate 2 °C min™. Then
next 20 min samples were let to rest at 37 °C. Then the oscillation started. All samples were
already in a gel state, either samples, which did not create gel before the irradiation at 25 °C.
G’ was above G’. After 300 s the light was triggered on for different time, dependant on the
length of modulus increase.

0.1wt. % of PI in the case of 10 wt. % solution has not led to the increase of modulus
(Figure 50). Immediately after the irradiation there was a small increase but subsequently
modulus drop down. After the measurement was finished, there was not a gel but suspension
created. Macromonomer precipitated. It is a bit strange because G’ was still aboveG”.
According the temperature sweeps, macromonomer should already precipitate at this
temperature. However, macromonomers with concentrations of PI 0.5 wt. % and 1 wt. % did
not. This is probably due to the fact, that PI influences the micelle structure as it was already
mentioned. It was assumed that LiTPO moves the CGT and therefore also the curve shown in
the Figure 7. The higher the concentration of PI, the higher was the CGT. 0.5 wt. % and
1 wt. % moved the zone of gel stability to higher temperatures while the addition of 0.1 wt. %
was not sufficient to do so in such a manner.
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Figure 50: Average curves of the G modulus of the 10 wt. % hydrogel during the chemical
crosslinking at 37 °C. Black lines show the error of measurements.

On the other hand in the case of 15 wt. % and 20 wt. % solutions, 0.1 wt. % of LiTPO was
sufficient amount to move the zone of gel stability to 37 °C. It is because the higher is the
content of macromonomer, the broader is the zone of modulus increase as it is shown in the
Figure 26. The increase of modulus in the presence of 0.1 wt. % of LiTPO is much higher in
the case of 20 wt. % solution (Figure 52) than for the 15 wt. % solution (Figure 51).

For all three concentrations the addition of 0.5 wt. % and 1 wt. % lead approximately to the
same modulus after the irradiation when the error is included. The increase of the modulus
took very long time for 0.5 wt. % and 1 wt. % of Pl at 37 °C in comparison with 25 °C. It was
assumed that at this temperature physical gel before the irradiation was stronger, micelles
were more connected between each other and therefore the time till the LiTPO attacks some
of DBs in the middle of micelles was longer. This long slight increase can also be caused by
small drop of the modulus after initial increase. This is caused by delamination between
created gel and plate. Delamination, which occurred for 0.5 wt. % and 1 wt. %, is very slight.
However, in the case of 20 wt. % solution strong delamination occurred for 0.1 wt. % of
LiTPO reproducibly (Figure 52). Delamination does not influence the quality of the gel but
spoils the reproducibility. Delamination usually occurs when the amount of PI is exceeded.
Therefore, photorheological measurement of 20 wt. % solution was performed with
0.05 wt. % of LiTPO. However, after the light was triggered on, modulus decreased. After the
measurement was finished, it was found out that precipitation of macromonomer occurred.
0.05wt. % did not move the zone of gel stability to 37 °C. Interestingly G” was still
above G™".
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Figure 51: Curves showing the G" modulus of the 15 wt. % hydrogel during the chemical crosslinking
at 37 °C. Black lines show the error of measurements.
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Figure 52: Curves showing the G" modulus of the 20 wt. % hydrogel during the chemical crosslinking
at 37 °C.

Highest modulus and best mechanical properties were achieved for 20 wt. % solutions
photocrosslinked at 37 °C. The gel created from 20 wt. % solution with the content of PI
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1 wt. % is shown in the Figure 53. Gel was submersed in UPW and even after 22 days it has
not dissolved yet.

Figure 53: Gel from 20 wt. % solution with 1 wt. % of LiTPO photocrosslinked at 37 °C, B: stable in
water, oil drops from the measurement.

In Figure 54 one can see the comparison of G, for all measurements at 37 °C. The higher
the macromonomer content the higher was G;, . G/, for the 10 wt. % solution with
0.1 wt. % of LiTPO was excluded due to the precipitation. The amount of Pl did not have a
significant influence on G/, except for the 15 wt. % solution with 0.1 wt. % of LiTPO,
where the G, is considerably lower. Columns in Figure 54, which are bounded with dark
line, are average only from 2 measurements. Therefore, error in those two cases represents
two measured values of G/, . In the case of 20 wt. % solution, it is due to the delamination in
one measurement and in the case of 15 wt. % one, it is due to the fact, that one measurement
is shorter than other two. It was not expected that modulus increase will take such a long time.

Hydrogels with better mechanical properties were obtained in general by photocrosslinking at
37 °C. Exceptions were only 10 wt. % and 15 wt. % solutions with 0.1 wt. % of LiTPO.
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Figure 54: G, obtained from photorheological measurements at 37 °C.

The slope of the modulus increase (Figure 55) and zp (Figure 56) were determined.
Nevertheless, errors among measurements are so high that it was difficult to characterise the
relation between photoreactivity, content of macromonomer and content of Pl. The lowest
photoreactivity was found for 10 wt. % solution. When the error is included, there is no
difference in zp among measurements.
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Figure 55: Slope obtained from photorheological measurements at 37 °C.

63



10% gel
7

15% gel
6

20% gel
5

Tp [8]

0.1 0.5 1.0
Content of PI [wt. %]

Figure 56: 7p obtained from photorheological measurements at 37 °C.

5.4.6.3 Comparison of LiTPO and 12959

When it was found out that LiTPO influences the initial modulus and micelle structure, also
the commercial 12959 was used for comparison. The concentration 0.5 wt. % was chosen to
add in 20 wt. % solution due to a low solubility of 12959 in water. The light source with the
filter 320-500 nm was used for this experiment. 12959 would not react in the range of VIS
light. Measurements had four intervals. First 300 s of oscillation was performed at 25 °C.
Then temperature increased from 25 °C to 37 °C at the rate 0.5 °C-min™’. Afterwards 30 min
of oscillation was performed at 37 °C and then the irradiation started for 15 min.

12959 increases the initial G, because either it participates within hydrophobic interactions or
just decreases the solubility of macromonomer. On the other hand LiTPO decreases initial G".
Nevertheless its high photoreactivity compensates lower initial G”. As it was mentioned in
theory part, LiTPO has higher reactivity under UV light. This is the reason why the increase
here is steeper and reaction is faster in comparison with measurements under VIS light. Slope
of the modulus increase with LiTPO was 41 and 35 Pa-s™. This is the clear evidence that
photoreactivity of LiTPO increases under UV light. It could not have been determined for the
third measurement due to the small drop after the irradiation started. For all other
measurements at 37 °C the slope was less than 10 Pa-s™.

In two from three measurements with 12959 delamination occurred even during the physical
gelation. Maybe lower frequency of oscillation would help to avoid delamination. There is
also another possibility to start the oscillation later already at 37 °C as it was done for other
measurements at 37 °C. Exact values of 1p, slope and G, are not determined in this case due
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to high error. Though it is obvious that G/, results in higher values, when UV light source is
used.

In spite of the fact that LiTPO decreases modulus and viscosity of solution, its use is in this
case still more efficient than the use of commercial 12959.
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Figure 57: Comparison of LiTPO and 12959 influence on physical crosslinking and subsequent
photoirradiation.

5.4.6.4 Photocrosslinking with 3 wt. % of LiTPO

As it was mentioned before, gel was not created at 25 °C with the content of LiTPO 3 wt. %.
10 wt. % solution with 3 wt. % of LiTPO also did not create physical gel at 37 °C, neither the
chemical. Temperature sweep from 37 °C to 60 °C was performed to see if the physical gel
will create at higher temperatures. At 46 °C sol-gel cross point occurred and at 59.2 °C there
was gel-suspension cross point. This finding again confirms the theory that Pl LITPO moves
CGT to higher temperatures. According previous experiments it is assumed that temperatures
of transitions depend on previous temperature and time history. The temperature 52 °C was
chosen to perform the photoirradiation of 10 wt. % solution with content of LiTPO 3 wt. %.
This experiment was done at the beginning of practical work and therefore 10 wt. % solution
was not measured on the third day from the time it was taken from magnetic stirrer, but the
same day as it was taken out. The measurement was performed three times, however, one
curve was considered as outlier and is not shown in the Figure 58.
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Figure 58: Physical and chemical crosslinking of 10 wt. % solution with 3 wt. % addition of PI.

At the time 2 400 s one can see steeper increase of storage modulus. This is the point, where
the light was triggered on. One can see that modulus was still increasing even without the
irradiation. It is assumed that even better final modulus would be achieved if the irradiation
would start later, when the modulus increase from physical crosslinking would be stabilized.
G,.x Was determined to be 537 Pa and 722 Pa, respectively, which is quite high for such a
low concentration of macromonomer and high temperature. After the hydrogel was taken out
it had yellowish colour and did not transfer back to liquid state, remained solid. This confirms
that chemical network stabilized the material.

66



6 CONCLUSION

Photocrosslinking of a,w-itaconyl-PLGA-PEG-PLGA macromonomer was performed under
the visible light in the range between 400 and 500 nm. Photorheology was used to examine
mechanical properties of material during the photopolymerization. Firstly, photocrosslinking
of bulk in the presence of organosoluble photoinitiator TPO-L was performed at 60 °C. It led
to the increase of moduli and molecular weight, however, storage and loss moduli did not
cross, and therefore the chemical network has not been formed. Consumption of double bonds
from itaconic acid was proved by both RT-NIR and ATR-IR resulting only in prolonging the
polymer chains without the hydrogel formation.

Aqueous solutions of a,w-itaconyl-PLGA-PEG-PLGA are thermoresponsive. According to
temperature sweeps sol-gel transition should occur at temperature higher than 29 °C for all
three prepared concentrations (10 wt. %, 15 wt. %, 20 wt. %). However, it was found that
after some time they gel either at ambient conditions. Immediate crosslinking at higher
temperature is caused by faster diffusion and therefore, polymers can assembly in micelles
without delay.

There was an issue to obtain reproducible photorheological curves due to the high thixotropy
of the measured material. Thixotropy was proved by shear rate sweeps. Photopolymerization
of aqueous solutions was performed in the presence of water soluble photoinitiator LiTPO. It
was investigated, that micelles are essential for further chemical crosslinking, whereas
photoinitiator LiTPO influences the micelle creation. While optimal concentration of LiTPO
at 25 °C was very low (0.1 wt. %), at 37 °C the highest modulus exhibited 0.5 and 1 wt. % of
LiTPO addition. However, when the addition of LiTPO was too high (3 wt. % at 25 °C),
increased pH has led to higher deprotonation of carboxylic groups resulting in repulsive force
and micelle destruction. This has caused decreasing the polymer solution viscosity with
changing thixotropic behaviour to Newtonian ones. Therefore, the light irradiation has not
increased moduli. Nevertheless, after the temperature has been increased to 60 °C the physical
gel was recovered resulting in the conclusion that LiTPO moves the zone of gel stability to
higher temperatures. This effect may be an advantage for injectable hydrogels. Critical gel
temperature may be influenced not only by the ratios of PLGA/PEG and PLA/PGA during the
synthesis but also by adding additional initiator, which later provides chemical crosslinking.
Formation of chemical network was proved by submersion of photocrosslinked material in
distilled acetone where the chemical network has not dissolved.

Photopolymerization of a,w-itaconyl-PLGA-PEG—PLGA was also performed in the presence
of 5 mol. % of PEGDA per double bonds of copolymer. It resulted in higher photoreactivity
and storage modulus. However, double bonds from acrylates also brought fragility into the
material.

As a conclusion, the ability to photocrosslink a,m-itaconyl-PLGA-PEG-PLGA water solution
has been proved in this thesis. Photopolymerization increased mechanical stability of
material. If the later cytotoxicity tests are successful, proposed polymeric material could be
applicable in biomedical applications such as tissue adhesive and drug delivery hydrogels.
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ATR-IR
CDCls
CGC
CGT
CQ
DBC
DBs
DS

FTIR

GA
GI

GPC

'H NMR

12959

ITA
LA
LiTPO
MALS

MAPO

attenuated total reflectance—infrared spectroscopy
deuterated chloroform

critical gel temperature

critical gel concentration
camphorquinone

double bond conversion

double bonds

degree of substitution

Fourier transform infrared spectroscopy
storage modulus

loss modulus

glycolide

maximal storage modulus

gel permeatic chromatography

shear rate

proton nuclear magnetic resonance
dynamic viscosity

2-hydroxy-4'-(2-hydroxyethoxy)-2-methyl-
propiophenone

itaconic acid

lactide

lithium phenyl-2,4,6-trimethylbenzoylphosphinate
multi-angle light scattering method

monoacylphosphineoxide
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Mn

Mw
Mw/Mp
NIR
PDI
PEG
PEGDA
Pl
PLGA
PLGA-PEG-PLGA
PVA
RGD
ROP

RT

THF
TMS
TPO-L
Tsc
UPW
uv

VIS

number average molecular weight
weight average molecular weight
polydispersity index

near infrared spectroscopy
polydispersity index
poly(ethylene glycol)
poly(ethylene glycol) diacrylate
photoinitiator

poly(d,I-lactic acid-co-glycolic acid)

poly(d,l-lactic acid-co-glycolic acid)-b-poly(ethylene

glycol)-bpoly(d,I-lactic acid-co-glycolic acid)
poly(vinyl alcohol)

arginyl-glycyl-aspartic acid

ring opening polymerisation

real time

shear stress

delay time

gel-suspension transition temperature
tetrahydrofurane

tetramethylsilane

ethyl (2,4,6-trimethylbenzoyl) phenyl phosphinate
sol-gel transition temperature
ultra-pure water

ultra-violet

visible
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