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Abstract 

UV-curing is one of the most commonly used methods for producing hydrogels for soft and 

hard tissue scaffolds. Spontaneous curing is an alternative method which possesses some 

advantages in comparison to the conventional UV-curing methods; for example, in situ 

crosslinking and excluding initiators. The main objective of this study was to investigate 

promising materials for producing UV and spontaneously cured hydrogels, and subsequently 

to perform a comparison between the produced hydrogels with regard to their different 

mechanical and physical properties. 

Seventeen different hydrogels including five UV-cured and twelve spontaneously cured 

hydrogels were produced by applying thiol-ene chemistry and by varying precursor materials. 

Hydrogel systems including di- and tetra- functional PEGs of different lengths (2 kDa and 6 

kDa) and two different thiol-crosslinkers (ETTMP 1300 Da and DTT) were subsequently 

characterized and evaluated. The evaluation tests applied in this study were Raman 

spectroscopy, weight and volumetric swelling test, leaching test, tensile test, and rheology 

test. Between all the systems, tetra-acrylated PEG (6 kDa) BisMPA was found to be the most 

promising system. The pH level of the applied solvent (PBS) for spontaneously cured 

hydrogels was varied from the physiologically relevant level of 7.4 to 7.0 and 7.8 in order to 

investigate the dependency of physical and mechanical properties of the hydrogels to this 

parameter. 

Spontaneous curing of tetra-acrylated PEG (6 kDa) BisMPA with ETTMP 1300 Da as the 

thiol-crosslinker, was accomplished within 3½ min in PBS with a pH level of 7.4; and it came 

out to be the fastest spontaneously cured system between all the tested hydrogels. Increasing 

the PBS pH level resulted in a faster curing process (accomplished in 1½ min). Spontaneously 

cured hydrogels generally showed decreased mechanical properties, but improved swelling 

behavior compared to UV-cured hydrogels. Nevertheless, the discussed system still possessed 

50% of the elastic modulus in the tensile test in comparison to the UV-cured state; and 

showed the highest elastic modulus in comparison to other spontaneously cured systems. The 

storage modulus of the mentioned hydrogel in the spontaneously cured state was very close to 

the same parameter in the UV-cured hydrogel based on the same precursors. It also possessed 

the highest storage modulus between all the spontaneously cured hydrogels. Although the 

obtained swelling properties of this system were not the highest between all the tested 

hydrogels, these parameters were still in an acceptable range as for a hydrogel proposed for 

tissue scaffold application (swelling ratio: 9.72, water content: 89.71%, volumetric swelling 

ratio: 9.05). Furthermore, the system had the lowest weight loss ratio between all the 

acrylate-based hydrogels (including both UV and spontaneously cured systems), which along 

with the Raman spectroscopy results shows the high crosslinking efficiency of the system.  
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1. Introduction 

Tissue engineering is one of the rapidly developing new areas of science, in which the main 

focus was on the cell culture previously; however, the generation of scaffolds as implants is 

now having a more dominant role in this field (1). In general, organs are structures made up 

of living cells and a support structure. The support structures can be classified as soft or hard 

depending on their mechanical strengths (1). In order to generate implants, scaffolds are 

required. Scaffolds replace the natural support structure and are considered as temporary 

support for cell growth and adhesion (1). Soft connective tissues are built up by living cells 

and the extracellular matrix. They are flexible and allow the hydrophilic substrates to diffuse. 

Hard tissues (i.e. bones), on the other hand, are dense connective tissues which are natural 

composite materials mostly formed of hydroxyapatite (2; 3). 

As the demand for tissue engineering and the related products increases all around the world, 

researchers and industries involved in tissue scaffold fabrication try to investigate new 

methods and materials in order to introduce cheaper products with better functions and 

properties. Some of the important properties that both soft and hard tissue scaffolds must 

possess include: biocompatibility, non-allergenicity, non-toxicity, sufficient adhesion, easily 

handled, adequate strength, and also the possibility to be sterilized before use. 

Regarding both hard and soft polymeric tissue scaffolds, the conventional industrial products 

mostly benefit from applying methods using heat or ultra violet (UV) light to achieve a 

polymeric crosslinked network (4). In such approaches an initiator either triggered by heat or 

by irradiation is often used, which can result in the generation of a toxic or immunogenic 

response in body even used in very small amounts. In spontaneously cured hydrogels, 

applying heat- or photo- initiators is skipped and the final product will exclude containing at 

least some of the non- or less biocompatible constituents. Such products can be injected into 

the target tissue inside the body or administered on the skin and subsequently crosslink in situ 

in order to form a polymeric scaffold. 

2. Aim of the Study 

The purpose of this diploma work is to investigate UV and spontaneously cured hydrogels. 

The first step involves the identification and evaluation of suitable chemistries. As a second 

step, a library of hydrogels is produced using both UV-initiated and spontaneous crosslinking 

chemistry. The third step concerns the characterization and comparison of the hydrogels 

produced by the different chemistries applied, with respect to kinetics of formation, physical 

and mechanical properties. 
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3. Background 

3.1 Tissue Engineering and Polymeric Scaffolds 

Tissue engineering is a multidisciplinary field of science which aims on producing tissue 

substitutes by culturing cells on polymeric scaffolds either natural or synthetic (5). Cellular 

components, growth and differentiation factors, and a scaffold are the three basic constituents 

for morphogenesis
i
 and tissue engineering (5). The scaffolds are supposed to create or restore 

the lost tissue or organ function in situ, i.e. to provide a substrate for cellular attachment, 

proliferation, and differentiation. 

Generally, tissue engineering aims to provide materials which can facilitate regeneration, 

repair, or replacement of damaged or diseased tissues (6). While the aim is the regeneration of 

a tissue, it is important to enhance or improve natural repair processes. On the other hand, 

while the replacement of the tissue is aimed, tissue assembly is mostly done in vitro and 

subsequently implanted. A scaffold may be implanted in situ and colonized by the target site 

cells, as an alternative method. The use of scaffolds here is to replicate the specific 

architecture of the tissue. In order to achieve this goal the scaffold must have a porous 

microstructure to enable cellular in-growth and colonization. The scaffold material should 

degrade at the same time as the tissue regenerates; however, it is not always a required 

characteristic for the chosen biomaterial (6; 7; 8). In that case, the material must at least be 

able to integrate with the host tissue in a long-term period. Biodegradability allows the tissue 

to replace the scaffold gradually and prevents the development of possible unwanted chronic 

responses (6).
 

3.2 Hydrogels 

Hydrogels are three dimensional low-density polymeric networks that can swell by aqueous 

solvent without dissolving (9). They maintain their overall shape due to their isotropic 

swelling
ii
 (10). 

Hydrogels have received much interest as materials for biomedical applications due to their 

physical and chemical properties such as: the ability to retain water within their network, the 

possibility to retain bioactive proteins (such as growth factors) without inactivation, and the 

elastic nature of the hydrated (swollen) hydrogels which results in minimized irritation to the 

surrounding tissues (4; 9). The viscoelastic behavior and structural stability along with low 

interfacial tension with biological fluids make hydrogels appropriate as materials for scaffolds 

in tissue engineering. Furthermore, due to their good biocompatibility, good tissue 

compatibility, easy manipulation under swelling condition, and solute permeability they have 

been widely used in biomedical and pharmaceutical applications. For example, as lubricant 

for surgical gloves, implant coatings, urinary catheters and surgical drainage systems, contact 

                                                 
i
 Morphogenesis: the biological process that causes an organism to develop its shape 

ii
 Isotropic swelling: all the initial dimensions of the sample are increased invariant, with respect to direction 
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lenses, tissue coatings and wound dressings, actuators and sensors, cell transplantation, and 

drug delivery systems (4; 9). 

3.2.1 Classification 

Hydrogels can be classified in different ways (see Table 1). Regarding their physical structure 

hydrogels can be catagorized as amorphous, semicrystalline, or hydrogen-bonded hydrogels 

(9). They can also be classified into two categories based on the methods by which the 

crosslinks within the networks are produced: physical and chemical gels (11). Physical gels 

are formed by molecular self-assembly due to secondary forces, such as ionic or hydrogen 

bonds. Chemical gels, on the other hand, are formed by covalent bonds, often with the help of 

crosslinking agents or radiation (9; 11; 12). 

Regarding the curing method, they can be classified into radiation cured and spontaneously 

cured hydrogels. Regarding the crosslinking mechanism for spontaneously cured hydrogels, 

which can either be physically due to change in temperature or pH, or chemically by Michael 

type addition reaction or disulfide bond formation (13), they can be classified in one of the 

relevant chemical or physical groups. 

Table 1: Classification of hydrogels 

Classification Contents 

Network Physical 

Chemical 

Physical structure Amorphous 

Semicrystalline 

Hydrogen bonded 

Curing method Radiation cured 

Spontaneously cured 

3.2.2 Commonly Used Materials 

Basically, there are three different types of monomers and polymers which can be used to 

produce hydrogels: neutral, acidic (or anionic), and basic (or cationic) (9). The neutral 

monomers and polymers mostly contain hydrophilic groups due to their contribution to the 

swelling behavior; however, the hydrophobic groups are also incorporated in order to improve 

the mechanical properties of the hydrogel. Acidic or anionic monomers provide the ability to 

minimize calcification after the implantation (9). 

Different monomers and polymers can be used to make hydrogels. For example, agarose, 

alginate, hyaluronic acid, chitosan, polyhydroxyethylmethacrylate (pHEMA), dextran, 

polyvinyl alcohol (PVA), acrylamide derivatives, polyethylene glycol (PEG), and even 

peptide amphiphiles (4). Between all the mentioned polymers, PEG will be the focus in this 

study. 
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3.2.2.1 Polyethylene glycol (PEG) 

Due to high hydrophilicity, good biocompatibility, and little to no immunogenicity, hydrogels 

based on polyethylene glycol (PEG) and its derivatives have been widely used for tissue 

engineering applications (4; 14). PEG is non-toxic at molecular weights above 400 Da, can be 

readily cleared by the kidneys, and is approved by the US-FDA (United States Food and Drug 

Administration) for internal consumption (15). The PEG molecule is neutral, and inherently 

has resistance for protein adsorption when covalently crosslinked. Other molecules are 

inhibited from nearing the polymer surface due to the surrounding water molecules, which is 

a consequence of the ability of PEG molecule to be heavily hydrated in aqueous media (15). 

The hydroxyl end groups in PEG (see Figure 1) can be functionalized and linked with other 

polymeric units synthetically (14). PEG has the ability to dissolve in many different solvents 

such as water, methanol, ethanol, methylene chloride, toluene, acetone, chloroform, 

dichloromethane, diethyl ether, and hexane (14; 16). 

 

Figure 1: Polyethylene glycol (PEG) 

At low molecular weights (below 1 kDa) PEGs are viscous and colorless liquids; however, at 

higher molecular weights they are waxy and white-colored solids (16). The usual range of 

linear PEGs used in biomedical applications is between a few hundreds to 20 kDa. Linear 

PEG is not the only form of PEGs used for biomedical applications, polymers with branched, 

forked, branched-forked, and multi-arm configurations have also been used for these purposes 

(16). PEGs can be combined with highly branched macromolecules having monodispersed 

characters, or so called dendrimers. Dendrimers have the ability to be used for biomimetic and 

nanotechnologic applications, due to their spherical form and multivalent functionalities. 

They also have different physical properties compared to the linear forms, for example 

conformations, crystallinity, solubilities, entanglements, and diffusion (17). 

By using chemical methods, different types of reactive functional groups (for example 

acrylates, methacrylates, etc.) can be introduced to PEGs in order to transform their hydroxyl 

groups (16). In order to introduce cross-linking groups, the OH-groups are modified with 

crosslinking functional groups of choice. The change in molecular weight and functionality of 

the polymer controls its different mechanical properties, as well as the degradation rate, 

release kinetics, and biochemical properties of the produced gels (18). 

3.2.3 Preparation Methods and Involved Chemistries 

Crosslinks are responsible for preventing the hydrophilic groups to dissolve in aqueous 

environments. Different methods have been used to from crosslinks in order to prepare 

hydrogels (see section 3.2.1). 
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In the radiation method, electron beams, gamma rays, x-rays, or UV light is used to excite 

polymer chains in order to create crosslinking points (9). Radical polymerization of low 

molecular weight monomers in the presence of crosslinking agents is used to carry out 

chemical crosslinking (19). The physical association method utilizes intermolecular forces in 

order to make physical crosslinks between polymer chains (9). 

3.2.3.1 Chemical Crosslinking 

Chemical crosslinking method can be carried out in two ways: using di- or multi- functional 

crosslinking agents, and polymers with reactive functional groups either in the side chain or 

the chain ends, or a simultaneous copolymerization-crosslinking reaction between monomers 

using a polymerizable crosslinking agent (9). Figure 2 schematically represents a chemically 

crosslinked polymer network. 

 

Figure 2: Schematic representation of a chemically crosslinked polymer network swollen by a low molecular 

weight solvent 

3.2.3.2 Michael Addition Reaction 

Michael reaction or Michael addition is named after Arthur Michael (1853-1942) (20), and is 

the nucleophilic addition of a carbon-carbon π bond conjugated with an electron-withdrawing 

group such as carbonyl or acyl and cyan. Figure 3 shows the general mechanism for the 

Michael reaction. R and R' on the nucleophile or so called Michael donor make the methylene 

hydrogen acidic forming the carbanion on reaction with base B:. The Michael acceptor or the 

substituent on the activated alkene is typically a ketone; however, it may be a nitro group. 

 

Figure 3: General mechanism of Michael reaction 

Firstly, the Michael reaction involves a 1,4-addition, which is then followed by a migration of 

an electrophile like H
+ 

to the 2 position and ketonizes the enol. Net 1,2-addition to the π bond 
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is the result of the reaction (20). Figure 4 schematically shows an example of a Michael 

reaction reaction. 

 

Figure 4: Michael addition (20) 

3.2.3.3 Radiation Curing 

The major sources of energy for radiation curing are electron beam (EB) and ultra violet (UV) 

light; however, sources like microwave, infrared light, and gamma rays can also be applied 

for this purpose (21). UV light curing is the radiation curing method which is used in this 

study; therefore, describing the details regarding the other methods is excluded in this section. 

UV light curing is caused by electromagnetic radiation and infrared radiation is produced. 

However, the produced energy is thermal and the photons have a quite low energy level. 

Therefore, on the contrary to EB curing, in order to generate free radicals in UV-curing 

systems photoinitiators are needed (4; 21). 

By UV light curing it is possible to obtain time- and space- controlled polymerization. The 

ability to carry out controlled polymerization has provided the opportunity to apply 

photopolymerization in different fields such as dentistry, electronic materials, optical 

materials, membranes, and surface modification (4). 

Some photoinitiators used in UV-cured systems generate free radicals and some others 

generate cations. The first group can be used for curing acrylates and the second group can be 

used for curing cycloalipathic epoxide-based systems (21). 

Sources for UV radiation include (21): 

 Medium pressure mercury vapor lamps (depending on the country low or high 

pressure mercury vapor lamps can also be used) 

 Electrodeless vapor lamps 

 Pulsed xenon lamps 

 Lasers 



13 

 

3.2.3.4 Thiol-Ene Chemistry 

One of the effective and competent means for rapid production of films and thermoset plastics 

with unique physical and mechanical properties is the photopolymerization of blends of multi-

functional thiols and alkenes (-enes). Thiol-ene polymerization can be carried out in air 

roughly as fast as in an inert atmosphere, and this feature surmounts the problems associated 

with traditional free-radical photopolymerization (22). 

Thiol-ene polymerization is a step growth polymerization that is carried out by a free-radical 

chain mechanism, and this makes it reasonably unique (23). Figure 5 shows a typical example 

of a multi-functional ene and a multi-functional thiol. 

 

Figure 5: Typical multi-functional thiol and ene (23) 

Figure 6 shows the general process of free-radical thiol-ene polymerization. The process has a 

two stage propagation chain: addition of a thiyl radical to the ene group in order to make a 

carbon centered radical (propagation 1), and subsequently hydrogen abstraction by the carbon 

centered radical produced in the previous step (22; 23). 

 

Figure 6: General thiol-ene photopolymerization mechanism (22) 
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The two-step mechanism described and shown in Figure 6 ends in the addition of a thiol 

group to an ene double bond (see Figure 7). 

 

Figure 7: Addition of a thiol group to an ene double bond (22) 

There are two fundamental rules regarding thiol-ene free-radical chain reactions. First, the 

general conversion rate of the thiol-ene reaction has a direct relation with the electron density 

of the ene. This means that enes which are richer in electrons are more quickly consumed; 

however, there is an essential exception to this rule: copolymerization of highly conjugated 

double bonds with thiols is very slow. The reason for this exception is assumed to be the 

stability of the produced carbon-centered allylic radical right after the addition of the thiyl 

radical to the carbon–carbon double bond. Second, copolymerization of thiols based on 

mercaptopropionate esters with a certain ene in many cases is quicker than a copolymerization 

with mercaptoacetate esters. The latter in turn reacts quicker than simple alkyl thiols (22; 24). 

In order to have a polymerization made by the free-radical chain reaction shown in Figure 6, 

the combined functionality of multi-functional enes and thiols should at least be five, whilst 

the minimum functionality for each component should be two (22; 23). The mechanical 

properties of the produced crosslinked network depend on the chemical structure, 

functionality, and the conversion degree of each functional group in the parent thiols and enes 

(22). 

In the end, it is worth to mention that there are also some thiol-ene based systems that do not 

need any photoinitiators (23). 

Thiols and Acrylates 

As previously mentioned, producing a crosslinked polymer by the free-radical chain reaction 

needs monomers with combined average functionality greater than two. Due to the free-

radical process, the rate of polymerization will be fast. It is expected to identify a point in the 

thiol-ene free-radical polymerization, at which an infinite network is produced (the gel point) 

(23; 22). 

Polymerization of multi-functional acrylate monomers is different from the gel formation for 

thiol-enes. In the first system, microgelation takes place in the early stages of polymerization 

which leads to a heterogeneous polymerization medium and reaction diffusion controlled 

termination kinetics. On the other hand, the thiol-ene step growth polymerization continues to 

a fairly high conversion in a medium with a relatively low viscosity before gelation. As a 

result, a shrinkage which accompanies the process occurs in a medium of low viscosity. The 

delamination of films caused by this type of shrinkage is quite low compared to the shrinkage 

that takes place in traditional acrylate type free-radical polymerization, where the shrinkage 

arises during and/or after the widespread formation of the crosslinked network (23). 
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In the case of combination of thiols with a multi-functional acrylate monomer, a free-radical 

polymerization takes place involving the two step thiol-ene reaction, in addition to 

homopolymerization of the acylate groups (23). The thiol copolymerizes with the acrylate by 

thiyl addition to the acrylate bond followed by the hydrogen abstraction of thiol hydrogen, 

and acrylate bonds homopolymerize by acrylate group propagation. Therefore the 

polymerization of thiol-acrylate mixtures is a practically fast process (22). 

Obviously, the structure of the networks created by thiol-acrylate systems is different from the 

ones formed by the di-functional acrylates alone. Although the precise structure of the 

networks is not known, its homogeneity is relatively significant thanks to the crosslink density 

(22). 

3.2.3.5 Spontaneous Curing 

One of the great achievements of hydrogel-based technology is in-situ crosslinking 

mechanisms which allow aqueous mixtures of gel precursors to be administered to the body 

and subsequently crosslink. The crosslinking is carried out either physically due to the change 

in temperature or pH, or chemically by Michael-type addition reaction or disulfide bond 

formation (13). Some examples of spontaneously crosslinked hydrogels are shown in this 

section. 

 Bergman et al. presented that a reaction between aldehyde modified hyaluronic acid 

(HAA) and hydrazide modified PVA (PVAH) can be carried out spontaneously and 

selectively in vivo. Hydrozone linkages were responsible for the network crosslinkins 

(see Figure 8). The only byproduct of hydrazone formation was water and no toxic 

substances were released (25). 

 

 

Figure 8: Cross-linking reaction between HAA and PVAH) is highly selective and is held together by stable 

hydrazone bonds (highlighted region) (25) 

 In a study done by Dubose et al., a reaction between PEG-acrylates and DTT through 

a Michael type addition reaction was used for spontaneous hydrogel formation (see 

Figure 9). Variation in pH of the solution in which the reaction occured allowed 
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yielding a gelation time between 2-5 minutes. Increasing the crosslinking efficiency 

could either be done by increasing the PEG concentration in initial reactions or the 

number of arms per PEG (26). 

 

Figure 9: Michael-type addition reaction between an acrylate group and a thiol group (26) 

 By applying a two-step reaction and using adipic acid dihydrazide (ADH) and N-

acryloxysuccinimide (NAS), J. Kim et al. could carry out the acrylation of hyaluronic 

acid (HA). The two step process included introduction of an amine group using ADH, 

and acrylation by N-acryloxysuccinimide. The hydrogel formation was prformed 

within 10 minutes under physiological conditions by a Michael-type addition addition 

reaction using tetrathiolated poly (ethylene) glycol (PEG-SH4) as a crosslinker (see 

Figure 10) (27). 

 

Figure 10: Introduction of acryl group to the HA (A), and HA-based hydrogel preparation (B) (27) 

 After preparation of adipic acid dihydrazide grafted hyaluronic acid (HA-ADH), S.K. 

Hahn et al. modified it into methacrylated hyaluronic acid (HA-MA). DTT was used 

as the crosslinker and the hydrogel was prepared by Michael addition chemistry 

between thiol and methacrylate groups (see Figure 11) (28). 
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Figure 11: (A) HA-MA preparation by grafting methacrylic anhydride onto HA-ADH, (B) HA-MA hydrogel 

preparation by crosslinking with dithiothreitol (DTT) via Michael type addition reaction (28) 

3.2.4 Theory of Methods 

Depending on the application of the materials, various types of characterization tests can be 

carried out before use; for example mechanical, thermal, chemical, optical, electrical, etc. In 

this chapter, the theory of test methods applied for the studied hydrogels are described briefly. 

These methods include swelling tests, leaching tests, Raman spectroscopy, and mechanical 

tests (tensile test and rheology test). 

3.2.4.1 Water Content and Swelling Ratio 

One of the basic properties of hydrogels is the interaction of polymer chains with the solvent 

molecule which results in the expansion of hydrogel to the fully solvated state (9). At the 

same time, the crosslinked network retracts and pulls back the polymer chain inside. The 

counterbalance between these two opposing forces is dependent on the solvent and the 

temperature. 

Mechanical properties of a hydrogel are also dependent on its water content, for instance 

modulus and yield strength decreases as the water content increases, whereas elongation has 

the opposite behavior (29). Furthermore, due to the dominant influence of swelling behavior 

of hydrogels on important factors such as the solute diffusion coefficient, surface wettability 

and mobility, optical properties, and mechanical properties, it is considered as an important 

parameter especially in biomedical and pharmaceutical applications (9). 

Water content and swelling ratio are two parameters which are commonly used for describing 

the swelling behavior of hydrogels (9). Water content can be used as a mean to estimate the 

crosslinking extent of hydrogels. It is expressed as the weight ratio of water in hydrogel to the 
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whole wet hydrogel (9; 30) (Eq. 1). For example, hydrogels used for contact lenses usually 

have water contents between 38% to 75% (9). Hydrogels with water contents over 90% are 

called superabsorbent hydrogels. 

Eq. 1                                     

Swelling ratio is defined by the weight of the swollen gel divided by that of the same sample 

in dry state (9) (Eq. 2). 

Eq. 2    

Volumetric Swelling Ratio is another parameter which can be applied for describing the 

swelling behavior of hydrogels, and is defined by the volume of the hydrogel in the swollen 

state divided by the volume of the hydrogel dry state (31). 

Eq. 3    

3.2.4.2 Leaching Test 

Leaching test is a mean to assess which monomers migrate and leach out of a sample in a 

particular solvent. The extent of migration can also be studied by leaching test. Deuterated 

solvents are used for detecting the migrated monomers by NMR (Nuclear Magnetic 

Resonance) spectroscopy. The same solvent, but not deuterated is usually used for assessing 

the weight of migrated substances, so that the material is weighed in the dry state both before 

and after being immersed in the solvent. Weight loss ratio is calculated according to Eq. 4. 

Eq. 4 
–

 

3.2.4.3 Raman Spectroscopy 

Infrared absorption and Raman scattering are two common spectroscopic techniques 

employed for detecting vibrations in molecules (32). They mostly provide information on 

chemical structures and physical forms, to identify substances from spectral patterns, and to 

assess the amount of a particular substance in a sample, quantitatively or semi-quantitatively 

(32). Mainly due to problems with sample degradation and fluorescence, Raman scattering is 

less widely used compared to infrared absorption. However, the recent improvements in 

instrument technology regarding the simplification of the instrument and reduction in the 

mentioned problems, together with the ability of Raman spectroscopy to test aqueous 

solutions, samples inside glass containers and samples with no preparations have made it 

more applicable (32). 

Since the relevant signals in IR spectra are very weak, Raman spectra was chosen for this 

study (in which it is possible to observe sharp peaks for –SH groups at the range of 2550-

2600 cm
-1

). 
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3.2.4.4 Mechanical Tests 

One of the basic concepts and parameters applied in evaluation of mechanical deformation is 

stress, which is defined as force per unit area and is usually expressed in Newtons per square 

meter (Pascal, Pa) or pounds force per square inch (psi) (see Eq. 5). 

Eq. 5    

A material may undergo mechanical deformation in the form of tension (Figure 12-a), 

compression (Figure 12-b), and shear (Figure 12-c) or any combination of them. The shear 

stress can also be produced by unaxial tension or compression (Figure 12-d) (7). 

 

Figure 12: Different modes of deformation: (a) tension, (b) compression, (c) shear, and (d) shear in tension (7) 

The response generated to an applied stress due to the deformation of the object is called 

strain (see Eq. 6). 

Eq. 6   

Another way for representing strain is using the stretch ratio, i.e. deformed length divided by 

original length (7). Deformations made by different modes of stress are called tensile, 

compressive, and shear strain (see Figure 12). 

 

Figure 13: Stress–strain behavior of an idealized material (7) 
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Figure 13 shows a stress-strain curve plotted on a graph representing a continuous response 

of an idealized material toward the applied force. The curve can be set apart into two regions, 

elastic and plastic regions, by a specific point called the yield point (ζy or YP). According to 

Hooke’s law (see Eq. 7), the strain in the elastic region (ε) has a direct proportion to the 

imposed stress (ζ). 

In the elastic region, the strain ε increases in direct proportion to the applied stress ζ. Eq. 7 is 

valid for tensile or compression modes of deformation and the analysis for the shear mode 

has a quite similar procedure, but different constants are involved (7; 33). 

Eq. 7    

The proportionality constant (E) is called Young's modulus or the modulus of elasticity. A 

material with a higher E is a stiffer material and it is harder to deform it. 

On the contrary to the elastic region, the strain change to the imposed stress in the plastic 

region is not proportional. The deformation made in the plastic region, or so called plastic 

deformation is permanent and the material cannot go back to its initial shape after entering 

this region. 

The peak stress in Figure 13 which is followed by a decrease is called tensile or ultimate 

tensile strength (TS). FS in Figure 13 represents the stress at which failure occurs and is 

known as the failure or fracture strength. 

Tensile Test 

Tensile test evaluates materials’ strength where the applied force pulls the material from both 

sides until the specimen undergoes shape shift or breaks. Tensile testing basically follows the 

principles mentioned about direct proportional stress-strain curves. The type of deformation 

applied in tensile test is tension and is mostly used to characterize the elastic properties of 

materials. The important parameters which can be measured by this type of test are 

elongation, ultimate strength, yield point, and modulus of elasticity. According to Eq. 7, 

elastic modulus is easily defined as the slope of the stress-strain curve in the elastic 

deformation area. 

Rheology  

Rheology deals with measuring viscoelastic properties of materials, flow of fluids, and 

deformation of solids in different forms of stress and strain. The important parameters which 

can be measured by this type of test are yield stress, kinetic properties, complex viscosity, 

storage and loss modulus, creep, and recovery. There are three different categories of 

rheometers: rotational, capillary, and extensional rheometer. Rotational rheometer which is 

also known as stress-strain rheometer is the most conventionally used of these. 

Two important parameters frequently used in rheology testing of viscoelastic solid materials 

are storage and loss modulus. The storage modulus measures the stored energy and the loss 

modulus measures the wasted energy in the form of heat. They respectively characterize the 



21 

 

elastic and the viscous portion. Eq. 8 and Eq. 9 show tensile storage and loss moduli, 

respectively (34), where ζ0 is initial stress, ε0 is initial strain, and δ is phase lag between 

stress and strain. 

Eq. 8      

Eq. 9      

G' and G'' are similarly defined as shear storage and loss moduli. Another frequent parameter 

used in rheological studies is tan (δ) or so called Delta tangent, which is the tangent of the 

phase angle, i.e. the ratio of viscous modulus to elastic modulus. This parameter is a useful 

quantifier of the presence and extent of elasticity in a fluid. 

4. Materials and Methods 

Three types of PEG-based materials were synthesized in the present project. These include (a) 

allylated, (b) acrylated, and (c) maleimidated functional PEGs of varying molecular weights; 

however, the focus was on di- and tetra- acrylated PEG-based hydrogels. The preparation 

methods and hydrogel production details are described in this chapter; the relative data and 

spectra regarding supplementary materials as well as the main materials can be found in 

appendices. 

Di-acrylation of PEG was done for two different molecular weights, 2 and 6 kDa (Fluka-

Sigma Aldrich). Related hydrogels were also produced using a tri-functional thiol, 

ethoxylated trimethylolpropan tri-3-mercaptopropionate (ETTMP Mw: 1300 Da, Thiocure-

Bruno Bock) (see Figure 14). One of the molecular weights, 6 kDa, was chosen for 

preparation of tetra-acrylated PEG material, and the related hydrogels were produced 

applying two different thiols, ETTMP 1300 Da and dithiothreitol (DTT, Apollo) (see Figure 

15) as a di-functional SH-crosslinker. Table 2 shows a list of produced PEG-based materials. 

A list of prepared hydrogels can be found in Table 3 and Table 4 in sections 5.2.1 and 5.2.2, 

respectively. 

A Bruker Avance 400 MHz NMR machine was applied for obtaining all the NMR spectra 

presented in this report. The solvent used for NMR sample preparations in this report are 

either deuterated chloroform (CIL Inc.) or deuterated methanol (CIL Inc.). 

The UV lamp utilized for curing the hydrogels prepared in this study was a UVP-BlakRay
®

, 

0.6 Amps @ 220 V, 50 Hz, 15 Watts (Joules/sec), 165 nm BLB. 
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Figure 14: Ethoxylated trimethylolpropan tri-3-mercaptopropionate (ETTMP) 

 

 

Figure 15: Dithiothreitol (DTT) 

 

Table 2: List of Produced PEG-based Polymers 

Synthesized Polymers 

PEG (6 kDa) di-allyl 

PEG (2 kDa) di-acrylate 

PEG (6 kDa) di-acrylate 

PEG (6 kDa) BisMPA tetra-acrylate 

PEG (6 kDa) di-maleimide 

PEG (6 kDa) BisMPA tetra-maleimide 

 

A Perkin Elmer FTIR Spectrum 2000 was used for obtaining Raman spectra in order to 

analyze the components, the functionalization, and the bonding of all the samples. 

Tensile tests were carried out by a MiniMat 2000 machine (Miniature Materials Tester, 

Rheometric Scientific). 

Viscoelastic of the hydrogels was studied by performing oscillatory shear experiments 

applying a TA Instruments ARES 4400 rheometer with parallel plate geometry at 25 °C. 

Diameter of the parallel planes was 8.0 mm and the frequency chosen for the test was 1.0 Hz. 
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4.1 Preparation and Functionalization of the Polymers 

4.1.1 Preparation of PEG (6 kDa) BisMPA Tetra-acrylate 

4.1.1.1 Preparation of Protected PEG (6 kDa) BisMPA 

The PEG (30.0 g, 5*10
-3

 moles, Mw: 6 kDa) was dried by azeotropic distillation in 600 ml 

toluene (Fisher) for 1 hour. Subsequently, toluene was removed. After cooling to room 

temperature, 75 ml of dichloromethane (Emsure-Merck), pyridine (30 ml, 1.0 eq., VWR), and 

DMAP (0.22 g, 0.4 eq., 2*10
-3

 moles, Aldrich) were added. The reaction was started by 

addition of BisMPA-anhydride (9.9 g, 6.0 eq., 3*10
-2

 moles) dissolved in dichloromethane. 

The reaction proceeded with stirring overnight at room temperature. The produced protected 

PEG BisMPA was precipitated in diethyl ether (900 ml, AnalaR Normapur-Prolabo/VWR) 

and was recovered by filtration (see Figure 16). 
1
H NMR and 

13
C NMR spectra can be found 

in Appendix 1. 

 

Figure 16: Protected PEG BisMPA 

4.1.1.2 Deprotection of PEG (6 kDa) BisMPA 

The protected PEG BisMPA was dissolved in methanol (900 ml, Merck) and Dowex (30.0 g, 

Alfa Aesar) was added to the solution. The reaction proceeded with stirring for 2 hours at 45 

°C. Dowex was removed by filtration and product was concentrated. The produced 

deprotected PEG BisMPA (see Figure 17) was precipitated in diethyl ether (900 ml) and was 

recovered by filtration. 
1
H NMR and 

13
C NMR spectra can be found in Appendix 1. 

 

Figure 17: Deprotected PEG BisMPA 

4.1.1.3 Acrylation of Deprotected PEG (6 kDa) BisMPA 

The deprotected PEG BisMPA (10.0 g, 1.6*10
-3

 moles) was dried by freeze drying and 

subsequently dissolved in 500 ml of tetrahydrofuran (Merck). Acryloyl chloride (2.9 g, 20.0 

eq. (5.0 eq. per OH group), 0.032 moles, Fluka-Sigma Aldrich) was added and the solution 

was left stirring at room temperature for 15 min. The reaction was started by dropwise 

addition of triethylamine (3.56 g, 22.0 eq., 0.0352 moles, Merck). Hydrochinon (0.01 g, 

Aldrich) was added to the solution and the reaction proceeded with stirring for 15 min at room 

temperature. The volume of the solution was reduced by rotary evaporation. The reaction 

mixture was precipitated in diethyl ether (600 ml) and was recovered by filtration. The 
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filtered pale yellow mixture of product and byproducts were dissolved in methanol (100 ml) 

and filtered in an acidic activated alumina bed (Aldrich), in order to keep the produced salt 

protonated. Tetra-acrylated PEG BisMPA (see Figure 18) was precipitated in diethyl ether 

(600 ml) and recovered by filtration. 
1
H NMR and 

13
C NMR spectra can be found in 

Appendix 1. 

 

Figure 18: Tetra-acrylated PEG BisMPA 

4.1.2 Preparation of PEG (6 kDa) Di-acrylate 

The PEG (10.0 g, 1.67*10
-3

 moles, Mw: 6 kDa) was dried by azeotropic distillation in 200 ml 

toluene for 1 hour. Subsequently, toluene was removed. After cooling to room temperature, 

400 ml of tetrahydrofuran was added. Acryloyl chloride (1.51 g, 10.0 eq. (5.0 eq. per OH 

group), 0.0167 moles) was added and the solution was left stirring at room temperature for 15 

min. The reaction was started by dropwise addition of triethylamine (1.85 g, 11.0 eq., 0.0183 

moles). Hydrochinon (0.01 g) was added to the solution and the reaction proceeded with 

stirring for 15 min at room temperature. Volume of the solution was reduced by rotary 

evaporation. The product along with the byproducts was precipitated in diethyl ether (600 ml) 

and was recovered by filtration. The filtered pale yellow mixture of product and byproducts 

were dissolved in methanol (100 ml) and filtered in an acidic activated alumina bed. Di-

acrylated PEG (see Figure 19) was precipitated in diethyl ether (600 ml) and recovered by 

filtration. 
1
H NMR and 

13
C NMR spectra can be found in Appendix 1. 

 

Figure 19: Di-acrylated PEG 

4.1.3 Preparation of PEG (2 kDa) Di-acrylate 

The PEG (10.0 g, 5*10
-3

 moles, Mw: 2 kDa) was dried by azeotropic distillation in 200 ml 

toluene for 1 hour. Subsequently, toluene was removed. After cooling to room temperature, 

400 ml of tetrahydrofuran was added. Acryloyl chloride (4.52 g, 10.0 eq. (5.0 eq. per OH 

group), 0.05 moles) was added and the solution was left stirring at room temperature for 15 

min. The reaction was started by dropwise addition of triethylamine (5.56 g, 11.0 eq., 0.055 

moles). Hydrochinon (0.01 g) was added to the solution and the reaction proceeded with 

stirring for 15 min at room temperature. Volume of the solution was reduced by rotary 

evaporation. The product along with the byproducts was precipitated in diethyl ether (600 ml) 
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and was recovered by filtration. The filtered pale yellow mixture of product and byproducts 

were dissolved in methanol (100 ml) and filtered in an acidic activated alumina bed. Di-

acrylated PEG (see Figure 19) was precipitated in diethyl ether (600 ml) and recovered by 

filtration. 
1
H NMR and 

13
C NMR spectra can be found in Appendix 1. 

4.1.4 Preparation of PEG (2 kDa) Di-allyl 

The PEG (10.0 g, 0.005 moles, Mw: 2 kDa) was dried by azeotropic distillation in 200 ml 

toluene for 1 hour. Subsequently, toluene was removed. After cooling to room temperature, 

25 ml of dichloromethane, pyridine (10 ml), and DMAP (0.239 g, 0.4 eq., 0.002 moles) were 

added. The reaction was started by addition of allyl-anhydride (19.3 g, 10.0 eq., (5.0 eq. per 

OH group), 0.05 moles) dissolved in dichloromethane. The reaction proceeded with stirring 

overnight at room temperature. The produced PEG di-allyl (see Figure 20) was precipitated in 

diethyl ether (600 ml) and recovered by filtration. 
1
H NMR and 

13
C NMR spectra can be 

found in Appendix 1. 

 

Figure 20: Di-allelated PEG 

4.1.5 Preparation of PEG (6 kDa) Di-maleimide 

4.1.5.1 Preparation of Maleimide Anhydride 

According to a previously described protocol (35), a suspension of maleic anhydride (15.0 g, 

0.153 moles, Acros Organics) and β-alanine (13.75 g, 1.0 eq., 0.154 moles, Aldrich) in acetic 

acid (120 ml, Sigma Aldrich) was heated to reflux in a bath with a temperature of 170 °C for 

90 min. After cooling to room temperature, volume of the solution was reduced by rotary 

evaporation. Residual acetic acid was removed by azeotropic distillation in 200 ml toluene for 

1 hour. Subsequently, toluene was removed. The residue was dissolved in 150 ml of distilled 

water and extracted with 450 ml of ethyl acetate (Aldrich). The combined organic extracts 

were dried by magnesium sulfate (Acros Organics). Magnesium sulfate was filtered and the 

volume of the solution was reduced by rotary evaporation. The crude residue was 

recrystallized by keeping the solution in 7 °C. 

The recrystallized maleimide acid (8.6 g, 0.051 moles) was dissolved in dimethylformamide 

(140 ml, GPR Rectapur-VWR) and the reaction was started by dropwise addition of 

dicyclohexylcarbodiimide (5.25 g, 0.5 eq., 0.0255 moles, Aldrich) dissolved in 

dimethylformamide. The reaction proceeded with stirring overnight at room temperature. The 

byproducts (dicyclohexylcarbodiimide urea) were filtered and volume of the solution was 

reduced by rotary evaporation. The solution containing maleimide anhydride was kept in 

freezer. Figure 21 shows the schematic molecular structure of maleimide anhydride. 
1
H NMR 

and 
13

C NMR spectra are available in Appendix 1. 
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Figure 21: Maleimide anhydride 

4.1.5.2 Maleimidation of PEG (6 kDa) 

The PEG (5.0 g, 8.33*10
-4

 moles, Mw: 6 kDa) was dried by azeotropic distillation in 100 ml 

toluene for 1 hour. Subsequently, toluene was removed. After cooling to room temperature, 

25 ml of dichloromethane, pyridine (5 ml), and DMAP (0.04 g, 0.4 eq., 3.33*10
-4

 moles) were 

added. The reaction was started by dropwise addition of maleimide-anhydride (2.80 g, 10.0 

eq., (5.0 eq. per OH group), 8.33*10
-3

 moles) dissolved in dichloromethane. The reaction 

proceeded with stirring overnight at room temperature. The produced PEG di-maleimide (see 

Figure 22) was precipitated in diethyl ether (300 ml) and recovered by filtration. 
1
H NMR and 

13
C NMR spectra are available in Appendix 1. 

 

Figure 22: PEG Di-maleimide 

4.1.6 Preparation of PEG (6 kDa) BisMPA Tetra-maleimide 

The tetra-armed PEG BisMPA (5.0 g, 8*10
-4

 moles (see section 4.1.1.1 and 4.1.1.2)) was 

dried by azeotropic distillation in 100 ml toluene for 1 hour. Subsequently, toluene was 

removed. After cooling to room temperature, 25 ml of dichloromethane, pyridine (5 ml), and 

DMAP (0.08 g, 0.8 eq., 6.4*10
-4

 moles) were added. The reaction was started by dropwise 

addition of maleimide-anhydride (5.38 g, 20.0 eq., (5.0 eq. per OH group), 0.016 moles) 

dissolved in dichloromethane. The reaction proceeded with stirring overnight at room 

temperature. The produced PEG tetra-maleimide (see Figure 23) was precipitated in diethyl 

ether (300 ml) and recovered by filtration. 
1
H NMR and 

13
C NMR spectra are available in 

Appendix 1. 

 

Figure 23: Tetra-Meleimidated PEG BisMPA 
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4.2 Preparation of Hydrogels 

4.2.1 UV Cured Hydrogels 

The solvent used for preparation of all UV-cured hydrogels was a mixture of ethanol and 

distilled water in a 70:30 ratio. The amount of solvent applied for the preparation of hydrogels 

was 1.17 ml (1 g) per 1 g of the dry content. 1-Hydroxy-cyclohexyl-phenyl-ketone (Ciba- 

Irgacure 184) was used as the photoinitiator. The amount of photoinitiator in all the hydrogels 

was 0.2 %wt. of the dry content, and was applied from a 1% stock solution in which the 

solvent was a mixture of ethanol and distilled water in a 70:30 volume ratio. 

One specific procedure was used for the preparation of all UV-cured hydrogels. The ene was 

weighed and dissolved in the solvent. The thiol was dissolved in the solvent in another vial 

and subsequently added to the ene solution. The photoinitiator was added to the mixture from 

the stock solution. The mixture was vortexed in order to homogenize the solution. The 

homogenized solution was subsequently poured into a teflon mold in the form of strips. This 

was then followed by exposure to UV light. 

Table 3 shows the details regarding UV-cured hydrogels, including the applied ene and thiol. 

The molar ratio for thiols to enes for all the hydrogels was 1:1. In order to make it easier to 

recall the hydrogels, abbreviated names are also used in Table 3. As an example, in U2-

2ALE, ‘U’ stands for UV-cured, the first ‘2’ stands for 2 kDa (the molecular weight of the 

applied PEG), the second ‘2’ stands for the functionality of the ene (di-), ‘AL’ stands for allyl, 

and ‘E’ stands for the applied SH-crosslinker (ETTMP 1300 Da). 

Table 3: UV cured hydrogels. 

Designation Ene Thiol 

U2-2ALE PEG (2 kDa) di-allyl ETTMP 1300 Da 

U2-2ACE PEG (2 kDa) di-acrylate ETTMP 1300 Da 

U6-2ACE PEG (6 kDa) di-acrylate ETTMP 1300 Da 

U6-4ACE PEG (6 kDa) BisMPA tetra-acrylate ETTMP 1300 Da 

U6-4ACD PEG (6 kDa) BisMPA tetra-acrylate DTT 

4.2.2 Spontaneously Cured Hydrogels 

The solvent used for preparation of spontaneously cured hydrogels was Phosphate Buffered 

Saline (PBS) prepared at the laboratory, with three different levels of pH, 7.0, 7.4, and 7.8. 

One specific procedure was used for the preparation of all spontaneously cured hydrogels. 

The ene was weighed and dissolved in the solvent. The thiol was dissolved the solvent in 

another vial and subsequently added to the ene solution. The mixture was vortexed in order to 

homogenize the solution. The homogenized solution was subsequently poured into a teflon 

mold in the form of strips. This was then left in room temperature until the gels were formed. 

Evaluation of gel formation time was performed by visual assessment and using a stopwatch, 

so that immediately after adding the thiol to the mixture it was left on a magnetic stirrer with a 
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stirring bar (10 × 5.5 mm; 200 rpm) inside. The stopwatch was stopped and the time was 

recorded when the stirring bar stopped rotating due to gel formation. 

The molar ratio for thiols to enes for all the hydrogels was 1:1. Table 4 shows the details 

regarding spontaneously cured hydrogels, including the applied ene, thiol, and the PBS pH 

level. In order to make it easier to recall the hydrogels, abbreviated names are also used in 

Table 4. As an example, in S2-2ALE-7.0, ‘S’ stands for spontaneously cured, the first ‘2’ 

stands for 2 kDa (the molecular weight of the applied PEG), the second ‘2’ stands for the 

functionality of the ene (di-), ‘AL’ stands for allyl, ‘E’ stands for the applied SH-crosslinker 

(ETTMP 1300 Da), and ‘7.0’ stands for the PBS pH level. 

Table 4: Spontaneously cured hydrogels 

Designation Ene Thiol PBS pH 

S2-2ALE-7.0 PEG (2 kDa) di-allyl ETTMP 1300 Da 7.0 

S2-2ALE-7.4 PEG (2 kDa) di-allyl ETTMP 1300 Da 7.4 

S2-2ALE-7.8 PEG (2 kDa) di-allyl ETTMP 1300 Da 7.8 

S2-2ACE-7.0 PEG (2 kDa) di-acrylate ETTMP 1300 Da 7.0 

S2-2ACE-7.4 PEG (2 kDa) di-acrylate ETTMP 1300 Da 7.4 

S2-2ACE-7.8 PEG (2 kDa) di-acrylate ETTMP 1300 Da 7.8 

S6-2ACE-7.0 PEG (6 kDa) di-acrylate ETTMP 1300 Da 7.0 

S6-2ACE-7.4 PEG (6 kDa) di-acrylate ETTMP 1300 Da 7.4 

S6-2ACE-7.8 PEG (6 kDa) di-acrylate ETTMP 1300 Da 7.8 

S6-4ACE-7.0 PEG (6 kDa) BisMPA tetra-acrylate ETTMP 1300 Da 7.0 

S6-4ACE-7.4 PEG (6 kDa) BisMPA tetra-acrylate ETTMP 1300 Da 7.4 

S6-4ACE-7.8 PEG (6 kDa) BisMPA tetra-acrylate ETTMP 1300 Da 7.8 

S6-4ACD-7.0 PEG (6 kDa) BisMPA tetra-acrylate DTT 7.0 

S6-4ACD-7.4 PEG (6 kDa) BisMPA tetra-acrylate DTT 7.4 

S6-4ACD-7.8 PEG (6 kDa) BisMPA tetra-acrylate DTT 7.8 

 

4.3 Equilibrium Swelling of Hydrogels 

For swelling studies, the sample hydrogels were first dried in 40 °C and vacuum atmosphere 

for 24 hours in order to get rid of the remaining solvent. Then they were measured in weight 

and volume in the dry state. Subsequently, they were immersed in 10 ml of distilled water. 

The hydrogels still showed some small changes both in volume and weight after 3 days; 

however, the changes were negligible after 4 days. Therefore, the samples were weighed and 

measured in size at day 5. Water content and swelling ratio were calculated according to Eq. 1 

and Eq. 2, respectively. Volumetric swelling ratio was calculated according to Eq. 3. In order 

to reduce inaccuracy, three samples were prepared for each material and the mean value was 

used in the calculations. All the experimental data and calculated properties are available in 

Appendix 2. 

4.4 Leaching Test 

For leaching studies, the sample hydrogels were first dried in 40 °C and vacuum atmosphere 

for 24 hours in order to get rid of the remaining solvent. Then they were weighed in the dry 
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state. Subsequently, they were immersed in 10 ml of chloroform (Fisher). The solvent was 

removed after each day and fresh solvent was replaced. After the third day, the samples were 

dried in 40 °C and vacuum atmosphere for 24 hours. Then the samples were accurately 

weighed and Weight Loss Ratio was calculated according to Eq. 4. In order to reduce 

inaccuracy, three samples were prepared for each material and the mean value was used in the 

calculations. All the experimental data and calculated properties are available in Appendix 3. 

One sample per each material was immersed in 10 ml of deuterated chloroform. After one day 

the solvent was removed and used for proton NMR analysis. Starting materials were used as 

reference. 
1
H NMR spectra of the leached hydrogels and the reference materials including the 

enes, thiols, and the applied photoinitiator are available in Appendix 3. 

4.5 Raman Spectroscopy 

For Raman spectroscopy, the sample hydrogels were first dried in 40 °C and vacuum 

atmosphere for 24 hours in order to get rid of the remaining solvent. Starting materials were 

used as reference. All the obtained Raman spectra are available in Appendix 4. 

4.6 Tensile Test 

For tensile tests, all the samples were applied in the equilibrium swollen state (treatment 

described in section 4.3). Before the test all the strip shaped samples were cut into dog leg-

shaped specimens by applying a metallic mold with sharp edges. The stress-strain curves and 

the obtained elastic moduli can be found in Appendix 5. 

4.7 Rheological Characterization of Hydrogels 

Rheology tests were conducted by dynamic single point measurements with a strain of 1% for 

all the hydrogels. The initial conducted force before starting the test (in order to avoid 

slippage) was 750 mN. All samples were in the equilibrium swollen state (treatment described 

in section 4.3). They were subsequently cut into a cylindrical shape samples with 8 mm 

diameter. The graphs and data regarding the rheology test can be found in Appendix 6. 

5. Results and Discussion 

5.1 Synthesis and Functionalization of Polymers 

Allylated and acrylated PEGs were successfully synthesized in di-functional form. Since the 

spontaneous curing of di-allylated PEG did not take place (see section 5.2.2), the synthesis of 

tetra-allylated PEG was skipped. However, acrylation of tetra-armed PEG was successfully 

performed. The NMR spectrum shown in Figure 24 confirms the success of the acrylation 

process. 
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Figure 24: 
13

C NMR spectra – PEG (6 kDa) BisMPA tetra-acrylate 

NMR spectra regarding maleimidation reaction did not show satisfactory results neither for 

di- nor for tetra- armed PEG. Some extra peaks were expected to appear in the NMR spectra 

regarding the produced acids, impurities, or any possible byproducts; however, not only the 

extra peaks but also most of the vital peaks were missing (see Figure 25 and Figure 26). 

PEGs with molecular weights of 8 kDa and 20 kDa were skipped in early stages of synthesis. 

The reason for this was the problem regarding their loose structure which consequently 

resulted in losing their initial shape and making clumps in swelling and leaching test. 

Furthermore, the mechanical test results were not reliable and the spectra included a lot of 

noise and errors. Acrylation of PEG BisMPA was also skipped for the molecular weight of 2 

kDa. The problem here was the difficulties regarding the purification processes due the high 

density of the present functional groups. 
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Figure 25: PEG (6 kDa) Di-maleimide – 
13

C NMR Spectra 

 

Figure 26: PEG (6 kDa) BisMPA Tetra-Maleimide - 
13

C NMR Spectra 
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5.2 Crosslinking Characteristics of Hydrogels 

5.2.1 UV Cured Hydrogels 

Table 5 shows the details regarding UV-cured hydrogels, including the UV exposure time 

needed for their crosslinking procedure. Figure 27 compares the UV-cured hydrogels 

regarding their curing time. 

Comparing the hydrogels including PEGs of the same molecular weight (2 kDa) revealed that 

di-acrylated PEG (U2-2ACE) cures faster than di-allylated PEG (U2-2ALE) (see Figure 27). 

Table 5: Curing time for UV-cured hydrogels 

Designation Ene Thiol 

UV 

Exposure 

Time 

U2-2ALE PEG (2 kDa) di-allyl ETTMP 1300 Da 25 min 

U2-2ACE PEG (2 kDa) di-acrylate ETTMP 1300 Da 10 min 

U6-2ACE PEG (6 kDa) di-acrylate ETTMP 1300 Da 20 min 

U6-4ACE PEG (6 kDa) BisMPA tetra-acrylate ETTMP 1300 Da 10 min 

U6-4ACD PEG (6 kDa) BisMPA tetra-acrylate DTT 15 min 

 

Either increasing the functionality or decreasing the molecular weight of PEG resulted in a 

twofold decrease in the curing time (U6-2ACE vs. U6-4ACE and U2-2ACE) (see Figure 27). 

A significant increase in curing time was observed by a shift from ETTMP 1300 Da to DTT 

as the applied SH-crosslinker (U6-4ACE vs. U64ACD) (see Figure 27). 

 

Figure 27: Comparison of UV-cured hydrogels regarding their curing time 
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5.2.2 Spontaneously Cured Hydrogels 

Since the pH of blood and the body fluids is between 7.35 and 7.45, the pH level for the 

prepared PBS used as solvent was adjusted to 7.4. In order to investigate the effects of 

changing pH level on different properties of the hydrogels, PBS pH level was once decreased 

and once increased to 7.0 and 7.8, and all the preparation process was repeated in both pH 

levels for different systems. Table 6 shows the details regarding spontaneously cured 

hydrogels, including their gelling time. 

Di-allylated PEG did not cure in any of the adjusted pH levels, even after 3 days. Figure 28 

compares the spontaneously cured hydrogels regarding their gelling time. 

Table 6: Curing time for spontaneously cured hydrogels 

Designation Ene Thiol PBS pH 
Gelling 

Time 

S2-2ALE-7.0 PEG (2 kDa) di-allyl ETTMP 1300 Da 7.0 Failed 

S2-2ALE-7.4 PEG (2 kDa) di-allyl ETTMP 1300 Da 7.4 Failed 

S2-2ALE-7.8 PEG (2 kDa) di-allyl ETTMP 1300 Da 7.8 Failed 

S2-2ACE-7.0 PEG (2 kDa) di-acrylate ETTMP 1300 Da 7.0 35 min 

S2-2ACE-7.4 PEG (2 kDa) di-acrylate ETTMP 1300 Da 7.4 20 min 

S2-2ACE-7.8 PEG (2 kDa) di-acrylate ETTMP 1300 Da 7.8 15 min 

S6-2ACE-7.0 PEG (6 kDa) di-acrylate ETTMP 1300 Da 7.0 45 min 

S6-2ACE-7.4 PEG (6 kDa) di-acrylate ETTMP 1300 Da 7.4 30 min 

S6-2ACE-7.8 PEG (6 kDa) di-acrylate ETTMP 1300 Da 7.8 25 min 

S6-4ACE-7.0 PEG (6 kDa) BisMPA tetra-acrylate ETTMP 1300 Da 7.0 6 min 

S6-4ACE-7.4 PEG (6 kDa) BisMPA tetra-acrylate ETTMP 1300 Da 7.4 3½ min 

S6-4ACE-7.8 PEG (6 kDa) BisMPA tetra-acrylate ETTMP 1300 Da 7.8 1½ min 

S6-4ACD-7.0 PEG (6 kDa) BisMPA tetra-acrylate DTT 7.0 11 min 

S6-4ACD-7.4 PEG (6 kDa) BisMPA tetra-acrylate DTT 7.4 9 min 

S6-4ACD-7.8 PEG (6 kDa) BisMPA tetra-acrylate DTT 7.8 2½ min 

 

As shown in Figure 28, increasing the pH level resulted in a faster crosslinking process 

regardless of the molecular weight, functionality, and the applied SH-crosslinker. On the 

contrary, decreasing the pH level led to a slower curing procedure. 

Either increasing the functionality or decreasing the molecular weight of PEG resulted in a 

decrease in the gelling time. However, the extent of changes made by doubling the 

functionality was more dominant. The described effect was more or less the same for the 

other levels of pH (7.0 and 7.8), while the molecular weight or functionality was the varying 

parameter (see Figure 28). 

An increase in gelling time was observed by a shift from ETTMP 1300 Da to DTT as the 

applied SH-crosslinker (U6-4ACE-7.4 vs. U6-4ACD-7.4). The same effect was more or less 

observed in the other pH level, while the type of SH-crosslinker was the varying parameter 

(see Figure 28). 
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Figure 28: Comparison of spontaneously cured hydrogels regarding their gelling time 

5.3 Raman Spectra 

The main parameter to determine here, was the conversion of –SH groups into –S–C– groups. 

Hereto, it was possible to verify if functional groups influence different properties of the 

hydrogels. 

The –SH peak in reference spectra of both applied SH-crosslinkers (ETTMP 1300 Da and 

DTT) was observed at 2568 cm
-1

. This peak was almost absent or very negligible (if present) 

in all the hydrogel samples. The peak regarding the vinyl group (C=C, 1634 cm
-1

) existing in 

PEG-based starting materials was also missing in the Raman spectra of all the hydrogel 

samples. The absence or negligibility of the two peaks confirmed the high crosslinking 

efficiency in the produced hydrogels. 

Figure 29, Figure 30, Figure 31, Figure 32, and Figure 33 compare the Raman spectra of 

hydrogels based on the same starting materials (ene and thiol) with the spectra obtained from 

the relevant starting materials. The red and the blue boxes respectively show the area in which 

–SH and C=C peaks are expected to be observed. 

None of the factors including changing the molecular weight of PEG, changing the type of 

functionalized groups, changing the applied SH-crosslinker, changing the curing method, and 

changing the PBS pH level for spontaneously cured hudrogels had a considerable effect on 

the crosslinking efficiency or the thiol/vinyl peaks in the samples. 
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Figure 29: Comparison of Raman spectra of ‘UV cured PEG (2 kDa) di-allyl + ETTMP 1300 Da’ and the 

reference spectra of starting materials 
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Figure 30: Comparison of Raman spectra of UV and spontaneously cured samples based on ‘PEG (2 kDa) di-

acrylate and ETTMP 1300 Da’ and the reference spectra of starting materials 
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Figure 31: Comparison of Raman spectra of UV and spontaneously cured samples based on ‘PEG (6 kDa) di-

acrylate and ETTMP 1300 Da’ and the reference spectra of starting materials 



38 

 

 

Figure 32: Comparison of Raman spectra of UV and spontaneously cured samples based on ‘PEG (6 kDa) tetra-

acrylate and ETTMP 1300 Da’ and the reference spectra of starting materials 
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Figure 33: Comparison of Raman spectra of UV and spontaneously cured samples based on ‘PEG (6 kDa) di-

acrylate and DTT’ and the reference spectra of starting materials 
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5.4 Swelling Properties 

Table 7 shows the details regarding the average swelling ratio, water content (%), and 

volumetric swelling ratio for all produced hydrogels. Figure 34 compares the hydrogels 

regarding their swelling ratio and volumetric swelling ratio, and Figure 35 compares them 

regarding their water content. 

All these three parameters were slightly elevated for di-allylated PEG (U2-2ALE) compared 

to di-acrylated PEG (U2-2ACE). 

Table 7: Average swelling ratio, water content, and volumetric swelling ratio of the prepared hydrogels 

Designation Swelling Ratio 
Water Content 

(%) 

Volumetric 

Swelling Ratio 

U2-2ALE 5,03 80,12 5,59 

U2-2ACE 5,98 83,29 6,92 

U6-2ACE 16,05 93,77 16,56 

U6-4ACE 5,26 80,93 4,35 

U6-4ACD 7,01 85,73 7,43 

S2-2ACE-7.0 8,36 88,04 11,23 

S2-2ACE-7.4 8,99 88,87 8,75 

S2-2ACE-7.8 9,48 89,45 10,36 

S6-2ACE-7.0 20,28 95,07 19,57 

S6-2ACE-7.4 17,57 94,31 19,61 

S6-2ACE-7.8 19,57 94,89 22,29 

S6-4ACE-7.0 6,31 84,16 6,40 

S6-4ACE-7.4 9,72 89,71 9,05 

S6-4ACE-7.8 6,46 84,52 6,35 

S6-4ACD-7.0 12,27 91,85 8,77 

S6-4ACD-7.4 14,67 93,18 7,43 

S6-4ACD-7.8 14,95 93,31 10,65 

 

Either increasing the functionality or decreasing the molecular weight of PEG led to declined 

swelling properties. The same effect was observed in the spontaneously cured tetra-acrylated 

hydrogels with different PBS pH levels. 

The swelling properties were enhanced by a shift from ETTMP 1300 Da to DTT as the 

applied SH-crosslinker. The same effect was observed in the spontaneously cured tetra-

acrylated hydrogels with different PBS pH levels. 

Except for volumetric swelling ratio (which approximately possessed the same degree of 

changes), other swelling properties were higher in the spontaneously cured hydrogels. 

With no exception, all the spontaneously cured hydrogels with different levels of PBS pH 

level possessed higher swelling properties compared to the UV-cured hydrogels including the 

same starting materials. 
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Figure 34: Comparison of hydrogels regarding their Swelling Ratio and Volumetric Swelling Ratio 

 

Figure 35: Comparison of hydrogels regarding their Water Content 

Figure 36, Figure 37, and Figure 38 show the effects of PBS pH change on swelling ratio, 

volumetric swelling ratio, and water content, respectively. According to these figures, 

changing the PBS pH level did not have a considerable effect on these three parameters. 
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Figure 36: Effects of PBS pH change on swelling ratio 

 

Figure 37: Effects of PBS pH change on volumetric swelling ratio 
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Figure 38: Effects of PBS pH change on water content 

5.5 Leaching Test 

The 
1
H NMR spectra of all the leached samples can be found in Appendix 3. The leaching 

results showed that all the samples leach out thiol; however, no vinyl groups were leached 

out. The thiol peaks were observed between 1.56-1.63 ppm. The leaching results supported 

the results obtained from the Raman spectra, showing only some negligible peaks of thiol 

leftovers with no vinyl groups (see section 5.3). 

Table 8 shows the average weight loss ratio of the leached sample hydrogels. The weight loss 

ratio was significantly higher for di-allylated PEG (U2-2ALE) compared to di-acrylated PEG 

(U2-2ACE). 

Figure 39 compares the hydrogels regarding their average weight loss ratio. Either increasing 

the functionality or decreasing the molecular weight of PEG led to a slightly higher weight 

loss ratio, both in UV and spontaneously cured hydrogels. 

A shift from ETTMP 1300 Da to DTT as the applied SH-crosslinker led to an increase in the 

weight loss ratio in UV-cured hydrogels, while it had an opposite effect on spontaneously 

cured systems. 

As shown in Figure 39, UV-cured systems generally showed a higher weight loss ratio in 

comparison to spontaneously cured hydrogels based on the same starting materials. 

Figure 40 shows the effects of PBS pH change on weight loss ratio. According to Figure 40, 

any changes in PBS pH level (either increase or decrease) resulted in a dominant decrease in 

weight loss ratio, except S6-2ACE which showed an opposite behavior. 
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Table 8: Average Weight Loss Ratio of the leached hydrogels 

Designation 
Weight Loss Ratio 

(%) 

U2-2ALE 5,92 

U2-2ACE 25,28 

U6-2ACE 21,15 

U6-4ACE 20,4 

U6-4ACD 15,76 

S2-2ACE-7.0 16,69 

S2-2ACE-7.4 21,33 

S2-2ACE-7.8 16,2 

S6-2ACE-7.0 12,52 

S6-2ACE-7.4 10,54 

S6-2ACE-7.8 16,2 

S6-4ACE-7.0 10,4 

S6-4ACE-7.4 12,08 

S6-4ACE-7.8 10,05 

S6-4ACD-7.0 31,84 

S6-4ACD-7.4 39,06 

S6-4ACD-7.8 26,93 

 

 

Figure 39: Comparison of hydrogels regarding their weight loss ratio 
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Figure 40: Effects of PBS pH change on weight loss ratio 

5.6 Mechanical Tests 

5.6.1 Tensile Test 

Table 9 shows elastic modulus of the sample hydrogels obtained by the tensile test in the 

swollen state. The plots and the relevant data are available in Appendix 5. 

Table 9: Elastic modulus of the sample hydrogels obtained by tensile test 

Designation 
Elastic 

Modulus (kPa) 

U2-2ALE 292 

U2-2ACE 208 

U6-2ACE 69 

U6-4ACE 390 

U6-4ACD 193 

S2-2ACE-7.0 40 

S2-2ACE-7.4 180 

S2-2ACE-7.8 89 

S6-2ACE-7.0 2,4 

S6-2ACE-7.4 20,1 

S6-2ACE-7.8 15,4 

S6-4ACE-7.0 166 

S6-4ACE-7.4 177 

S6-4ACE-7.8 140 

S6-4ACD-7.0 39 

S6-4ACD-7.4 8 

S6-4ACD-7.8 15 
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Figure 41 compares the produced hydrogels regarding their elastic modulus obtained in the 

tensile test. According to Figure 41, elastic modulus for di-allylated PEG (U2-2ALE) 

possessed a higher amount compared to di-acrylated PEG (U2-2ACE), which promises a 

stronger and stiffer structure in the allylated system. 

Either increasing the functionality or decreasing the molecular weight of PEG led to an 

elevated elastic modulus (U2-2ACE vs. U6-4ACE and U6-2ACE). U6-4ACE was the 

strongest hydrogel between all of the hydrogels made by UV and spontaneously cured 

methods. As a general manner, UV-cured hydrogels showed a higher elastic modulus 

compared to spontaneously cured hydrogels. 

As shown in Figure 41, a shift from ETTMP 1300 Da to DTT as the SH-crosslinker reduced 

the elastic modulus (U6-4ACE vs. U6-4ACD). 

 

Figure 41: Comparison of hydrogels regarding their elastic modulus 

Figure 42 shows the effects of PBS pH change on elastic modulus. Either decreasing or 

increasing the PBS pH level decreased the elastic modulus of all spontaneously cured 

hydrogel systems, except for the tetra-acrylated system including DTT as the SH-crosslinker 

(S6-4ACD-7.4) which showed an opposite behavior. 
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Figure 42: Effects of PBS pH change on elastic modulus 

5.6.2 Rheology Test 

Single point measurement rheology test was carried out on the sample hydrogels in order to 

back up the results obtained by the tensile tests (see section 5.6.1); the plots and the relevant 

data are available in Appendix 6. 

Table 10 shows the rheological properties of the sample hydrogels (G′, G′′, and tan (δ)). In all 

the tested samples, an obvious elastic response is observed (G′>>G′′). In most of the cases, the 

data obtained by rheology tests support the tensile test results; however, there seems to be 

some sources of error in a few tests due to the small sample size and slippage of the samples 

during the tests. 

Figure 43 compares the hydrogels regarding their storage modulus. According to Figure 43, 

storage modulus for di-allylated PEG (U2-2ALE) possessed a higher amount compared to di-

acrylated PEG (U2-2ACE). 

Either increasing the functionality or decreasing the molecular weight of PEG led to an 

elevated storage modulus (U2-2ACE vs. U6-4ACE and U6-2ACE). U6-4ACE was the 

strongest hydrogel between all of the hydrogels made by UV and spontaneously cured 

methods. As a general manner, UV-cured hydrogels showed higher storage moduli compared 

to the spontaneously cured hydrogels based on the same starting materials. 

As shown in Figure 43, a shift from ETTMP 1300 Da to DTT as the SH-crosslinker reduced 

the storage modulus (S6-4ACE vs. S6-4ACD). However, the opposite behavior is observed 

for the UV-cured materials based on the same starting materials. 

Figure 44 shows the effects of PBS pH change on storage modulus. Either decreasing or 

increasing the PBS pH level decreased the storage modulus for all spontaneously cured 
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hydroges, except the tetra-acrylated system including ETTMP 1300 Da as the SH-crosslinker 

(S6-4ACE) which showed an opposite behavior. 

Since all the produced hydrogels in this study showed elastic behavior, loss modulus and delta 

tangent were not the center of interest. However, all the related data are available in Appendix 

6 and Table 10. Figure 45 and Figure 46 compare the produced hydrogels regarding their loss 

modulus and delta tangent, respectively. Figure 47 and Figure 48 show the effects of PBS pH 

change on loss modulus and delta tangent, respectively. 

Table 10: Shear storage modulus, shear loss modulus, and delta tangent of the hydrogel samples 

Designation G′ (Pa) G′′ (Pa) tan (δ) 

U2-2ALE 75513,6 369,98 0,00490 

U2-2ACE 24878,6 358,13 0,01440 

U6-2ACE 2762,9 31,42 0,01137 

U6-4ACE 21308 210,65 0,00988 

U6-4ACD 47599 427,54 0,00898 

S2-2ACE-7.0 12069 50,57 0,00419 

S2-2ACE-7.4 13909,6 3,34 0,00024 

S2-2ACE-7.8 11501 53,62 0,00466 

S6-2ACE-7.0 2107,3 12,62 0,00599 

S6-2ACE-7.4 6945,6 6,35 0,00091 

S6-2ACE-7.8 2890 24,51 0,00848 

S6-4ACE-7.0 49142 27,2 0,00055 

S6-4ACE-7.4 20878 87,32 0,00418 

S6-4ACE-7.8 38734 117,3 0,00303 

S6-4ACD-7.0 4767,7 36,64 0,00768 

S6-4ACD-7.4 4903,2 85,86 0,01751 

S6-4ACD-7.8 4786,6 28,85 0,00603 

 

 

Figure 43: Comparison of hydrogels regarding their storage modulus 
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Figure 44: Effects of PBS pH change on storage modulus 

 

Figure 45: Comparison of hydrogels regarding their loss modulus 
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Figure 46: Comparison of hydrogels regarding their delta tangent 

 

Figure 47: Effects of PBS pH change on loss modulus 
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Figure 48: Effects of PBS pH change on delta tangent 

6. Conclusions 

PEG-based polymers were successfully prepared in di- and tetra- acrylated (BisMPA) forms. 

The hydrogels were crosslinked either by UV-curing and spontaneous curing methods. 

Generally, UV-cured hydrogels showed enhanced mechanical characteristics but weaker 

swelling properties. 

The fastest spontaneously cured hydrogel was produced from tetra-acrylated PEG (6 kDa) 

BisMPA crosslinked with ETTMP 1300 Da in 3½ min in PBS (pH 7.4, room temperature). 

Although the UV-cured hydrogel based on the same ene and thiol had an elastic modulus 

twofold larger than the discussed system, it still had the highest elastic and storage modulus 

between all the spontaneously cured hydrogels. Meanwhile, it was not too densely crosslinked 

and showed desirable swelling and leaching properties compared to other systems. By 

increasing the PBS pH level to 7.8, the curing time was even more decreased and could reach 

1½ min. 

As a general manner, tetra-functionalized systems regardless of the applied SH-crosslinker, 

required less curing time compared to the di-functionalized systems; increasing the PBS pH 

level also resulted in a faster crosslinking procedure, while decreasing PBS pH level had the 

opposite effect. Applying ETTMP 1300 Da as the SH-crosslinker, basically provided faster 

crosslinking and enhanced mechanical properties for tetra-acrylated systems; however, it 

decreased the swelling properties. 
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Any changes in PBS pH level led to lower weight loss ratio, and reduced the mechanical 

properties. However, changes in pH level did not show dominant effects on swelling 

properties of the hydrogels. 

7. Future Work 

Although the obtained results regarding the curing time, mechanical properties, and swelling 

behavior in this study were satisfactory in different prepared systems, there are still some 

possible improvements that can be applied. For instance, by decreasing the molecular weight 

of applied PEG, increasing the functionalities, or by applying different SH-crosslinkers it 

might be possible to obtain stiffer materials with denser networks. By varying these 

parameters it is also possible to obtain different swelling and leaching properties. 

Producing hydrogels based on other promising functional ene groups, e.g. maleimide can also 

be a promising perspective regarding the production of hydrogels, especially the 

spontaneously cured hydrogels. 

Since there are no initiators or toxic solvents but PBS involved in the production of the 

spontaneously cured hydrogels in this study, along with the use of ETTMP 1300 kDa as the 

thiol-crosslinker, the cytotoxicity test and evaluating the biocompatibility of the products can 

be very interesting and promising for preparation of soft and hard tissue scaffolds. 
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10. Appendix 1 

1
H NMR and 

13
C NMR Spectra 

 

PEG (6 kDa) BisMPA Protected – 
1
H NMR Spectra 

 

PEG (6 kDa) BisMPA Protected – 
13

C NMR Spectra 
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PEG (6 kDa) BisMPA Deprotected – 
1
H NMR Spectra 

 

PEG (6 kDa) BisMPA Deprotected – 
13

C NMR Spectra 
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 PEG (6 kDa) BisMPA Tetra-Acrylate - 
1
H NMR Spectra 

PEG (6 kDa) BisMPA Tetra-Acrylate – 
13

C NMR Spectra 
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PEG (6 kDa) Di-Acrylate - 
1
H NMR Spectra 

PEG (6 kDa) Di-Acrylate - 
13

C NMR Spectra 
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PEG (2 kDa) Di-Acrylate - 
1
H NMR Spectra 

 PEG (2 kDa) Di-Acrylate - 
13

C NMR Spectra 



61 

 

 

 PEG (2 kDa) Di-Allyl - 
1
H NMR Spectra 

 

 PEG (2 kDa) Di-Allyl - 
13

C NMR Spectra 
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Maleimide Anhydride - 
1
H NMR Spectra 

 Maleimide Anhydride - 
13

C NMR Spectra 
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 PEG (6 kDa) Di-Maleimide - 
1
H NMR Spectra 

 PEG (6 kDa) Di-Maleimide - 
13

C NMR Spectra 
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 PEG (6 kDa) BisMPA Tetra-Maleimide - 
1
H NMR Spectra 

 PEG (6 kDa) BisMPA Tetra-Maleimide - 
13

C NMR Spectra  
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11. Appendix 2 

Equilibrium Swelling Test Results 

Weight Swelling 

Weight Swelling of UV Cured PEG (2 kDa) Di-allyl + ETTMP 1300 Da 

U2-2ALE Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 66,8 333 - - 

Sample 2 45,4 228,5 - - 

Sample 3 91,2 461,8 - - 

Average 67,8 341,1 5,03 80,12 

 

Weight Swelling of UV Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da 

U2-2ACE Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 34 
 

199,8 - - 

Sample 2 47,9 289,7 - - 

Sample 3 35,8 214,9 - - 

Average 39,23 234,8 5,98 83,29 

 

Weight Swelling of UV Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da 

U6-2ACE Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 21,9 342,8 - - 

Sample 2 19,1 315,3 - - 

Sample 3 - - - - 

Average 20,5 329,05 16,05 93,77 

 

Weight Swelling of UV Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da 

U6-4ACE Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 40,3 210,5 - - 

Sample 2 56,6 294,3 - - 

Sample 3 56,5 302,2 - - 

Average 51,13 269 5,26 80,93 

 

Weight Swelling of UV Cured PEG (6 kDa) Tetra-acrylate + DTT 

U6-4ACD Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 35,6 247,3 - - 

Sample 2 31,9 224,7 - - 

Sample 3 31,5 221,6 - - 

Average 33 231,2 7,01 85,73 
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Weight Swelling of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) 

S2-2ACE-7.0 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 41,4 351 - - 

Sample 2 64,3 539,7 - - 

Sample 3 42,3 346,4 - - 

Average 49,33 412,37 8,36 88,04 

 

Weight Swelling of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) 

S2-2ACE-7.4 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 35 310,9 - - 

Sample 2 23,4 211,9 - - 

Sample 3 19,4 176,3 - - 

Average 25,93 233,03 8,99 88,87 

 

Weight Swelling of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) 

S2-2ACE-7.8 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 32,1 309,5 - - 

Sample 2 32,7 294,1 - - 

Sample 3 22,8 227,1 - - 

Average 29,2 276,9 9,48 89,45 

 

Weight Swelling of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) 

S6-2ACE-7.0 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 32,8 659,5 - - 

Sample 2 31,1 632,3 - - 

Sample 3 30,7 626,5 - - 

Average 31,53 639,43 20,28 95,07 

 

Weight Swelling of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) 

S6-2ACE-7.4 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 29,9 482,9 - - 

Sample 2 29,5 492,3 - - 

Sample 3 24 490,3 - - 

Average 27,8 488,5 17,57 94,31 
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Weight Swelling of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) 

S6-2ACE-7.8 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 16,1 287,9 - - 

Sample 2 16,9 317,6 - - 

Sample 3 13,1 297,1 - - 

Average 15,37 300,87 19,57 94,89 

 

Weight Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.0) 

S6-4ACE-7.0 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 35,2 215,1 - - 

Sample 2 24,4 158,4 - - 

Sample 3 22,8 146,9 - - 

Average 27,47 173,47 6,31 84,16 

 

Weight Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.4) 

S6-4ACE-7.4 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 72,9 703,6 - - 

Sample 2 61,7 616,5 - - 

Sample 3 67,5 644 - - 

Average 67,37 654,7 9,72 89,71 

 

Weight Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.8) 

S6-4ACE-7.8 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 29,4 189,4 - - 

Sample 2 86,8 559,2 - - 

Sample 3 57,8 375,6 - - 

Average 58 374,73 6,46 84,52 

 

Weight Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.0) 

S6-4ACD-7.0 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 16,7 198,3 - - 

Sample 2 14,4 167,7 - - 

Sample 3 17,9 235,3 - - 

Average 16,33 200,43 12,27 91,85 
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Weight Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.4) 

S6-4ACD-7.4 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 20,3 319 - - 

Sample 2 22,1 322,1 - - 

Sample 3 23,9 331,5 - - 

Average 22,1 324,2 14,67 93,18 

 

Weight Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.8) 

S6-4ACD-7.8 Dry (mg) Day 5 (mg) Swelling Ratio Water Content (%) 

Sample 1 57,1 852,5 - - 

Sample 2 19,6 291,9 - - 

Sample 3 15,1 227,7 - - 

Average 30,6 457,37 14,95 93,31 
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Volumetric Swelling 

Volumetric Swelling of UV Cured PEG (2 kDa) Di-allyl + ETTMP 1300 Da 

U2-2ALE Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 57,28 303,81 - 

Sample 2 50,12 251,81 - 

Sample 3 72,51 449,97 - 

Average 59,97 335,2 5,59 

 

Volumetric Swelling of UV Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da 

U2-2ACE Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 28,02 167,05 - 

Sample 2 45,38 337,25 - 

Sample 3 31,65 223,29 - 

Average 35,02 242,53 6,92 

 

Volumetric Swelling of UV Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da 

U6-2ACE Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 15,7 291,06 - 

Sample 2 14,84 214,63 - 

Sample 3 - - - 

Average 15,27 252,84 16,56 

 

Volumetric Swelling of UV Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da 

U6-4ACE Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 - - - 

Sample 2 56,87 264,69 - 

Sample 3 52,14 209,66 - 

Average 54,5 237,17 4,35 

 

Volumetric Swelling of UV Cured PEG (6 kDa) Tetra-acrylate + DTT 

U6-4ACD Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 31,06 224,94 - 

Sample 2 27,42 219,77 - 

Sample 3 27,77 196,53 - 

Average 28,75 213,75 7,43 
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Volumetric Swelling of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) 

S2-2ACE-7.0 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 26,46 294,3 - 

Sample 2 46,01 527,49 - 

Sample 3 30,17 331,22 - 

Average 34,21 384,34 11,23 

 

Volumetric Swelling of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) 

S2-2ACE-7.4 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 33,36 255,28 - 

Sample 2 21,18 201,44 - 

Sample 3 16,46 164,92 - 

Average 23,67 207,21 8,75 

 

Volumetric Swelling of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) 

S2-2ACE-7.8 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 27,38 283,61 - 

Sample 2 23,11 233,99 - 

Sample 3 16,99 181,19 - 

Average 22,49 232,93 10,36 

 

Volumetric Swelling of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) 

S6-2ACE-7.0 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 26,4 571,24 - 

Sample 2 28,53 541,72 - 

Sample 3 27,31 496,22 - 

Average 27,41 536,39 19,57 

 

Volumetric Swelling of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) 

S6-2ACE-7.4 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 26,09 488,23 - 

Sample 2 24,98 534,88 - 

Sample 3 21,69 420,13 - 

Average 24,53 481,08 19,61 
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Volumetric Swelling of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) 

S6-2ACE-7.8 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 15,36 267,36 - 

Sample 2 16,43 350,8 - 

Sample 3 12,28 364,23 - 

Average 14,69 327,46 22,29 

 

Volumetric Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.0) 

S6-4ACE-7.0 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 39,03 247,62 - 

Sample 2 24,88 150,57 - 

Sample 3 21,97 151,58 - 

Average 28,63 183,26 6,4 

 

Volumetric Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.4) 

S6-4ACE-7.4 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 67,45 619,16 - 

Sample 2 54,42 523,46 - 

Sample 3 64,68 545,94 - 

Average 62,18 562,85 9,05 

 

 

Volumetric Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.8) 

S6-4ACE-7.8 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 29,09 157,6 - 

Sample 2 74,69 491,41 - 

Sample 3 53,13 348,22 - 

Average 52,3 332,41 6,35 

 

Volumetric Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.0) 

S6-4ACD-7.0 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 19,93 155,81 - 

Sample 2 13 129,72 - 

Sample 3 18 161,21 - 

Average 16,98 148,91 8,77 
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Volumetric Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.4) 

S6-4ACD-7.4 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 31,06 224,94 - 

Sample 2 27,42 219,77 - 

Sample 3 27,77 196,53 - 

Average 28,75 213,75 7,43 

 

Volumetric Swelling of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.8) 

S6-4ACD-7.8 Dry (mm³) Day 5 (mm³) Volumetric 

Swelling Ratio 

Sample 1 63,92 653,89 - 

Sample 2 27,62 280,37 - 

Sample 3 21,26 267,04 - 

Average 37,6 400,43 10,65 
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12. Appendix 3 

Leaching Test Results 

Weight Loss Ratio 

Weight Loss Ratio of UV Cured PEG (2 kDa) Di-allyl + ETTMP 1300 Da 

U2-2ALE Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 86,9 82,2 - 

Sample 2 47,4 44,5 - 

Sample 3 88,5 82,9 - 

Average 74,27 69,87 5,92 

 

Weight Loss Ratio of UV Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da 

U2-2ACE Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 19 14 - 

Sample 2 30,3 23,4 - 

Sample 3 25,1 18,2 - 

Average 24,8 18,53 25,28 

 

Weight Loss Ratio of UV Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da 

U6-2ACE Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 23,3 18,7 - 

Sample 2 22 17,4 - 

Sample 3 34,7 27 - 

Average 26,67 21,03 21,15 

 

Weight Loss Ratio of UV Cured PEG (6 kDa) BisMPA Tetra-acrylate + ETTMP 1300 Da 

U6-4ACE Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 16,9 13,3 - 

Sample 2 21,1 16,9 - 

Sample 3 17,9 14,3 - 

Average 18,63 14,83 20,4 

 

Weight Loss Ratio of UV Cured PEG (6 kDa) BisMPA Tetra-acrylate + DTT 

U6-4ACD Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 29 24,6 - 

Sample 2 24,4 20,7 - 

Sample 3 25,4 21,1 - 

Average 26,27 22,13 15,76 
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Weight Loss Ratio of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) 

S2-2ACE-7.0 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 75 63,1 - 

Sample 2 28,5 22,6 - 

Sample 3 25,4 21,7 - 

Average 42,97 35,8 16,69 

 

Weight Loss Ratio of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) 

S2-2ACE-7.4 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 72,3 57,2 - 

Sample 2 49,9 39,4 - 

Sample 3 84,1 65,7 - 

Average 68,77 54,1 21,33 

 

Weight Loss Ratio of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) 

S2-2ACE-7.8 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 64,4 53,7 - 

Sample 2 27,9 23,8 - 

Sample 3 51 42,6 - 

Average 47,77 40,03 16,2 

 

Weight Loss Ratio of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) 

S6-2ACE-7.0 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 43,9 38,8 - 

Sample 2 34,8 30 - 

Sample 3 26 22,8 - 

Average 34,9 30,53 12,52 

 

Weight Loss Ratio of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) 

S6-2ACE-7.4 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 115,3 104,4 - 

Sample 2 53,8 47,6 - 

Sample 3 58,5 51,6 - 

Average 75,87 67,87 10,54 
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Weight Loss Ratio of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) 

S6-2ACE-7.8 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 64,4 53,7 - 

Sample 2 27,9 23,8 - 

Sample 3 51 42,6 - 

Average 47,77 40,03 16,2 

 

Weight Loss Ratio of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.0) 

S6-4ACE-7.0 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 27 23,6 - 

Sample 2 26,8 24,2 - 

Sample 3 25,8 23,5 - 

Average 26,53 23,77 10,4 

 

Weight Loss Ratio of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.4) 

S6-4ACE-7.4 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 33,7 29,6 - 

Sample 2 59,6 52,8 - 

Sample 3 73,1 63,9 - 

Average 55,47 48,77 12,08 

 

Weight Loss Ratio of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.8) 

S6-4ACE-7.8 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 41,3 37,3 - 

Sample 2 60,3 54,1 - 

Sample 3 45,5 40,9 - 

Average 49,03 44,1 10,05 

 

Weight Loss Ratio of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.0) 

S6-4ACD-7.0 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 26,6 17,8 - 

Sample 2 45,8 31,2 - 

Sample 3 30,6 21,2 - 

Average 34,33 23,4 31,84 
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Weight Loss Ratio of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.4) 

S6-4ACD-7.4 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 19,9 12,8 - 

Sample 2 23,8 15,6 - 

Sample 3 45,6 30,5 - 

Average 29,77 19,63 39,06 

 

Weight Loss Ratio of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.8) 

S6-4ACD-7.8 Before Leaching (mg) After Leaching (mg) Weight Loss Ratio (%) 

Sample 1 47,8 35,1 - 

Sample 2 50,6 37,6 - 

Sample 3 57,7 41,9 - 

Average 52,03 38,2 26,93 
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1
H NMR Spectra for Leaching Test 

 

ETTMP 1300 Da (Starting Material) 
1
H NMR Spectra 

 

DTT (Starting Material) 
1
H NMR Spectra 
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Irgacure 184 (Starting Material) 
1
H NMR Spectra 

 

 PEG (2 kDa) Di-Allyl (Starting Material) - 
1
H NMR Spectra 
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PEG (2 kDa) Di-Acrylate (Starting Material) - 
1
H NMR Spectra 

PEG (6 kDa) Di-Acrylate (Starting Material) - 
1
H NMR Spectra 
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 PEG (6 kDa) BisMPA Tetra-Acrylate (Starting Material) - 
1
H NMR Spectra 

 

1
H NMR Spectra - Leaching Test - UV Cured PEG (2 kDa) Di-Allyl + ETTMP 1300 Da 
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1
H NMR Spectra - Leaching Test - UV Cured PEG (2 kDa) Di-Acrylate + ETTMP 1300 Da 

 

1
H NMR Spectra - Leaching Test - UV Cured PEG (6 kDa) Di-Acrylate + ETTMP 1300 Da 
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1
H NMR Spectra - Leaching Test - UV Cured PEG (6 kDa) Di-Acrylate + ETTMP 1300 Da 

 

1
H NMR Spectra - Leaching Test - UV Cured PEG (6 kDa) Tetra-Acrylate + ETTMP 1300 Da 
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1
H NMR Spectra - Leaching Test - Spontaneously Cured PEG (2 kDa) Di-Acrylate + ETTMP 1300 Da (pH 7.0) 

 

1
H NMR Spectra - Leaching Test - Spontaneously Cured PEG (2 kDa) Di-Acrylate + ETTMP 1300 Da (pH 7.4) 
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1
H NMR Spectra - Leaching Test - Spontaneously Cured PEG (2 kDa) Di-Acrylate + ETTMP 1300 Da (pH 7.8) 

1
H NMR Spectra - Leaching Test - Spontaneously Cured PEG (6 kDa) Di-Acrylate + ETTMP 1300 Da (pH 7.0) 
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1
H NMR Spectra - Leaching Test - Spontaneously Cured PEG (6 kDa) Di-Acrylate + ETTMP 1300 Da (pH 7.4) 

1
H NMR Spectra - Leaching Test - Spontaneously Cured PEG (6 kDa) Di-Acrylate + ETTMP 1300 Da (pH 7.8) 
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1
H NMR Spectra-Leaching Test-Spontaneously Cured PEG (6 kDa) Tetra-Acrylate + ETTMP 1300 Da (pH 7.0) 

 

1
H NMR Spectra-Leaching Test-Spontaneously Cured PEG (6 kDa) Tetra-Acrylate + ETTMP 1300 Da (pH 7.4) 
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1
H NMR Spectra-Leaching Test-Spontaneously Cured PEG (6 kDa) Tetra-Acrylate + ETTMP 1300 Da (pH 7.8) 

1
H NMR Spectra - Leaching Test - Spontaneously Cured PEG (6 kDa) Tetra-Acrylate + DTT (pH 7.0) 
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1
H NMR Spectra - Leaching Test - Spontaneously Cured PEG (6 kDa) Tetra-Acrylate + DTT (pH 7.4) 

1
H NMR Spectra - Leaching Test - Spontaneously Cured PEG (6 kDa) Tetra-Acrylate + DTT (pH 7.8)  
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13. Appendix 4 

Raman Spectra 

 

PEG (2 kDa) Di-allyl (Starting Material) - Raman Spectra 

 

PEG (2 kDa) Di-acrylate (Starting Material) - Raman Spectra 
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PEG (6 kDa) Di-acrylate (Starting Material) - Raman Spectra 

  

PEG (6 kDa) Tetra-acrylate (Starting Material) - Raman Spectra 
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ETTMP 1300 Da (Starting Material) - Raman Spectra 

 

DTT (Starting Material) - Raman Spectra 
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Irgacure 184 (Starting Material) - Raman Spectra 

 

UV Cured PEG (2 kDa) Di-allyl + ETTMP 1300 Da – Raman Spectra 
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UV Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da – Raman Spectra 

 

UV Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da – Raman Spectra 
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UV Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da – Raman Spectra 

 

UV Cured PEG (6 kDa) Tetra-acrylate + DTT – Raman Spectra 
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Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) – Raman Spectra 

 

 Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) – Raman Spectra 
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Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) – Raman Spectra 

 

Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) – Raman Spectra 
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Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) – Raman Spectra 

 

Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) – Raman Spectra 
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Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.0) – Raman Spectra 

 

Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.4) – Raman Spectra 
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 Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.8) – Raman Spectra 

  

Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.0) – Raman Spectra 
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Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.4) – Raman Spectra 

  

Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.8) – Raman Spectra 
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14. Appendix 5 

Tensile Test Results 

 

Tensile Stress-Strain Curve of UV Cured PEG (2 kDa) Di-allyl + ETTMP 1300 Da 

 

Tensile Stress-Strain Curve of UV Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da 
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Tensile Stress-Strain Curve of UV Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da 

 

Tensile Stress-Strain Curve of UV Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da 
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Tensile Stress-Strain Curve of UV Cured PEG (6 kDa) Tetra-acrylate + DTT 

 

Tensile Stress-Strain Curve of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) 
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Tensile Stress-Strain Curve of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) 

 

Tensile Stress-Strain Curve of Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) 
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Tensile Stress-Strain Curve of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) 

 

Tensile Stress-Strain Curve of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) 
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Tensile Stress-Strain Curve of Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) 

 

Tensile Stress-Strain Curve of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.0) 
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Tensile Stress-Strain Curve of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.4) 

 

Tensile Stress-Strain Curve of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.8) 
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Tensile Stress-Strain Curve of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.0) 

 

Tensile Stress-Strain Curve of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.4) 
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Tensile Stress-Strain Curve of Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.8) 
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15. Appendix 6 

Rheology Test Results 

 

Dynamic Single Point Rheology - UV Cured PEG (2 kDa) Di-allyl + ETTMP 1300 Da 

 

Dynamic Single Point Rheology - UV Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da 



111 

 

 

Dynamic Single Point Rheology - UV Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da 

 

Dynamic Single Point Rheology - UV Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da 
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Dynamic Single Point Rheology - UV Cured PEG (6 kDa) Tetra-acrylate + DTT 

 

Dynamic Single Point Rheology - Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) 
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Dynamic Single Point Rheology - Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) 

 

Dynamic Single Point Rheology - Spontaneously Cured PEG (2 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) 
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Dynamic Single Point Rheology - Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.0) 

 

Dynamic Single Point Rheology - Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.4) 
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Dynamic Single Point Rheology - Spontaneously Cured PEG (6 kDa) Di-acrylate + ETTMP 1300 Da (pH 7.8) 

 

Dynamic Single Point Rheology-Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.0) 
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Dynamic Single Point Rheology-Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.4) 

 

Dynamic Single Point Rheology-Spontaneously Cured PEG (6 kDa) Tetra-acrylate + ETTMP 1300 Da (pH 7.8) 
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Dynamic Single Point Rheology - Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.0) 

 

Dynamic Single Point Rheology - Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.4) 
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Dynamic Single Point Rheology - Spontaneously Cured PEG (6 kDa) Tetra-acrylate + DTT (pH 7.8) 


