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Abstract 
 

Hydrogels are widely used in a variety of biomedical applications, including drug 

delivery, matrices for the controlled release of biomolecules and scaffolds for 

regenerative medicine. The aim of the present thesis, is the development of 

photodegradable hydrogels composed of linear, poly(ethylene glycol) (PEG) chains 

with different molecular weights (1000 gr/mol, 1500 gr/mol and 4000 gr/mol),  and a 

small, difunctional aromatic comonomer as the crosslinker. Dithiol end-functionalized 

PEGs with different molecular weights were synthesized in order to be used as the 

macromonomer. The resulting products were characterized by proton nuclear 

magnetic resonance (1H NMR) spectroscopy. Hydrogels were prepared at a 1:1 and 

2:1 molar ratio of the two components. The prepared thioacetal-based hydrogels were 

characterized in terms of their swelling degrees and their ability to encapsulate 

hydrophilic and hydrophobic dye molecules. Moreover, the release profile of a 

hydrophilic and a hydrophobic dye from the hydrogel in aqueous environments, with 

and without irradiation at 254 nm, was studied. The porous structure of the prepared 

hydrogels was characterized by scanning electron microscopy (SEM) which showed 

that the hydrogels prepared using the 4000 gr/mol PEG dithiol appeared to be highly 

porous with larger pores compared to the hydrogels prepared using 1000 gr/mol and 

1500 gr/mol PEG dithiol. Finally, in order to verify the photodegradation mechanism 

of the hydrogels, the properties of the thioacetal-based hydrogels were studied during 

irradiation with UV light at 254 nm. 
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Chapter 1: Introduction 
 

1.1 Stimuli – responsive polymers 

Polymers are ubiquitous in everyday life, and are even responsible for life itself, e.g., 

DNA and proteins. For ages, polymers have been used to improve the quality of life 

[1]. After years of research on the field of polymers, this combined knowledge has 

allowed the development of polymers for nearly every imaginable application, and is 

single-handedly responsible for the good quality of life. This foundational research 

has also led to the development of a new class of polymers, which respond to their 

environment by changing their physical and/or chemical properties [2]. These 

polymers, referred to as stimuli-responsive polymers (or “smart” polymers), are 

synthesized to respond to a variety of stimuli, such as the solution pH [3] 

and temperature [4],  the presence of various small molecules and biomolecules [5], 

electric/magnetic fields [6] etc. (Fig. 1.1) “Smart” polymers have found many 

applications in the fields of biology and medicine, and can be used as sensors and 

biosensors [7], chemo-mechanical actuators [8–10], for controlled and triggered drug 

delivery [11], but also for environmental remediation [12]. 

 

 

Figure 1.1: Physical, chemical, and biochemical responsiveness of stimuli-responsive 

polymers [13]. 
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1.2 Drug delivery 

Drug delivery is the method of administrating a pharmaceutical compound to achieve 

a therapeutic effect in humans or animals [14]. Drug delivery systems (DDS) are 

designed to improve the pharmacological and therapeutic properties of drugs [15]. 

Polymers have played an integral role in the advancement of the drug delivery 

technology by providing controlled release of therapeutic agents at constant doses 

over long periods, cyclic dosage, and tunable release of both hydrophilic and 

hydrophobic drugs [16]. 

Multiple types of DDS have been developed using a broad range of organic and 

inorganic materials (Fig. 1.2) including polymeric nanocarriers (nanoparticles, 

dendrimers), lipidic/surfactant-based nanocarriers (liposomes, micelles), hydrogels 

(polymeric networks) etc. The selection of a suitable carrier system and material 

should be done on the basis of the desired diagnostic and/or therapeutic goal, 

physicochemical properties of the drug substance, material safety profile, and the 

route of administration [17]. Among them, polymer hydrogels have been used by 

many investigators in controlled-release drug delivery systems, because of their good 

tissue compatibility and facile manipulation of their degree of swelling [18].   

 

 

Figure 1.2: Different types of drug delivery systems [17]. 
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1.2.1 Liposomes 

Liposomes are bubble-like microscopic bilayered structures made of phospholipids 

[17]. Since their discovery in the 1960s, liposomes have been studied in depth, and 

they continue to constitute a field of intense research. Liposomes are valued for their 

biological and technological advantages, and are considered to be the most successful 

drug-carrier system known to date. FDA-approved liposome technologies against 

cancer exist, with Doxil being the first pharmaceutical product in a liposomal 

formulation that received FDA approval at 1995 [19].  Liposomes can be easily 

formulated by hydrating phospholipids in an excess aqueous medium. A very 

impressive characteristic of liposomes is that they can encapsulate both hydrophilic 

and hydrophobic drugs. They also have the potential of targeting the drug at a specific 

site, thus possessing a number of advantages for the potentially safe and effective 

drug delivery [17]. 

 

1.2.2 Dendrimers  

Dendrimers are nano-sized, radially symmetric molecules with well-defined, 

homogeneous, and monodisperse structure [20]. Their main structure consists of a 

core molecule and alternating layer of monomer repeat units which are known as 

“Generations” and are characterized as G1, G2, G3, etc.  Dendrimers have attracted a 

lot of attention in the past few years due to their low polydispersity, water solubility, 

and high surface functionalities which are advantageous for drug delivery [21]. 

 

1.2.3 Polymer micelles 

Polymer micelles are formed via the self-assembly of amphiphilic block copolymers 

in an aqueous environment. They have a nanoscopic, usually spherical, core/shell 

structure in which the hydrophobic core acts as a microreservoir for the encapsulation 

of hydrophobic drugs and bioactive molecules, and the hydrophilic shell interfaces 

with the aqueous medium [22]. Some of the features that have rendered polymer 

micelles useful as drug delivery systems are the versatility of the core/shell structure, 

their stability in water-based media as well as their size which ranges from 20-200 nm 

which is crucial for biological applications. 
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1.2.4 Polymer nanoparticles 

Polymer nanoparticles are solid and spherical (in most cases) structures prepared from 

natural or synthetic polymers. Drug delivery is known to be one of the most important 

biomedical applications of polymer nanoparticles. They have been tested to deliver a 

wide range of drugs, such as small hydrophilic and hydrophobic drugs, vaccines, 

peptides, and biological macromolecules, via several routes of administration. 

Different grades of poly(lactide-co-glycolide) and poly(lactide) copolymers are the 

most successfully used biodegradable polymers to prepare polymer nanoparticle-

based drug delivery systems [23]. 

 

1.3 Polymer hydrogels 

Hydrogels are water-swollen 3D networks of polymer chains that are either covalently 

or physically crosslinked. Hydrogels are excellent soft materials with diverse 

applications in various fields due to their tunable chemical structure and physical 

properties as well as their excellent biocompatibility [24].  

Hydrogel synthesis is an essential step in developing new structures with beneficial 

properties. The hydrogel structure is defined by the hydration of hydrophilic groups 

and domains of the polymers involved. Therefore, these groups and their 

interconnected chains create three-dimensional networks via crosslinking, preventing 

their dissolution in the aqueous phase [25,26]. The standard synthesis procedures 

employ polymerization and crosslinking. These processes can happen in parallel in 

one step, or one after the other in multiple steps [25]. The polymerization process is 

part of the gelation process. The structure and the conformation of the starting 

material influence the formation of water swellable polymer networks. The monomers 

and polyfunctional comonomers act as crosslinkers in the network development. 

Sometimes polymerization is generated by radical initiators [27] or photoinitiators 

[28]. Hydrophilic polymers are often used for hydrogel synthesis due to their 

biocompatibility [29] in aqueous environments and mostly due to their drug loading 

potential [16]. The crosslinking agent plays a significant role in hydrogel swelling 

[30] and degradation [31]. It influences the physical properties of the final hydrogel 

product. Crosslinking methods employ covalent or non-covalent interactions between 

monomers providing elastic characteristics to the final polymer network [25,26,32]. 
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For this reason, two different types of hydrogels are identified: chemical gels based on 

covalent interactions and physical gels based on non-covalent interactions [26]. 

One of the most significant features of hydrogels is their ability to absorb water that is 

often hundreds of times heavier than their weight. (Fig. 1.3) To measure the 

absorption, the swelling degree (SD) of the hydrogel is being used, which is the ratio 

of the gel’s swollen mass to the polymer network dry mass [33]: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐷𝐷𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆𝑆𝑆 (𝑆𝑆𝐷𝐷) =
𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
 

 

 
Figure 1.3: Changes in the shape of the hydrogel during swelling [34]. 

 

Due to their remarkable characteristics, including tunable physical, chemical, and 

biological properties, high biocompatibility, versatility in fabrication, and similarity to 

the native extracellular matrix (ECM), hydrogels have emerged as promising 

materials in the biomedical field. Hydrogels are used for a wide range of biomedical 

applications (Fig. 1.4), such as three-dimensional (3D) matrices for tissue 

engineering, composite biomaterials, biosensors, implants, and as injectable fillers in 

minimally invasive surgeries. The rational design of hydrogels with controlled 

physical and biological properties can be used to modulate cellular functionality and 

tissue morphogenesis [35]. Types of hydrogels with a wide range of biomedical 

applications are the self-healing hydrogels, multi-responsive and mechanically strong 

hydrogels and controlled-adhesive hydrogels for wound healing. 
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Figure 1.4: Biomedical applications of hydrogels [36]. 

 

The unique physical properties of hydrogels are very applicable in drug delivery 

systems too. Their highly porous structure can easily be tuned by controlling the 

density of the crosslinks in the gel matrix and the affinity of the hydrogels with the 

aqueous environment in which they are swollen. Their porosity also permits the 

loading of drugs into the gel matrix and subsequent drug release at a rate dependent 

on the diffusion coefficient of the small molecule or macromolecule through the gel 

network. Their biocompatibility is promoted by their high water content and the 

physiochemical similarity of hydrogels to the native extracellular matrix, both 

compositionally and mechanically. Biodegradability or dissolution may be designed 

in the hydrogels via enzymatic, hydrolytic, or environmental (e.g. pH, temperature, or 

light) pathways. Hydrogels are relatively deformable and can conform to the shape of 

the surface onto which they are applied [37]. 

Response to a stimulus is a basic process of living systems. Based on the lessons from 

Mother Nature, scientists have been designing useful materials that respond to 

external stimuli such as temperature, pH, light, electric field, etc. These responses are 
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manifested as dramatic changes in one of the following: shape, surface characteristics, 

solubility, formation of an intricate molecular self-assembly or a sol-to-gel transition 

[38]. Stimuli-degradable hydrogels is a class of stimuli-responsive hydrogels that 

have attracted considerable attention as intelligent materials in the biochemical and 

biomedical fields, since they can sense an environmental change and induce 

permanent or reversible lysis of their 3D structure [39]. 

 

1.3.1 Photodegradable hydrogels 

Light is an external, non-invasive stimulus that can trigger the degradation of a 

material precisely, providing spatial and temporal control. When photodegradable 

hydrogels are exposed to irradiation, light-triggered reactions induce the dissociation 

of the polymer chains and therefore, the degradation of the polymer network in the 

exposed region. This results in either its complete degradation or in a local decrease 

of the crosslinking density, which influences the physical properties of the gel [35].  

During the last decade, photodegradable hydrogels have attracted incredible attention 

and have emerged as useful platforms for research on tissue engineering, cell delivery 

and others. In 2020, Yavitt et al., presented an allyl sulfide photodegradable hydrogel 

which achieved rapid degradation through radical addition-fragmentation chain 

transfer reactions, to support routine passaging of intestinal organoids [40]. In 2017, Ji 

et al., designed a PEG-based hydrogel combined with caging chemistry, which could 

achieve light-triggered local control of the hydrogel for external manipulation of 

cellular microenvironments with real-time monitoring [41]. To this date, the majority 

of photodegradable hydrogels is based on synthetic polymers, such as poly(ethylene 

glycol) (PEG) [42].  

 

1.3.2 PEG-based hydrogels 

In the last decades, hydrogels have emerged as versatile biomaterials in various 

biomedical fields. Such cell compatible hydrogels have been prepared using a variety 

of polymeric materials, which can broadly be divided into two categories according to 

their origin: natural materials, such as hyaluronic acid [43,44] and chitosan [45], or 

synthetic materials, such as poly(ethylene glycol) (PEG) and poly(vinyl alcohol) 
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(PVA) [46]. The naturally derived hydrogels show excellent biocompatibility and 

biodegradability. However, they possess limited tunability of their degradation 

kinetics, relatively poor mechanical properties, batch-to-batch variations from 

different manufacturers, and potential immunogenic reactions which restrict their 

applications [47,48]. On the other hand, synthetic polymers are commercially 

available and can afford tunable mechanical properties and greater flexibility in the 

working range of pH, ionic strength, and chemical conditions, which makes them 

excellent candidates for hydrogel preparation. Among the synthetic polymers used for 

hydrogel preparation, PEG is the most popular one. PEG (Fig. 1.5) can be easily 

functionalized via its hydroxyl end-groups to yield numerous homofunctional or 

heterofunctional terminal groups, including thiols [49], vinylsulfones [50], 

maleimides [51], acrylates [52], allyls [53], and norbornenes [54]. Since PEG lacks 

any protein binding site, due to its hydrophilic and uncharged structure, it forms 

highly hydrated layers that restrict protein adsorption [27]. The excellent 

biocompatibility and low toxicity of PEG-based hydrogels render them ideal 

candidates for various biomedical applications [41]. 

 

 

Figure 1.5: Chemical structure of poly(ethylene glycol). 

 

1.4 Thioacetals 

Thiols are the sulfur analogs of alcohols. The sulfur atom of a thiol is a better 

nucleophile than the oxygen atom of an alcohol. Thus, thiols react with aldehydes or 

ketones to form thioacetals or thioketals [55]. There are two thioacetal classes: 

monothioacetals and dithioacetals. Monothioacetals are less common and have the 

functional group RC(OR')(SR")H (Fig. 1.6(a)), while dithioacetals have the formula 

RC(SR')2H (symmetric dithioacetals) (Fig. 1.6(b)) or RC(SR')(SR")H (asymmetric 

dithioacetals) (Fig. 1.6(c)) [56]. The general reaction mechanism for the formation of 

the thioacetal bond is shown in Fig. 1.6(d) [57]. 
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Figure 1.6: Chemical structure of (a) monothioacetals, (b) symmetric dithioacetals and (c) 

asymmetric dithioacetals. (d) The general reaction for the thioacetal bond formation. 

 

The thioacetal and thioketal bonds are stable under acidic or basic conditions, but 

undergo bond cleavage in the presence of reactive oxygen species (ROS). Based on 

this, several studies have focused on the development of ROS-degradable thioacetal 

or thioketal polymeric materials. In 2010, Wilson et al., reported the synthesis of 

main-chain ROS-degradable polythioketals, which were used for the preparation of 

thioketal nanoparticles that could localize orally delivered siRNAs to sites of 

intestinal inflammation, and thus inhibit gene expression in inflamed intestinal tissue 

[58]. A few years later, Chen et al., synthesized a novel ROS-responsive poly(β-

amino ester) by the introduction of a thioketal group in its monomer structure and 

used it as a carrier material to prepare nanoparticles for the co-loading and controlled 

release of the chemotherapeutic drug doxorubicin [59]. Recently, Men et al, presented 

photocleavable thioacetal block copolymers capable of forming nanoparticles in 

aqueous solution and releasing model drugs after UV irradiation. Unlike other 

thioacetal and thioketal polymers, these polymers were stable to reactive oxygen 

species (ROS), preventing the non-triggered release [60]. To date, to the best of our 

knowledge, photodegradable thioacetal-based hydrogels have not been reported yet. 

 

(c) (b) (a) 

(d) 
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1.5 Aim of this work 

pH- and photo-cleavable materials based on thioacetal bonds have been reported for 

applications in the biomedical field. However, thioacetal-based hydrogels have not 

been synthesized yet. The aim of this thesis was the development of photodegradable 

thioacetal-based hydrogels, which are unpresented in the literature. For this purpose, 

dithiol end-functionalized PEGs were synthesized and used as hydrophilic 

macromonomers, which were cross-linked using an aromatic dialdehyde to afford 

thioacetal-based polymer networks. A series of hydrogels were prepared, which 

differed in their cross-link density, by varying the length of the PEG chains, and were 

characterized in terms of their porosity and degrees of swelling. The photodegradation 

profile of the water swollen hydrogels, upon UV light irradiation, was studied and 

was found to depend on the cross-link density of the hydrogels. Moreover, the ability 

of the hydrogels to encapsulate and release (with and without UV irradiation) 

hydrophilic and hydrophobic model dye molecules was investigated. These 

photodegradable thioacetal-based hydrogels are promising candidates for a range of 

applications, such as drug delivery, tissue engineering and wound healing. 
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Chapter 2: Experimental 
 

2.1 Materials 

Poly(ethylene glycol) of 1000, 1500 and 4000 gr/mol molecular weight were 

purchased from Sigma-Aldrich and were freeze-dried before use. Poly(ethylene 

glycol) dithiol functionalized with molecular weight of 1000 gr/mol, 3-

mercaptopropionic acid (≥99.9%), terephthaldehyde and sulfamic acid (≥99.9%) as 

the catalyst were obtained from Sigma-Aldrich. Sulfuric acid (≥96%) was purchased 

from PENTA. 1,4-dithio-DL-threitol (≥96%) was obtained from Alfa Aesar.  Sudan 

Red 7b, purchased from Sigma-Aldrich, and Orange II, purchased from Acros 

Organics were used as model drugs. Dichloromethane (≥99.9%), toluene (≥99.7%) 

and diethyl ether (≥99.8%) were purchased from Honeywell. Tetrahydrofuran and 

isopropanol were obtained from Carlo Erba Reagents and deuterated chloroform 

(≥99.8%) was purchased from Armar Chemicals. Milli-Q water with a resistivity of 

18.2 MΩ.cm at 298 K was obtained from a Millipore apparatus and was used for all 

experiments.  

 

2.2 Characterization methods 

2.2.1 Proton Nuclear Magnetic Resonance (1H NMR) spectroscopy 
1H NMR spectra were recorded on an Avance Bruker 500 MHz spectrometer. CDCl3 

was used as the solvent. 

 

2.2.2 Scanning Electron Microscopy (SEM)  

SEM images were obtained from a JEOL JSM-6390LV microscope at an accelerating 

voltage of 20 kV. The samples were sputter-coated with Au (thickness: 10 mm) 

before imaging. 
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2.2.3 Ultraviolet-Visible (UV-Vis) spectroscopy  

The UV-Vis absorption spectra were recorded on a Shimadzu UV-2600 

spectrophotometer in the wavelength range 200-700 nm. All samples were measured 

using quartz cuvettes. 

 

2.3 Synthesis of dithiol end-functionalized PEG4k 

The synthesis of the dithiol end-functionalized PEG4k was achieved through a Fisher 

esterification reaction of PEG4k with 3-mercaptopropionic acid. Briefly, 1 gr (0.25 

mmol) of freeze dried PEG4k was dissolved in 20 ml of freshly distilled toluene, 

following the addition of 871 μL (10 mmol) 3-mercaptopropionic acid and 1-2 drops 

of H2SO4. The reaction solution was heated to 110 oC under reflux conditions for 24 

h. Afterwards, the reaction was concentrated under reduced pressure in the rotary 

evaporator and the modified PEG4k(SH)2 was precipitated 3 times in diethyl ether and 

washed with isopropanol. The resulted product was dried under vacuum overnight 

before 1H NMR characterization and was stored under a N2 atmosphere at -20 oC until 

use. The oxidized samples (disulfide formation) were reduced using 1,4-dithiothreitol 

(DTT) in water at pH 8.5 for 5 h, at room temperature. Then water was removed from 

the solution under vacuum in the rotary evaporator. The final product was dissolved in 

dichloromethane, was precipitated in diethyl ether and was washed with isopropanol. 

The product was dried under vacuum before characterization by 1H NMR and was 

stored under a N2 atmosphere at -20 oC until use. A similar experimental procedure 

was followed for the modification of PEG1k and PEG1.5k by adjusting appropriately 

the PEG/3-mercaptopropionic acid mole ratio. Table 2.1 shows the reaction 

conditions for the modification of each PEG and Table 2.2 shows the conditions for 

the reduction process.  

Table 2.1: Reaction conditions for the thiol end-functionalization of PEG 

PEG M.W. 

(gr/mol) 

PEG (mmol) 3-mercaptopropionic acid (mmol) Toluene 

(ml) 

1000 1 40 20 

1500 0.67 26.8 20 

4000 0.25 10 20 
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Table 2.2: Reaction conditions for the reduction of PEGn(SH)2 

PEG M.W. 

(gr/mol) 

PEGn(SH)2 (mmol) 1,4-dithiothreitol (mmol) Water (ml) 

1000 0.9 4.5 5 

1500 0.6 3 5 

4000 0.2 1 5 

 

2.4 Synthesis of PEGn(SH)2 – terephthaldehyde (PEGn(SH)2-TPA)  hydrogels 

The thioacetal-based hydrogels were prepared by the condensation of the modified 

macromonomer PEG dithiol (PEGn(SH)2) with terephthaldehyde (TPA) under acidic 

condition using sulfamic acid as the acid catalyst. Briefly, the macromonomer 

PEGn(SH)2 was dissolved in a minimum amount of THF and the second comonomer 

TPA was added at a 1:1 or 2:1 mol ratio. The solution was vortexed until the complete 

dissolution of the monomers and then the acid catalyst was added. The solution was 

heated at 50 ℃ for 30 min to 1 h (depending on the molecular weight of the PEG 

dithiol) and the gelation time was recorded using the inverted vial method (Fig. 2.1). 

PEGn(SH)2-TPA hydrogels were fabricated using PEG4k, PEG1.5k and PEG1k. The 

PEGn(SH)2-TPA hydrogels were washed 20 times with THF and 20 times with water 

to remove the unreacted monomers and were then freeze dried before 

characterization. Moreover, a commercial PEG dithiol with molecular weight 1000 

gr/mol (dithiol-PEG1k), which does not contain the ester groups (Fig. 2.2), was used in 

some experiments. The reaction conditions for each hydrogel prepared are listed in 

Table 2.3. 

 

Figure 2.1: Characteristic photos of the synthesis of the PEGn(SH)2-TPA hydrogels: (a) 

before and (b) after gelation. 
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Figure 2.2: Chemical structure of dithiol-PEG1k without the ester groups. 

 

Table 2.3: Reaction conditions for the preparation of the PEGn(SH)2 –TPA 

hydrogels 

M.W. (gr/mol) PEGn(SH)2 (mmol) Terephthaldehyde (mmol) 

1000 0.09 0.045 

 1000* 0.1 0.05 

1500 0.06 0.03 

4000 0.02 0.01 

*Commercially available dithiol PEG lacking the ester groups. 

 

2.5 Swelling studies 

In order to investigate their swelling degrees, 15 mgr of freeze dried PEGn(SH)2-TPA 

hydrogel were added in a vial with 5 ml of milliQ water. At predetermined time 

intervals, the mass of the swollen hydrogel was measured. The same procedure was 

followed for all the prepared hydrogels with the different molecular weight PEGs. 

The swelling degree of the hydrogel was calculated using the following equation: 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐷𝐷𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆𝑆𝑆 (𝑆𝑆𝐷𝐷) =
𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
 

 

2.6 Photodegradation studies 

10 mgr of the freeze dried PEGn(SH)2-TPA hydrogel were added in 5 ml of water and 

were allowed to swell for 50 min. The swollen hydrogel was placed in a quartz 

cuvette containing 3 ml water and was irradiated with a UV lamp at 254 nm at room 

temperature. At predetermined time intervals, the mass of the hydrogel was measured. 

The degradation (%) of the hydrogel was calculated using the following equation: 
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𝐷𝐷𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑆𝑆𝐷𝐷𝑆𝑆 (%) =
𝑚𝑚0 −𝑚𝑚𝑡𝑡

𝑚𝑚0
× 100% 

Where m0 is the initial mass of the hydrogel and mt is the mass of the hydrogel 

measured at each time point.  

A similar procedure was followed to determine the degradation profile of all the 

hydrogels prepared in this study using PEG of different molecular weights. 

 

2.7 Encapsulation of hydrophilic or hydrophobic dyes within the hydrogels 

2.7.1 In situ PEGn(SH)2-TPA hydrogel formation with the hydrophobic dye Sudan 

Red 7b 

A stock solution of Sudan Red 7b (SR) with concentration 2 mgr/ml was prepared in 

THF. The encapsulation of the dye was achieved in situ. Briefly, the same procedure 

as that described above for the hydrogel preparation was followed, but instead of pure 

THF, a predetermined amount of the stock solution of the dye in THF was used. The 

SR-loaded PEGn(SH)2-TPA hydrogels (Fig. 2.3) were washed 10 times with THF and 

10 times with water to remove the unreacted monomers and non-loaded dye and then 

were freeze dried before characterization. 

 

Figure 2.3: Photo of a SR-loaded PEGn(SH)2-TPA hydrogel. 
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The drug loading of the hydrogels was also calculated using the following equation: 

𝐷𝐷𝐷𝐷𝐷𝐷𝑆𝑆 𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆 (%) =
𝑚𝑚𝑠𝑠𝑠𝑠𝑒𝑒

𝑚𝑚𝑡𝑡𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠
× 100% 

Where 𝑚𝑚𝑠𝑠𝑠𝑠𝑒𝑒 is the mass of the encapsulated dye, calculated as the total dye released 

from the hydrogels, and 𝑚𝑚𝑡𝑡𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠 is the mass of dye used during the preparation of the 

hydrogels.  

 

2.7.2 Hydrophilic dye Orange II loading within the PEGn(SH)2-TPA hydrogels  

A stock solution of Orange II (ORG) with concentration 5 mgr/ml was prepared in 

water. The encapsulation of the dye was achieved by adding 10 mg of the dried 

hydrogel into 5 ml of the dye solution for 50 min which caused the diffusion of the 

dye within the hydrogel. The ORG-loaded PEGn(SH)2-TPA hydrogels (Fig. 2.4) were 

freeze dried before characterization. 

 

Figure 2.4: Photo of an ORG-loaded PEGn(SH)2-TPA hydrogel. 

 

The drug loading of the hydrogels was again calculated using the equation presented 

in section 2.7.1. 
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2.8 Release studies from the dye loaded hydrogels 

2.8.1 Release of Sudan Red 7b from the hydrogels 

The release profile of the hydrophobic dye, Sudan Red 7b (SR), from the PEGn(SH)2-

TPA hydrogels was studied. A sample of SR-loaded hydrogel (10 mgr) was placed in 

5 ml of water and was allowed to swell for 50 min. The swollen hydrogel was 

transferred into a quartz cuvette with 3 ml of water and was irradiated with a UV lamp 

at 254 nm. At predetermined time intervals, the water in the cuvette was collected and 

was replaced with fresh water medium. The collected samples were dried under 

vacuum, dissolved in THF and analyzed by UV-Vis spectroscopy. The amount of the 

released dye was determined using a standard calibration curve of SR in THF and was 

calculated using the following equation: 

𝐷𝐷𝐷𝐷𝐷𝐷 𝑅𝑅𝐷𝐷𝑅𝑅𝐷𝐷𝑅𝑅𝑅𝑅𝐷𝐷 (%) =  
𝐶𝐶𝑡𝑡

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
× 100% 

Where Ct is the concentration of the released dye at each time point and Ctotal is the 

final concentration of the release dye.  

In parallel, the release profile of SR from the hydrogels was studied in the absence of 

UV light irradiation, as a control sample. For this, the SR-loaded hydrogel was placed 

in water at 37 oC and samples were collected at the predetermined time points and 

were analyzed by UV-Vis spectroscopy as described above for the UV irradiated 

sample.   

 

2.8.2 Release of Orange II from the hydrogels 

The release profile of the hydrophilic dye, Orange II (ORG), was also investigated. A 

sample of ORG-loaded dried PEGn(SH)2-TPA hydrogel (10 mgr) was placed in 5 ml 

of water and was allowed to swell for 50 min. The swollen hydrogel was transferred 

into a quartz cuvette containing 3 ml of water and was irradiated with a UV lamp at 

254 nm. At predetermined time intervals, the water in the cuvette was collected and 

was replaced with fresh water. The collected samples were dried under vacuum, 

dissolved in THF and analyzed by UV-Vis spectroscopy. The amount of released dye 

was determined using a standard calibration curve of ORG in water and was 

calculated using the equation given in section 2.8.1 above.  
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The release profile of ORG from the hydrogels was also studied in the absence of UV 

light irradiation. For this, a sample of ORG-loaded hydrogel was placed in water at 37 
oC and samples were collected at the predetermined time points and were analyzed by 

UV-Vis spectroscopy as described above for the UV irradiated sample.   
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Chapter 3: Results and discussion 
 

3.1 Synthesis of the dithiol end-functionalized PEG 

Three poly(ethylene glycol) (PEG) macromonomers, PEG1k, PEG1.5k and PEG4k, were 

functionalized by Fisher esterification  with 3-mercaptopropionic acid to afford thiol 

end-groups. In a typical Fisher esterification, a carboxylic acid group (of 3-

mercaptopropionic acid) reacts with an alcohol moiety (PEG) under acidic conditions 

(H2SO4). Fig. 3.1 shows the schematic representation of the esterification process for 

the synthesis of the dithiol PEG (PEGn(SH)2) polymers. 

 

 

Figure 3.1: Synthesis of dithiol end-functionalized PEG. 

 

The chemical structure and the composition of the PEG1k(SH)2, PEG1.5k(SH)2 and 

PEG4k(SH)2 polymers were determined by 1H NMR spectroscopy. Fig. 3.2(a) shows 

the 1H NMR spectrum of PEG1k(SH)2, Fig. 3.2(b) shows the 1H NMR spectrum of 

PEG1.5k(SH)2 and Fig. 3.2(c) shows the 1H NMR spectrum of PEG4k(SH)2. The peak 

at 1.68 ppm (a) is assigned to the two characteristic protons of the –SH end-groups, 

the peak at 2.69 ppm (b) corresponds to the four protons next to the thiol end-groups, 

the peak at 2.78 ppm (c) is assigned to the four protons next to the carbonyl groups, 

the peak at 4.27 ppm (d) corresponds to the four protons next to the ester groups and 

the peak at 3.65 ppm (e) is assigned to the protons of the PEG repeat units. 

Table 3.1 shows the reaction yield and the degree of modification for each 

PEGn(SH)2 synthesized.  
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Table 3.1: Reaction yield and degree of modification for the PEGn(SH)2 polymers 

PEG M.W. (gr/mol) Reaction yield (%) Degree of modification (%) 

1000 70.8 85 

1500 82.3 90 

4000 72.3 100 

 

 

(a) 

(b) 
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Figure 3.2: 1H NMR spectra of (a) PEG1k(SH)2, (b) PEG1.5k(SH)2 and (c) PEG4k(SH)2 in 

CDCl3. 

 

3.2 Preparation of PEGn(SH)2 – terephthaldehyde (PEGn(SH)2-TPA) hydrogels 

PEGn(SH)2-TPA hydrogels were prepared by the reaction of a PEGn(SH)2 

macromonomer with a TPA monomer at a mol ratio 1:1 or 2:1. Each thiol end-group 

of PEGn(SH)2 reacts rapidly with two aldehyde groups of TPA to form cross-links 

comprising thioacetal bonds. Fig. 3.3 shows the PEGn(SH)2-TPA  hydrogel formation 

using sulfamic acid (S.A.) as a catalyst. 

 

Figure 3.3: Schematic representation of the synthetic process followed to prepare the 

PEGn(SH)2-TPA hydrogels. 

(c) 
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The gel formation at different temperatures, with and without the catalyst, was 

studied. We observed that at temperatures between 45 ℃ and 55 ℃, the hydrogels 

were formed in 30 min to 1 h (depending on the molecular weight of the dithiol PEG). 

At temperatures above 60 ℃, the hydrogels were formed in 5 to 10 min. When 

preparing the hydrogels without the catalyst, it was found that the gel formation was 

deaccelerated and the PEGn(SH)2-TPA hydrogels were formed after 24 h at 55 ℃. 

Table 3.2 shows some of the reaction conditions studied in this work for the 

preparation of the PEG4k(SH)2-TPA hydrogels. 

Table 3.2: Reaction conditions employed for the preparation  

of the PEG4k(SH)2-TPA hydrogels 

Mole ratio 

(TPA: PEG4k(SH)2) 

Catalyst Temperature (℃) Hydrogel  

formation time 

1:1 Yes 50 1 h and 30 min 

2:1 Yes 50 30 min 

2:1 Yes 70 5 min 

2:1 No 50 24 h 

 

In order to study the effect of the molecular weight of PEG on the hydrogel formation 

and properties, we have prepared hydrogels using a PEG1k(SH)2, a PEG1.5k(SH)2, a 

PEG4k(SH)2 and a dithiol-PEG1k which does not contain the ester groups. Table 3.3 

shows the reaction conditions used in this work for the preparation of the hydrogels 

using these lower molecular weight macromonomers. 

Table 3.3: Reaction conditions employed for the preparation  

of the PEGn(SH)2-TPA hydrogels 

PEG M.W. 

(gr/mol) 

Mole ratio 

(TPA: PEGn(SH)2) 
Catalyst 

Temperature 

(℃) 

Hydrogel 

formation time 

1500 2:1 Yes 50 50 min 

1500 2:1 No 50 24 h 

1000 2:1 Yes 50 40 min 

1000* 2:1 Yes 50 1 h 

*Commercially available dithiol PEG lacking the ester groups. 
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3.3 PEGn(SH)2-TPA hydrogel characterization 

SEM characterization was used to investigate the morphology of the PEGn(SH)2-TPA 

hydrogels as well to correlate the PEG chain length with the pore size of the 

hydrogels. As shown in Fig. 3.4, the (dithiol-PEG1k)-TPA hydrogel did not exhibit a 

porous structure, whereas the PEG1k(SH)2-TPA hydrogel exhibited some porosity 

with a mean pore size ~ 3.8 μm (Fig. 3.5(a)). This difference in the porous structure 

of the hydrogels was attributed to the lack of the ester groups at the polymer chain of 

the dithiol-PEG1k, which reduces the polymer chain length and results in a more rigid 

morphology.  Moreover, TPA is an aromatic, hydrophobic molecule which also tends 

to aggregate due to π-π stacking and hydrophobic interactions in the aqueous medium 

thus prohibiting the effective open structure of the hydrogel. It is noted that this effect 

is more pronounced for the shorter chain length PEG macromonomer. 

The PEG1.5k(SH)2-TPA and PEG4k(SH)2-TPA hydrogels appeared to be more porous 

with open and interconnected pores as shown at Fig. 3.5(b) and Fig. 3.5(c). The mean 

pore size of the PEG1.5k(SH)2-TPA hydrogel was ~ 10.4 μm, while the mean pore size 

of the PEG4k(SH)2-TPA hydrogel was found ~ 15.5 μm. From the SEM images and 

the pore size distribution, we observed that by increasing the molecular weight of the 

PEG macromonomer, the porosity and pore size of the hydrogel increases. This is the 

result of increasing the polymer chain length which effectively decreases the cross-

link density of the hydrogels. PEG-based hydrogels with similar porous structures to 

the PEG4k(SH)2-TPA hydrogel prepared in this work have been used for drug [61] and 

gene delivery [62], cell culture [63] and tissue engineering applications [64]. 

 

Figure 3.4: SEM images of (dithiol-PEG1k)-TPA hydrogel. 
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(a) 

(b) 
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Figure 3.5: SEM images and pore size distribution of the synthesized (a) PEG1k(SH)2-TPA, 

(b) PEG1.5k(SH)2-TPA, (c) PEG4k(SH)2-TPA hydrogels. 

 

3.4 Swelling studies 

The swelling behavior of the PEGn(SH)2-TPA hydrogels for the different molecular 

weights of PEG macromonomer is shown in Fig. 3.6. As observed in the figure, when 

the molecular weight of the PEG macromonomer increases from 1000 gr/mol to 4000 

gr/mol the swelling degree of the hydrogel increases as expected, due to the decrease 

in the effective cross-link density of the hydrogels. Fig. 3.7 shows characteristic 

photos of the hydrogels after swelling. These degrees of swelling are consistent with 

the open pore structure and pore size of the hydrogels discussed above. 

 

 

 

(c) 
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Figure 3.6: Swelling degrees of the PEGn(SH)2-TPA hydrogels as a function of time. 

 

 

Figure 3.7: Characteristic photo of the PEG4k(SH)2-TPA hydrogel after swelling. 

 

3.5 Photodegradation studies of the PEGn(SH)2–TPA hydrogels  

The degradation behavior of the PEGn(SH)2–TPA hydrogels under UV irradiation for 

the different molecular weights of the PEG macromomomer was studied and the 

results are shown in Fig. 3.8. As observed in the figure, polymer degradation rate 

increased with the molecular weight of PEG macromonomer, indicating that the more 

hydrophilic and highly swellable hydrogels are easier to degrade. This is also verified 

below in the SR dye release experiments and establishes the photodegradable 
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character of these hydrogels, which should be studied in more detail in the future to 

accurately correlate the degradation behavior to the hydrogel structure.  

 

Figure 3.8: Degradation profile the of PEGn(SH)2-TPA  hydrogels prepared in this work as a 

function of UV irradiation time. 

 

3.6 Dye release studies 

The main objective of this study was the development of thioacetal-based 

photodegradable hydrogels capable to encapsulate either hydrophobic or hydrophilic 

molecules, such as anticancer drugs, vitamins and other therapeutic compounds and 

release them upon light stimulation. In order to study the photoinduced release of 

hydrophobic and hydrophilic molecules from the hydrogels, two different dyes, Sudan 

Red 7b (SR), as a hydrophobic dye, and Orange II (ORG), as a hydrophilic dye, were 

loaded within the prepared hydrogels. The encapsulation of the SR and ORG dyes 

was achieved as described in the experimental section. 
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3.6.1 Release of the hydrophobic dye loaded in the PEGn(SH)2-TPA hydrogels 

In order to investigate the photo-triggered release of the hydrophobic dye from the 

thioacetal-based hydrogels, SR was loaded within the hydrophobic domains of the 

network. The release study was conducted for the PEG1k(SH)2-TPA and the 

PEG4k(SH)2-TPA hydrogels. In each case, the hydrogels were placed into cuvettes 

with neutral water as the medium and were exposed to UV light irradiation (254 nm). 

It is noted that the SR dye absorbs at 254 nm, however, its absorption is not high 

enough to prevent the degradation of the hydrogel and the release of the dye. At the 

same time, another hydrogel sample was placed in a vessel with water medium and 

was used as the control, without light irradiation. At predetermined time points, the 

water medium from the irradiated sample and the control sample (taking care to also 

recover the precipitated dye at the bottom of the cuvette) was collected and replaced 

with fresh water. The collected samples were lyophilized, dissolved in THF and were 

analyzed by UV-Vis spectroscopy. Fig. 3.9 shows typical UV-Vis spectra of the 

released SR dye from the PEG4k(SH)2-TPA hydrogel. 

 

 
Figure 3.9: Typical UV-Vis spectra of the released SR dye from the irradiated PEG4k(SH)2-

TPA hydrogel. 

 

The drug loading and release profiles of the PEGn(SH)2-TPA hydrogels were 

calculated based on the standard calibration curve of SR in THF. Fig. 3.10 shows the 

spectra at known dye concentration in THF and the calibration curve of SR. 
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Figure 3.10: (a) UV-Vis absorption spectra of SR in THF at various concentrations and (b) 

standard calibration curve of SR in THF. 

 

The drug loadings of the hydrogels were calculated using the equation presented in 

section 2.7.1 and are shown in Table 3.4. The results are in agreement with the 

literature considering that other studied PEG-based hydrogels have been found to 

exhibit a drug loading in the range between 2% and 20% [65,66]. 

 

Table 3.4: SR drug loading of the hydrogels 

Hydrogel Drug loading (%) 

PEG1k(SH)2-TPA 9.9 

PEG4k(SH)2-TPA 36.3 

 

Quantitatively, the absorbance maximum of the released dye from the hydrogels at 

539 nm was followed and was found to decrease over with the irradiation time, 

indicating the release of the dye from the hydrogel and the precipitation of the 

released dye in the aqueous medium. By solubilizing the released dye in THF, and 

measuring its absorbance by UV-Vis spectroscopy, the release profile of the dye was 

calculated using the calibration curve shown in Fig. 3.10(b). Fig. 3.11(a) shows the 

release profile of SR, with and without irradiation, from the PEG1k(SH)2-TPA 

hydrogels. As observed, the release of the SR dye from the hydrogel, with or without 

irradiation, is dramatically low. In particular, both the non-irradiated PEG1k(SH)2-

TPA hydrogel and the irradiated PEG1k(SH)2-TPA hydrogel released less than 1% of 

(a) (b) 
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the loaded dye after 14 h. Moreover, it was visually observed, that the mass and the 

color of the dye loaded hydrogel samples remained the same after the UV irradiation 

process. This result indicates that the PEG1k(SH)2-TPA hydrogels do not release the 

dye effectively upon UV irradiation. On the other hand, Fig. 3.11(b) shows the 

release profile of SR, with and without UV irradiation, from the PEG4k(SH)2-TPA 

hydrogels. As shown in the figure, after 3 h UV irradiation, the loaded SR dye was 

completely released from the PEG4k(SH)2-TPA hydrogel, accompanied by the 

complete hydrogel degradation (Fig. 3.11(b) inset). In contrast, the non-irradiated 

PEG4k(SH)2-TPA hydrogel released only ~ 2% of the loaded dye after 48 h, indicating 

that the PEG4k(SH)2-TPA hydrogel can be successfully loaded with hydrophobic 

molecules and release them remotely upon UV light irradiation. Controlling the 

release of a hydrophobic molecule, such as drug molecules, from a hydrogel with the 

use of a spatiotemporally controlled external stimulus, such as light irradiation, opens 

new, important perspectives for their further clinical applications. 

 

 
Figure 3.11: Release profile of SR, with and without UV irradiation, from the (a) 

PEG1k(SH)2-TPA and (b) PEG4k(SH)2-TPA hydrogels. The inset in (b) shows the irradiated 

PEG4k(SH)2-TPA hydrogel after 3h. 

. 

Overall, we have found that the PEG4k(SH)2-TPA hydrogel exhibited a faster release 

kinetics of the hydrophobic dye upon UV irradiation, compared to the PEG1k(SH)2-

TPA hydrogel. This result is in good agreement with the photodegradation behavior 

of the hydrogels discussed above in section 3.5, and can be correlated with the 

porosity and the pore size of each hydrogel. The PEG1k(SH)2-TPA hydrogel showed a 

(b) (a) 



 

Photodegradable hydrogels for drug delivery applications 

32 
 

lower porosity and smaller pore size, indicating a more compact structure. This has 

hindered the effective degradation of the hydrogel and the release of the dye, in 

contrast to the PEG4k(SH)2-TPA hydrogel. However, future studies are required to 

quantify the porosity of the two hydrogels by porosimetry measurements, and to 

establish a more solid relationship between the structure of the hydrogel sample and 

its degradation and release behavior. 

 

3.6.2 Release of the hydrophilic dye loaded in the PEGn(SH)2-TPA hydrogels 

The photo-triggered release of a hydrophilic dye from the thioacetal-based hydrogels 

was studied by loading the hydrophilic dye ORG in the hydrogels. The release study 

was conducted for the PEG1k(SH)2-TPA and the PEG4k(SH)2-TPA hydrogels. In each 

case, the hydrogels were placed in cuvettes with neutral water as the medium and 

were exposed to UV light irradiation (254 nm). At the same time, other hydrogel 

samples were placed in vessels with water medium and were used as control samples 

in the absence of UV irradiation. At predetermined time points, the water medium 

from the irradiated sample and the control sample was collected and replaced with 

fresh water. The collected samples were lyophilized, dissolved in water and analyzed 

by UV‒Vis spectroscopy. The drug loading and release profiles of the PEGn(SH)2-

TPA hydrogels were calculated based on a standard calibration curve of ORG in 

water. Fig. 3.12 shows the spectra at known dye concentration in water and the 

calibration curve of ORG. 

 

Figure 3.12: (a) UV-Vis absorption spectra of ORG in water at various concentrations and (b) 

standard calibration curve of ORG in water. 

(a) (b) 
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The drug loadings of the hydrogels were calculated using the equation presented in 

section 2.7.1 and are shown in Table 3.5. The results in agreement with the literature 

considering that other studied PEG-based hydrogels have been shown to exhibit drug 

loadings in the range between 2% and 20%  [65,66]. 
 

Table 3.5: ORG drug loading of the hydrogels 

Hydrogel Drug loading (%) 

PEG1k(SH)2-TPA 5.6 

PEG4k(SH)2-TPA 10.1 
. 

The absorbance maximum of the released dye from the hydrogels at 485 nm was 

measured. As shown in Fig. 3.13(a), the release kinetics of ORG, with and without 

UV light irradiation, from the PEG1k(SH)2-TPA hydrogels is similar, with only a 

slightly faster dye release for the UV irradiated sample (at 60 min 79% and 94% was 

released from the non-irradiated and irradiated sample, respectively). Thus, in the case 

of the hydrophilic ORG dye, the effect of light irradiation does not play a significant 

role on the release of the dye, as the release profile is dominated by the diffusion rate 

of the dye from the hydrogel, which is fast compared to the degradation rate of the 

hydrogel. Similar profiles were also found for the PEG4k(SH)2-TPA hydrogels (Fig. 

3.13(b)) with the effect of UV irradiation having a small effect on the release kinetics 

(at 60 min 89% and 99% was released from the non-irradiated and irradiated sample, 

respectively) signifying again that the diffusion of the hydrophilic dye in the aqueous 

medium is of similar rate to the degradation rate of the hydrogel. 

 

Figure 3.13: Release profile of ORG with and without UV irradiation from the (a) 

PEG1k(SH)2-TPA and (b) PEG4k(SH)2-TPA hydrogels. 

(a) (b) 
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So overall, the hydrophilic ORG dye loaded hydrogels were found to release the cargo 

faster than the SR-loaded hydrogel (for example, at 60 min irradiation 50% and 99% 

was released from the UV irradiated PEG4k(SH)2-TPA hydrogel loaded with SR and 

ORG, respectively), as the release kinetics of the hydrophilic dye were dominated by 

its diffusion from the hydrogel in the surrounding aqueous medium. To be able to 

control the release of a hydrophilic cargo, future studies could focus on the light-

induced release of a hydrophilic molecule which is chemically bound onto the 

hydrogel via a photo-labile bond. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Photodegradable hydrogels for drug delivery applications 

35 
 

Chapter 4: Conclusions and future studies 
 

Hydrogels are attractive biomaterials due to their tunable properties, inherent 

biocompatibility, and similarity with the soft tissues and cell environment. Over the 

past decades, hydrogels have developed from being static and inert materials towards 

new and “smart” responsive materials able to adapt to various stimuli, such as the 

solution pH and temperature, enzyme or light. Light stimulation is particularly 

interesting for many applications, because its allows the contact-free, remote 

manipulation of the biomaterials’ properties, with  inherent spatial and temporal 

control [24]. 

In this thesis, dithiol end-functionalized PEG (PEGn(SH)2) macromonomers of 

different molecular weights were synthesized and used for the preparation of 

thioacetal-based hydrogels. The modified PEG macomonomers were characterized by 
1H NMR spectroscopy. A small, difunctional aromatic comonomer, terephthaldehyde 

(TPA) was used as the crosslinker and different reaction conditions were investigated 

for the preparation of PEGn(SH)2-TPA hydrogels. The morphology of the synthesized 

hydrogels was studied by SEM and their mean pore sizes in the dry state were 

determined. The mean pore size was found to be smaller for the PEG1k(SH)2-TPA 

hydrogel (3.8 μm) and increased with the molecular weight of the PEG 

macromonomer to give PEG1.5k(SH)2-TPA hydrogels with a mean pore size of 10.4 

μm, and PEG4k(SH)2-TPA hydrogels with a mean pore size of 15.5 μm. 

The swelling behavior of the hydrogels in water was also studied. The PEG4k(SH)2-

TPA hydrogel exhibited the higher degree of swelling, which decreased 

monotonically with the decrease of the molecular weight of the PEG macromonomer, 

due to the increase of the cross-link density of the hydrogels.  

Next, the photodegradation behavior of the thioacetal-based hydrogels was 

investigated as a function of irradiation time. We found that the % photodegradation 

increased, for the same irradiation time, as the molecular weight of the PEG 

macromonomer of the hydrogels increased. This is in good agreement with the 

increase in the degree of swelling and the porosity and pore size of the hydrogels, 

signifying that the more swollen and higher porosity samples degrade faster, however, 
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the underlying mechanism that leads to this influence of the hydrogel structure on its 

photodegradation behavior is still unclear and needs further investigation.  

Finally, the release profile of a hydrophobic (SR) and a hydrophilic (ORG) dye from 

the hydrogels was studied. For this, dye-loaded hydrogels were prepared and the 

release profile of the dye was monitored as a function of time at 37 °C, to simulate the 

body temperature, under UV irradiation at 254 nm. The results showed that the 

hydrophobic dye (SR) was released at 100% after 3 h irradiation from the 

PEG4k(SH)2-TPA hydrogel, whereas a release of approximately 2% was recorded 

after 48 h for the non-irradiated PEG4k(SH)2-TPA hydrogel. This indicated the control 

of the dye release by the light stimulus and agreed well with the photodegradation 

behavior of the hydrogel. In contrast, the irradiated and non-irradiated PEG1k(SH)2-

TPA hydrogels exhibited a much slower release of the SR molecules (less than 1% 

after 14 h), signifying again that the photodegradation of the hydrogels controls the 

release of the hydrophobic cargo. On the other hand, for the hydrophilic dye (ORG) 

the results showed that the release kinetics of the cargo are faster compared to the 

hydrophobic dye, and similar with and without irradiation, from both the PEG1k(SH)2-

TPA and PEG4k(SH)2-TPA hydrogels, with the light stimulus having only a small 

effect in the release rate of the dye. This suggests that in the case of the hydrophilic 

cargo the release is dominated by its diffusion from the hydrogels into the 

surrounding aqueous medium, which is fast enough compared to the photodegradation 

rate of the hydrogels. 

The results of this work are very interesting and promising for the use of these 

photodegradable thioacetal-based hydrogels in drug delivery, cell encapsulation, 

wound healing and tissue engineering applications. Future work will explore the 

influence of the hydrogel structure on its photodegradation rate, the possibility to 

control the release of chemically bound hydrophilic molecules onto the hydrogels, as 

well as the mechanical properties of the hydrogels prepared and their in vitro and in 

vivo behavior upon light irradiation. 
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Chapter 5: Characterization techniques 
 

5.1 Proton Nuclear Magnetic Resonance (1H NMR) spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy relies on a property of certain 

atomic nuclei that causes them to absorb and then re-release electromagnetic energy at 

characteristic frequencies. Shifts in the usual response frequency for a given isotope 

provide information about their immediate environment, including the influence from 

nearby electrons and magnetic nuclei, and make it possible to infer molecular identity, 

geometry, and more. 1H NMR spectroscopy, also referred as proton NMR, is the most 

frequently used type of NMR, due to the abundance of hydrogen nuclei in organic 

compounds and its subsequent sensitivity.  

The NMR technique allows observing local magnetic fields around atomic nuclei. The 

sample, typically a liquid or a solid dissolved in a solvent, is placed in a magnetic 

field and the NMR signal is generated by radiowave excitation of the nuclei of the 

sample into nuclear magnetic resonance, which is detected with sensitive radio 

receivers. The signal offers the necessary information about the nuclei's environment. 

The nucleus' exact field strength (in ppm) comes into resonance with a reference 

standard, which is usually the signal of the protonated fraction of the deuterated 

solvent employed. The nuclei are shielded from the external magnetic field by 

electron clouds, allowing them to absorb higher energy (lower ppm), whereas 

neighboring functional groups deshield the nuclei, allowing them to absorb lower 

energy (higher ppm). Nuclei that are chemically and magnetically equal resonant at 

the same energy and produce a single signal or pattern. Following the n+1 rule with 

coupling constant J, protons on nearby carbons interact and split each other's 

resonances into several peaks. Spin-spin coupling occurs frequently between nuclei 

that are one, two and three bonds apart. Since the area beneath an NMR peak is 

proportional to the number of nuclei that give rise to that resonance, the proton ratios 

that produce the resonance can be calculated by integration. 
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5.2 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (SEM) is one of the most common methods used to 

image the microstructure of materials. SEM is an electron microscopy technique that 

images a sample’s surface by scanning a focused energetic electron beam. SEM is one 

of the most popular tools to study surface morphology and to identify small areas that 

cannot be resolved by optical microscopy. 

SEM works by scanning a sample with an electron beam. An electron gun fires this 

beam, which then accelerates down the column of the scanning electron microscope. 

During this action, the electron beams pass through a series of lenses and apertures, 

which focus it. This occurs under high vacuum conditions, which prevents and 

molecules or atoms already present in the microscope column from interacting with 

the electron beam, and ensures a high-quality imaging by protecting the electron 

source from vibrations and noise. The electron beam scans the sample in a raster 

pattern, scanning the surface area in lines from side to side, top to bottom. The 

electrons interact with the atoms on the surface of the sample. This interaction creates 

signals in the form of secondary electrons, backscattered electrons and rays that are 

characteristic of the sample. Detectors in the microscope pick up these signals and 

create high resolution images displayed on a computer screen. 

 

5.3 Ultraviolet-Visible (UV-Vis) spectroscopy  
Ultraviolet-Visible (UV-Vis) spectroscopy is a quantitative spectroscopic technique 

used to measure how much of a chemical substance absorbs light. This is done by 

measuring the intensity of light that passes through a sample with respect to the 

intensity of light through a reference sample or blank. UV-Vis spectroscopy 

encompasses absorption spectroscopy and reflectance spectroscopy in the UV-Vis 

spectral region (200 nm to 800 nm). Molecules containing π-electrons can absorb 

ultraviolet or visible light energy. These absorptions lead to electron transitions.  

In general, UV-Vis spectroscopy is used to determine elemental concentrations 

quantitatively in a solution according to the Beer–Lambert law:  

𝐴𝐴 = 𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝐼𝐼0
𝐼𝐼 �

= 𝜀𝜀 ∙ 𝑐𝑐 ∙ 𝐿𝐿 
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where A is the measured absorbance, I0 is the intensity of the incident light at a given 

wavelength, I is the transmitted intensity, L is the path length through the sample, c is 

the concentration of the absorbing species, and ε is a constant known as the molar 

absorptivity or extinction coefficient for each species and wavelength [67].  
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