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Abstract 

 

Hydrogels are hydrophilic, three-dimensional materials used as platforms for various biomedical 

applications such as drug delivery, biosensors, or as scaffolds in tissue engineering. The ability 

to degrade on demand in response to biological cues is particularly attractive whether dealing 

with microgels or if one aims to release an active ingredient from a scaffolding material. For 

instance, many cancer-remediation drug delivery platforms leverage the high concentration of 

glutathione, a thiol-containing tripeptide, found in cancerous cells. In this work, poly(ethylene 

glycol) acrylate hydrogels were fabricated using dithiomaleimide (DTM) moieties. DTMs are 

known to undergo thiol-exchange reactions favoring the dissolution of the hydrogel in the 

presence of thiols. Herein, we study the role of DTM functionality, and thereby crosslink density, 

on the mechanical properties of these hydrogels and the rate of dissolution in the presence of 

thiols including glutathione using rheology and nuclear magnetic resonance (1H NMR). The use 

of DTM as a crosslinker in multi-responsive hydrogels bears great promise for the creation of 

stimuli-addressable biomaterials. 
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Chapter 1: Introduction 

Hydrogels are three-dimensional hydrophilic polymeric networks which are 

known to absorb large volumes of water without dissolving.1 Hydrogels have gained 

great interest in the past 50 years in various biomedical applications including controlled 

therapeutic delivery2 and as matrices and scaffolds in tissue engineering.3 The functional 

groups present in the backbone dictate their hydrophilic nature, contributing to their 

ability to become hydrated and swollen. Hydrogels networks are either crosslinked 

physically or chemically via covalent bonds, making them insoluble in aqueous media.4 

Both natural and synthetic polymers can be used to form hydrogels. As compared to 

natural hydrogels, synthetic hydrogels can be more easily manipulated either with 

structure or chemistry to control the properties. Most natural hydrogels are based on 

proteins, such as collagen,5 gelatin,6 and polysaccharides,7 whereas synthetic hydrogels 

are often made of poly(acrylate),8 poly(acrylamide),9 and poly(ethylene glycol).10 These 

hydrogels can be tailored and controlled precisely to achieve a broad range of properties 

such as mechanical flexibility, thermal stability, degradation rate, swelling behavior etc.  

Photopolymerization is one of the fastest and most controllable method of 

preparing hydrogels using visible or ultraviolet (UV) light in the presence of 

photoinitiators.11 Photoinitiators are light-sensitive materials which absorb light at 

specific wavelength to generate free radicals. The free radicals then initiate the 

polymerization to form fully crosslinked hydrogels. The major photoinitation 

mechanisms for photolysis are photocleavage, hydrogel abstraction and cationic 

photopolymerization. Hydroxyalkylphenones, benzoin, benziketals, and acetophenone 

derivatives initiators undergoes polymerization by cleavage pathways.12 Poly(ethylene 
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glycol) acrylate based hydrogels are mainly photopolymerized using acetophenone 

derivates such as 2,2-dimethoxy-2-phenyl acetophenone13 and 2-hydroxy-2-

methylpropiophenone. These photoinitators generates free radicals either via homolytic 

cleavage or via hydrogel abstraction as shown in Fig. 1.  

 

Fig. 1 Photoinitiation mechanism for radical photopolymerization. (A) Photoinitiation 

by homolytic cleavage. (B) Photoinitiation by hydrogel abstraction.11 

 

Hydrogels that can undergo gel-sol phase transition and volume transitions with 

response to certain external stimuli are called stimuli-responsive hydrogels. Because of 

their unique ability to respond to environmental cues, there is a growing interest in 

stimuli-responsive polymer hydrogels in therapeutic drug delivery platforms.14-15 These 

types of hydrogels show various changes with external stimuli such as pH,16,17,18 redox 

potential, light,19 temperature and ionic changes.20 Bao et al. studied a 4-arm 

poly(ethylene glycol)-block-poly(L-glutamic acid) (4a-PEG-PLG) hydrogels and 

demonstrated that these hydrogels exhibits gel-sol transition due to pH change as shown 

in the Fig. 2.  
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Fig. 2. Insulin uptake and triggered release through a pH sensitive hydrogel.21 

 

The response to these stimuli show changes in phase, physical structure, 

fluorescent properties, breakage of bonds or degradations22,23 etc. and can be tuned by 

modifying the polymer chemistry. Compared to traditional drug delivery methods, these 

smart polymeric hydrogels can be used for drug delivery on demand. Stabenfeldt et al. 

reported the thermosensitive hydrogel based on methylcellulose which can be used for 

development of neural tissue scaffolds.24 Likewise, numerous researchers are working on 

pH responsive, light-sensitive, or with multi-responsive hydrogels.15 Fig. 3 given below 

shows an example of dual-responsive hydrogels which are sensitive to both light and 

reductive environment. 
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Fig. 3. Dual-responsive nitrobenzyl-modified-polyetherimide crosslinked with 

dithiodipropionic acid (PENS) and their sensitivity to light and glutathione (GSH).15 

Gluthione-sensitive hydrogels are researched mostly for cancer drug 

applications.25-26 Cancer drug delivery has been a great challenge due to presence of 

various complex cell environments which negatively result the outcome of therapeutics 

drugs. For example, glutathione, a tripeptide that contains cysteine, is found at around 

relatively low concentration (~2-20µM) in plasma. However, in cancerous environments, 

it can be found at higher levels (~10mM).27,28 Glutathione predominantly presents in cells 

in its reduced state (GSH). Despite GSH’s beneficial role in the removal of carcinogens 

and protection from cell death, higher concentration can have pathogenic effect on cells 

leading to cancer progression.29 GSH has been utilized to design thiol responsive 

therapeutic drugs delivery system.30-31 Li and coworkers presented the release of drugs 

from micelles triggered by the high concentration GSH via the breakage of disulfide bond 

crosslinks. Baldwin et al. have reported the glutathione-sensitive hydrogels formed by 

various thiol-functionalized poly(ethylene glycol) crosslinked with maleimide 

functionalized low-molecular weight heparin. This study demonstrated that the 
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succinimide-thioether linkages added to the maleimide-functionalized heparin will be 

cleaved by various alkyl thiols along with glutathione (GSH) via thiol-exchange reaction. 

Dithiomaleimide (DTM) is a fluorescent functional group formed on various 

substituted maleimides. O’Reilly et al. showed DTM-functional acrylate based 

nanoparticles via ROP and RAFT polymerization.32-33 

 

Fig. 4. Schematic illustration of DTM monomer based fluorescent 

polymer and chemico-fluorescent response of dibromomaleimide (DBM) 

monomer based profluorescent polymer via RAFT polymerization.33 

DTM derivative functionalized with thiols were shown to have a significant fluorescence 

shift.34 Hence, Karman et al. utilized DTMs to devise a polymer that can show 

mechanically switchable fluorescence properties.35 By incorporating DTM moiety into 

each chain of polymethylacrylate and of poly(ε-caprolactone), the cleavage of C-S bond 

of DTM was shown using ultrasonic-induced mechanical stress. In addition, DTM can be 

used for thiol exchange reaction. Smith et al. have shown that the DTM could undergo 

thiol-exchange reactions by replacement of original thiol linkage with the new thiol 

linkage.36,33 The maleimide group of DTM facilitates the conjugation addition-

elimination reaction due to the retention of the C=C double bond. Tang et al. developed a 
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poly(tri-ethylene glycol methyl ether acrylate) (PTEGA) based polymer with pendant 

DTM functionality using copper Cu(0)-mediated living radical polymerization. The 

pendent DTM were utilized for sequential reversible thiol-exchange reactions. Thiol 

exchange was successfully shown in presence of both alkylthiols such as GSH, as well as 

aryl thiols.  

 

Fig. 5. Schematic of copolymerization of P(TEGA-co-DMMA) polymer (Top) and thiol-

exchange reaction of P(TEGA-co-DMMA) polymer with thiol containing agent (bottom). 

 

This work attempts to utilize DTM as a crosslinker for the photopolymerization of 

thiol-sensitive poly(ethylene glycol) based hydrogel, namely, poly(ethylene glycol) 

methyl ether acrylate. We hypothesize the degradation of thiol linkages formed by 

functionalization of the DTM crosslinker, occurs via thiol exchange reaction with the 

alkyl thiol molecules including glutathione (GSH). The gelation and degradation kinetics 

are obtained by using combined study of oscillatory rheology and submersion dynamic 
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mechanical analysis. The reaction kinetics as well as dissolution kinetics is examined to 

understand the reaction rate and its respective mechanical behavior. 

Chapter 2: Materials and methods 

2.1 Materials  

All reagents and solvents were bought from commercially available sources and used as 

received unless otherwise noted. 

2.2 Instrumentation 

1H NMR was recorded on Varian Mercury 300 MHz spectrometer either with 

CDCl3, D2O, or acetone-D6. Chemical shifts (δ) are reported in parts per million (ppm). 

The flash column chromatography was performed using Biotage Isolera Prime system. 

UV curing was performed using Bluepoint 4.0 with mercury UV lamp (150 W) at an 

intensity of 8 mW/cm2. Rheology experiments were performed on TA ARES strain-

controlled rheometer with an Omnic UV lamp attachment. A sample holder with 20 mm 

diameter was used for rheology experiments.  

2.3 Methods 

2.3.1 Synthesis of 1-benzyl-3,4-dibromo-1H-pyrrole-2,5-dione (1) 

N-benzyl-functionalized dibromomaleimide was synthesized following the same 

procedure from the literature.35 In short, 1 eq. of 2,3-dibromomaleimide (5 g, 19.6 mmol), 

1.2 eq. of potassium carbonate (3.25 g, 28.5 mmol) and acetone (100 mL) was combined 

in a 250 mL round bottom flask under N2. 1.25 eq. of benzyl bromide (3 mL, 25.3 mmol) 

was added dropwise and the solution was stirred overnight at the room temperature. The 

reaction mixture was concentrated via rotary evaporation to obtain a dry brown powder. 

The crude product was dissolved in EtOAc (150 mL), washed with water (3x50 mL) and 
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then brine (3x50 mL). Finally, the organic layer was then dried over MgSO4, filtered and 

concentrated in vacuo. The product was purified using column chromatography (SiO2, 

Hexane: EtOAc, elution gradient 7% EtOAc) solvent was removed with rotatory 

evaporation to obtain off-white powder product (3.8 g, 51.6 %). 

 1H NMR (CDCl3, ppm): δ= 4.75 (2H,s), 7.36 (5H, m); 13C NMR (CDCl3, ppm): δ= 

43.22, 127.66, 128.31, 128.77, 129.48, 135.18, 158.65, 163.59. 

2.3.2 Synthesis of 1-benzyl-3,4-bis(2-hydroxyethylthio)-1H-pyrrole-2,5-dione (2) 

In a 25 mL round bottom flask, 1 eq. of 1 (3.8 g, 11 mmol) and 2.25 eq. imidazole 

(1.8 g, 27.5 mmol) were dissolved with THF (44 mL). With addition of 2.25 eq. 

mercaptoethanol (1.93 mL, 27.5 mmol) into the reaction mixture, solid precipitate formed 

immediately. After stirring for 3 hours, the precipitate was dissolved with EtOAc (200 

mL) and washed with water (2x200 mL) and brine (3x200 mL). The organic layer was 

dried over MgSO4 and filtered. The obtained filtrate was concentrated via rotary 

evaporation. The product was purified using column chromatography (SiO2, hexanes, 

DCM, methanol, elution gradient from 25 % to 40% DCM and 2-5% MeOH). The 

solvent was removed with rotary evaporation and dried under vacuum at 40 °C overnight 

to obtain yellow colored 2 (1.8 mg, 55%). 

1H NMR (CDCl3, ppm): δ= 3.59 (4H, t), 4.39 (4H, t), 4.65 (2H, s), 7.35 (5H, m); 13C 

NMR (CDCl3, ppm): δ= 34.55, 42.27, 61.97, 127.95, 128.35, 128.74, 135.88, 136.29, 

166.34.  

2.3.3 Synthesis of ((1-benzyl-2,5-dihydro-1H-pyrrole-

3,4diyl)bis(sufanediyl))bis(ethane-2,1tea-diyl) diacrylate (3) 
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In a dry 250 mL round bottom flask, was combined 2 (1.8 g, 5.30 mmol), DCM 

(70 mL), and TEA (1.85 mL, 13.36 mmol). The solution was set in an ice bath and 

acryloyl chloride (1.07 mL, 13.26 mmol) was added dropwise under nitrogen. The 

solution was allowed to warm to room temperature and stir overnight. The reaction was 

washed with HCl (2x50 mL) followed by NaHCO3 (2x50 mL), and brine (3x50 mL) 

before it was dried with MgSO4 and filtered. The filtrate was purified using flash column 

chromatography (SiO2, hexane: EtOAc, elution gradient from 0% to 25 % EtOAc) and 

solvent was removed using rotary evaporation to obtain yellow oil (1.3 g, 55%).  

 1H NMR (CDCl3, ppm): δ= 3.59 (4H, t), 4.39 (4H, t), 4.65 (2H, s), 5.81 (2H, d), 6.03 

(2H, m), 6.34 (2H, d), 7.35 (5H, m). 

2.4 Preparation of fully crosslinked networks  

Poly(ethylene glycol) methyl ether acrylate (1.09 g, 2.27 mmol) with either 

ethylene glycol dimethacrylate (EGDMA) or 3 (0.001 g, 0.13 mmol) and 3 w% 

photoinitiator DMPA (0.03 g, 0.13 mmol) were combined in a scintillation vial. After 

quickly mixing, the solution is poured into a mold (Slygard 184) and photopolymerized 

using Bluepoint 4.0 with mercury UV lamp (150 W) at an intensity of 8 mW/cm2 for 35 

minutes. 

2.5 1H NMR of hydrogels. 

2.5.1 Formation 

Gelation experiments were performed in a standard NMR tube with acetone-D6 

using Bluepoint 4.0 with mercury UV lamp (150 W) at an intensity of 8 mW/cm2 at room 

temperature. NMR was taken before and after adding UV light to track the changes in the 

peak. In a standard NMR tube, PEG methyl ether acrylate (1.6x10-2 g, 3.0x10-2 mmol), 3 
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(1.6x10-5 g, 3.7x10-5 mmol), DMPA (4.9x10-4 g, 1.9x10-3 mmol) were combined with an 

acetone-D6 (0.5 mL). Measurements (32 scans, 5s delay, room temperature) for gelation 

were taken every 5 min of UV exposure until no acrylate peaks were seen. After 35 min 

of UV exposure, the reaction was stopped. 

 

2.5.2 Degradation 

Degradation experiments were performed on pre-made hydrogel sample in a 

standard NMR tube with deuterated water (D2O). Glutathione (GSH) was used to monitor 

degradation via thiol-exchange reaction. In a standard NMR tube, a previously made C-3 

gel sample (12.5 mg) was immersed in a D2O (0.5 mL) with 10 mM GSH. Degradation 

measurements (8 scans, room temperature) were taken every 5 min until acrylate peaks 

were seen. Time intervals were measured from thiol addition to beginning of NMR 

acquisition.  

2.6 Sample holder for rheology experiment 

Rheology experiments were performed using parallel plate geometry. To ensure 

accurate measurements, degradation tests were performed on hydrogels formed in the 

rheometer. Therefore, a modified parallel plate was utilized to allow for hydrogel 

submersion during degradation tests. The encapsulation of the bottom plate allows for 

submersion, while the high rim (above the bottom plate) prevents liquid runaway. 

Degradation solvents can be added into the sample chamber through the pinhole in the 

sidewall. The core circular diameter was 20 mm (0.79 inches) which has exact diameter 

of the rheometer parallel plate. The outside diameter was 28.6 mm (1.13 inches) whereas 

inside diameter was 26.34 mm (1.04 inches). The small circular pinhole for liquid 
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injection with 1.27 mm (0.05 inches) diameter was on the outside circular region such 

that the liquid injected falls on core region of the design. The material used for this 

design was aluminum.  

 

 

Fig. 6 sample holder 3D model 

 

Fig. 7 Prototype drawing 

2.7 Hydrogel formation monitored by oscillatory rheology  

For each sample, polymer solution at 3 wt% photoinitiator, 0.1 w% crosslinker 

and were mixed and immediately loaded onto the sample holder through the small hole 

on the sample holder placed at the bottom instead of rheometer parallel plate. The 

oscillatory shear properties were measured using a TA ARES strain controlled rheometer 

with Omnic UV lamp at constant strain rate of 5.0%. Data was collected in a dynamic 

time sweep test at constant frequency of 1.0 rad s-1 at the room temperature until the 
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modulus reached equilibrium. The oscillatory rheology experiments is shown below in 

the Fig. 8. 

 

Fig. 8 Curing of C-EGDMA gel (left) and C-3 gel (right) under UV light. 

 

2.8 Hydrogel degradation monitored by oscillatory rheology  

Degradation kinetics studies of the hydrogel in presence of thiol groups were 

measured based on the reduction in modulus with time. Hydrogels were formed in situ as 

described above. After the crosslinked hydrogel reached equilibrium, degradation 

measurements were performed by either immersion in pure PBS (pH 7.4), 10 mM GSH, 

or 10 mM mercaptoethanol by injection into the sample holder. Data points were 

recorded for 60 min.  
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Chapter 3: Result and discussion 

3.1 Hydrogel formation by 1H NMR 

NMR studies have been used to study the gelation kinetics of hydrogels.31 The 

hydrogel formation was monitored via 1H NMR by tracking the acrylate proton peaks 

which disappear after fully crosslinking of the network.31 Similar to the previously 

described procedure above, the formation of hydrogels with C-3 crosslinkers was 

examined via 1H NMR in acetone-D6 solution with and without UV exposure. Formation 

studies were performed by exposing a standard NMR tube containing all the reactants to 

UV light in 5-minute increments up to total irradiance time of 35 minutes and schematic 

of hydrogel formation mechanism is shown in the Fig. 9. The spectra in Fig. 10 shows the 

complete disappearance of the acrylate protons (6.34, 6.18 and 5.88 ppm) after 35 min of 

addition of photoinitiator which confirms that it is fully crosslinked. The peaks 

corresponding to photoinitator was seen around 7.5-8 ppm. Fig. 11 shows the normalized 

conversion of acrylate protons peaks at 5.88 ppm, 6.18 ppm and 6.34 ppm indicating the 

full conversion after 35 minutes of UV irradiation. 

 

Fig. 9 C-3 hydrogel formation mechanism. 
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Fig. 10 1H NMR of C-3 hydrogels formation. Experiments were performed in 

presence of acetone-D6. 

 

 

Fig. 11 Acrylate proton peaks conversion with UV irradiation for C-3 gel within 35 

min. 
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3.2 Degradation monitored by 1H NMR 

 The hydrogel degradation kinetics were performed following literature 

procedure.31 A fully formed C-3 hydrogel (12.5 mg) was placed at the bottom of an NMR 

tube and submerged in D2O with and without GSH (10 mM). The absence of acrylate 

proton peaks at 5.88-6.34 ppm shows that the gels was fully formed at the start of the 

experiments (0 min). The degradation kinetics were measured every 5 min after 

submersion for an hour and at 24 hr. The kinetics data before 10 mM GSH addition (0 

min) and after thiol addition (20 min, 30 min, 40 min, 50 min, 60 min and 24 hr) are in 

Fig. 12.  

As the fully formed C-3 hydrogel is subjected to thiol solution (10 mM GSH), a 

thiol peak should appear at around 1.50-1.70 ppm owing to the reversible thiol exchange 

indicating the degradation of the crosslinked networks. However, no peaks in this thiol 

region indicate that the degradation of the gel was not accomplished. Further study can be 

done by increasing the GSH concentration as well as increasing the reaction time which 

might help see the degradation of hydrogel. 
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Fig. 12 1H NMR of PEG acrylate hydrogel degradation. Degradation kinetics 

experiments were performed in 10 mM GSH. 

 

3.3 Rheological analysis of hydrogel formation 

Oscillatory rheology was used to determine the gelation kinetics, mechanical 

properties and crosslink density of hydrogel. Hydrogels were either made with EGDMA 

crosslinker (C-EGDMA) or with the DTM crosslinker 3 (C-3). Full curing was defined as 

when the storage modulus (G′eq) plateaus. Gelation was determined from crossing point 

of storage modulus (G′) over loss modulus (G′′) as shown in the Fig. 13. The measured 

equilibrium storage moduli (G′eq) for C-EGDMA hydrogel and C-3 hydrogel were 8112 

Pa and 2517 Pa respectively. The C-EGDMA hydrogel hits gelation within 65 s whereas 

C-3 hydrogel took 80 s.  
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Fig. 13 Comparison of storage modulus (G′) versus loss modulus (G′′) of C-3 hydrogel 

(A) and C-EGDMA hydrogel (B) during curing process under UV. For each sample, 

the pre-mixed reaction was injected into the sample holder in rheometer with 20 mm 

thickness between two plates. 

 

Fig. 14 shows the shorter gelation time for C-EGDMA hydrogels whereas longer 

gelation time for C-3 hydrogel. This suggests that the C-EGDMA hydrogel has faster 

polymerization rate. The storage modulus (G′) is increasing slowly and exceeds the loss 

modulus (G′′) curve reaching the gelation because of the establishment of the more 

networks, where solid-like viscoelastic behavior predominates. As progress of time, both 
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G′ and G′′ curves level off indicating the fully developed networks in the hydrogel. Both 

C-3 hydrogel and C-EGDMA hydrogel has lower G′′ than G′ (G′ > G′′), characteristic of 

a fully-developed crosslinked polymer network.37 The lower storage modulus (G′) of C-3 

hydrogel as compared to C-EGDMA hydrogel shows that it is softer, and more elastic. 

Fig. 14 (B) shows the sharp increase in loss modulus within 50 s as a result of random 

error. There was a slight fluctuation in the instrument while running the experiments that 

eventually level off after adjustment. 

 

Fig. 14 Comparison of storage modulus (A) and loss modulus (B) of C-EGDMA 

versus C-3 hydrogels during curing process under UV. For each sample, the pre-mixed 
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reaction was injected into the sample holder in rheometer with 20 mm thickness 

between two plates.  

 

3.4 Rheological analysis of hydrogel degradation 

Oscillatory rheology can be used to assess the kinetics and change in viscoelastic 

properties during the process of degradation.38 The degradation of hydrogel was 

confirmed with reduction of the elastic modulus (G′). With the breakages of bonds of 

crosslinked networks via thiol exchange reaction, the elastic or storage modulus should 

decrease. To monitor the viscoelastic behavior of the hydrogel in presence of 

mercaptoethanol and GSH, two samples i.e. hydrogel with EGDMA crosslinker (C-

EGDMA) and crosslinker 3 (C-3) were tested. 

Fig. 15 shows the slight reduction of a normalized storage modulus versus time 

for both C-EGDMA and C-3 hydrogel in presence of pure PBS, 10 mM GSH as well as 

10 mM mercaptoethanol. The reduction in storage modulus (G′) of C-3 hydrogel was 

similar to that of C-EGDMA hydrogel which indicates the initial radial swelling, since 

the C-EGDMA has no thiol exchange mechanism. Furthermore, the C-3 hydrogel is 

expected to have sharp drop in G′ in presence of thiol solution because of thiol exchange 

whereas no change of G′ in pure PBS. However, there was no difference on storage 

modulus drop in presence of thiol solution (GSH or mercaptoethanol) versus pure PBS. 

This confirms further that the G′ drop seen for the C-3 hydrogel is not because of 

hydrogel degradation but swelling. Due to instrument limitation, the experiment was only 

performed for an hour. Increasing the crosslinker wt% will increase the crosslink density 

which may lead to a larger drop in storage modulus with the course of degradation and 
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could be easier identify. However, the higher storage modulus expected for crosslink 

densities may require submersion clamp DMA. 

 

Fig. 15 Comparison of (A) storage and (B) loss modulus of C-EGDMA hydrogel and C-

3 hydrogel for degrading hydrogels. Degradation was performed in the presence of 

phosphate buffer saline ( PBS, pH 7.4) solution (10 mM GSH, 10mM mercaptoethanol, 

pure PBS). 

 

3.5 Determination of crosslink density of hydrogels 
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Crosslink density of hydrogel can be determined from two ways i.e. swelling 

experiments and rheological experiments.39 As compared to swelling experiments, 

rheological experiments are known to provide optimal polymerization conditions due to 

in situ gelation.37 The crosslink densities of the hydrogels were calculated using eq.1 and 

eq.3 obtained from the rheology experiments. By applying the theory of rubber elasticity, 

the average molecular weight between crosslinks (Mc) is defined as;40 

𝑀𝑐 =
𝜌𝑅𝑇

𝐺′𝑒𝑞
                                                                            (1) 

 

where 𝜌 is the density of the gel and G’eq is the plateau modulus. The density of the gel 

(𝜌) was calculated using Mettler Toldeo balance via Archemedes′ principle. C-3 gel has 

density of 1.20 g/mL whereas, density of C-EGDMA gel was 1.15 g/mL. The constant 

parameter used in this equation are the universal gas constant (R ) and temperature (T) in 

Kelvin (K). R and T used were 8314 L Pa K-1 mol-1 and 298 K respectively. Jiang et al. 

demonstrated that the crosslink density of the highly swollen polyacrylate hydrogels can 

be calculated using alternative equation;41 

𝐺′𝑒𝑞 = 𝜌crosslinks RT                                                              (2) 

Combining the eq.1 and eq.2, the crosslink density equation was formulated as given 

below;  

( 𝜌crosslinks) = 
1

ν𝑀𝑐
                                                        (3) 

where ν is specific density and calculated as the ratio of density of water to density of a 

gel. The crosslink density of C-3 hydrogel (1.01x10-6 mol mL-1) was lower than that of C-

EGDMA hydrogel (3.27x10-6 mol mL-1) which indicates that C-3 hydrogel is softer as 

compared to C-EGDMA hydrogel which is in agreement with the rheological results. 
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Chapter 4: Conclusion 

Hydrogels containing maleimide-thioether crosslinks were successfully fabricated from 

poly(ethylene glycol) methyl ether acrylate, acrylate functionalized DTM via 

photopolymerization. 1H NMR analysis of hydrogel formation confirmed the complete 

disappearance of the acrylate double bond during crosslinking and validated the fully 

crosslinked networks. Oscillatory rheology was used to track both the photocuring as 

well as degradation of the hydrogel. The degration of hydrogel occurs by thiol exchange 

reaction with the DTM crosslinker via submersion in either mercaptoethanol or 

glutathione. However, the degradation experiments (NMR and rheological) indicate that 

the hydrogel degradation in presence of alkyl thiols and glutathione did not occur within 

the timescale of the experiments. Results indicated that increasing the crosslinker 

concentration to reduce swelling as well as to improve degradable mechanical properties 

in the presence of thiols may be necessary. 
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Appendix 

NMR Spectra 

 

1-benzyl-3,4-dibromo-1H-pyrrole-2,5-dione (1) 

 

Fig. 9 1H NMR spectrum of 1 in CDCl3. 

 

1-benzyl-3,4-dibromo-1H-pyrrole-2,5-dione (1) 
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Fig. 10 13C NMR spectrum of 1 in CDCl3. 

 

1-benzyl-3,4-bis(2-hydroxyethylthio)-1H-pyrrole-2,5-dione (2) 
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Fig. 11 1H NMR spectrum of 2 in CDCl3. 

 

 
 
 

 

Fig. 12 13C NMR spectrum of 2 in CDCl3. 

 

2.3.3 Synthesis of ((1-benzyl-2,5-dihydro-1H-pyrrole-

3,4diyl)bis(sulfanediyl))bis(ethane-2,1-diyl) diacrylate (3) 
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Fig. 12 1H NMR spectrum of 3 in CDCl3. 
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