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ABSTRACT 

 

CATCH & RELEASE THIOL REACTIVE HYDROGELS 

 

Hydrogels have attracted remarkable attention since they have high potential uses in 

many fields. They are commonly used in tissue engineering, drug delivery systems, 

biosensors and wound healing dressings. Recently, there is a great interest in fabricating 

well defined functionalizable hydrogels and hydrogel micropatterns. This study has three 

parts. In the first part, PEG-based, reversible-thiol reactive hydrogels containing various 

amount of pyridyl disulfide functional group were synthesized by photopolymerization in 

the presence of photoinitiator and PEGDMA crosslinker. Swelling studies were conducted 

and surface morphology of the hydrogels were examined by scanning electron microscopy 

(SEM). Time-dependent pyridothione release profiles of the bulk hydrogels provided with 

using glutathione (GSH) were obtained using via UV-vis spectroscopy. As expected, it was 

found that release of pyridothione depends on thiol-disulfide exchange reaction 

mechanism. In the second part of the study, PEG-based 3D, reversible-thiol reactive 

hydrogel micropatterns were fabricated by photopolymerization. Immobilization of thiol 

containing fluorescent dye, BODIPYC10SH onto the hydrogel micropattern were 

performed and release of the immobilized molecules from the surface were achieved using 

GSH and dithiothreitol (DTT). Thiol containing biotin derivatives were covalently attached 

to the thiol reactive hydrogel micropatterns under mild condition. Immobilization of 

TRITC-extravidin onto biotinylated hydrogel micropatterns and release of immobilized 

molecules from the surface were performed using DTT and investigated using fluorescence 

microscope. In the third part, thiol-reactive orthogonally functionalizable bulk hydrogels 

containing pyridyl disulfide functional group in certain ratio and additionally various 

amount of furan protected maleimide functional group were synthesized by 

photopolymerization. Thermogravimetric analysis of these hydrogels were conducted to 

demonstrate control over monomer incorporation. 
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ÖZET 

 

TERSİNİR-TİOL BAĞLANABİLEN HİDROJELLER 

 

Hidrojeller bir çok alanda yüksek kullanım potansiyeline sahip olduklarından 

oldukça ilgi çeken yapılardır. Hidrojeller, doku mühendisliğinde, ilaç salınım 

sistemlerinde, biyosensörlerde ve yara iyileştiren giysilerde yaygın olarak kullanılmaktadır. 

Son zamanlarda iyi yapılanmış ve yapımı kolay hidrojellere ve hidrojel desenlere karşı bir 

ilgi vardır. Bu çalışma üç bölümden oluşmaktadır. Birinci bölümde, PEG bazlı, tiol 

gruplarına tersinir biçimde reaktif olan, çeşitli miktarlarda pridil disülfit grubu içeren 

dökme hidrojeller, fotopolimerizasyon başlatıcı ve PEGDMA çapraz bağlayıcı varlığında 

fotopolimerizasyon ile sentezlenmiştir. Hidrojellerin su çekme kapasitelerini ölçülmüş ve 

yüzey morfolijileri elektron taramalı mikroskop (SEM) ile incelenmiştir. Tiol-disülfit 

değişim reaksiyonu mekanizması kullanılarak, glutatyon (GSH) ile, hidrojellerin zamana 

bağlı piridotayon salınım profili, ultraviyole-görünür bölge spektroskopisi ile elde 

edilmiştir. İkinci bölümde, PEG bazlı, üç boyutlu, tiol gruplarına karşı tersinir olarak 

reaktif olan hidrojel mikrodesenler fotopolimerizasyon ile sentezlenmiştir. Tiol içeren 

florasan boya moleküllerinin hidrojel desenlere sabitlenmesi ve bağlanan moleküllerin 

yüzeyden GSH ve DTT ile ayrılması sağlanmıştır. Tiol içeren biyotin türevi, tiol reaktif 

hidrojel mikrodesenlere oda koşullarında kovalent olarak bağlanmıştır. Biyotinlenmiş 

hidrojel mikrodesenlere TRITC-extravidin sabitlenmesi ve sabitlenen moleküllerin 

yüzeyden DTT ile ayrılması sağlanmış ve floresan mikroskobu ile takip edilmiştir. Üçüncü 

kısımda, belli oranda pridil disülfit ve çeşitli miktarlarda furan korumalı maleimid içeren, 

tiol gruplarına reaktif  ortogonal dökme hidrojeller  fotopolimerizasyon ile sentezlenmiştir. 

Hidrojellerin termogravimetrik analiz çalışmaları, monomer içeriğinin kontrolü için 

yürütülmüştür. 
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1. INTRODUCTION 

 

1.1. Synthesis and Applications of Hydrogels 

 

In recent years, fabrication of biocompatible hydrogels, biological polymers, and 

three-dimensional (3D) biomaterials have drawn significant attention in biomedical 

sciences [1]. Hydrogels are crosslinked polymeric structures that are capable of uptaking 

water and they can be synthesized via physical interactions or chemical crosslinking. When 

the networks are constructed by molecular entanglements or secondary forces such as ionic 

interaction, H-bonding or hydrophobic forces they are called physical gels [2-3]. 

 

However, physical interactions cannot always yield stable and robust gels [4]. In 

order to obtain stable, non-reversible and robust hydrogels, chemical crosslinking is 

applied. Examples for chemically crosslinked hydrogel networks with the most commonly 

used mechanisms can be given as; azide functionalized PVA’s clicked with alkyne 

appended PVA’s [5], polymerization of peptides with ATRP [6], crosslinking with Diels-

Alder reaction between PEG-bismaleimide and furan containing polymers [7], PEG-

tetrathiols clicked with bisacrylates [8] to give hydrogel networks and photo crosslinking 

of acrylates in the presence of a photoinitiator [9]. 

 

The high water content makes hydrogels biocompatible and owing to their 

resemblance to natural tissues, hydrogels have become very popular materials and they 

have been used and tried in many application areas in a few decades. They can be applied 

for biomolecular immobilization, tissue engineering, drug delivery, biosensors, contact 

lenses and wound healing dresses [10-13]. Hydrogels can be used as scaffolds for cell 

growth in tissue engineering. They can be used as drug carriers and drug release can be 

monitored. They can become responsive to biomolecules and used as biosensors. 

Hydrogels are applicable for wound healing since they can provide moisture to the wound, 

relieve the pain and facilitate to healing [14]. It can be said that hydrogel have high 

potential of use for many different fields and they can be applied to new areas by creating 

novel structures. 
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1.2. Functionalizable Hydrogels 

 

Functionalization of hydrogels can be performed by covalent or non-covalent 

attachment of biomolecules. Covalent attachment methods are preferred for applications 

such as bioimmobilization, controlled drug delivery and tissue engineering in order to 

obtain controlled attachment.  

 

Since hydrogels can encapsulate various guest molecules, they can be used as 

scaffolds. These guest molecules can be peptides or drug molecules that can be slowly 

released into the vicinity of an implant [15] or growth factors or signaling peptide 

molecules for cell culture and tissue engineering applications [16]. The functionalization of 

the hydrogels with desired molecules can be achieved by physiabsorption and by covalent 

attachments methods. However, since physiabsorption has limitations due to the lack of 

control over rate and uniformity, hydrogels containing covalently attached biomolecules 

are widely applied. Generally, a monomer of the desired biomolecule is synthesized in 

order to immobilize biomolecules on hydrogels. For example, a photo-crosslinked 

hydrogel scaffold containing covalently immobilized gradients of basic fibroblast growth 

factor (bFGF) by using PEG-diacrylate and acryloyl-PEG-RGDS were fabricated by West 

and coworkers. It was observed that within 24 hours, cells seeded on this hydrogel were 

aligned in the direction of increasing bFGF concentration [17]. As a later study, they 

synthesized hydrogels containing covalently attached biotin and the cell adhesive peptide 

RGDS. They utilized a PEG monomer containing an activated ester at one terminus and 

the acrylate group at the other end. The activated ester group provides attachment of any 

molecule of interest through the amidation chemistry and the acrylate group allows 

covalent integration into the hydrogel and creates 3D patterns via single photon absorbance 

(SPA) photolithography [18]. 

 

An alternative and more convenient strategy is to immobilize biomolecules on 

hydrogels through post-functionalization [19]. In this approach, hydrogels have reactive 

functional groups and provide efficient immobilization under mild reaction conditions. For 

immobilization of biomolecules, a much sought after functionalization is via thiols since 

many biomolecules either contain or can be incorporated with cysteine residues at specific 
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sites. Sulfhydryl group of the cysteine residues in biomolecules undergo facile reactions 

with maleimides [20], ortho pyridyl disulfide units [21], and vinyl sulfones [22]. 

 

In 2010, Sanyal et al. showed the fabrication of thiol reactive hydrogels containing 

maleimide functional groups [23]. In this work, novel hydrogels were synthesized with 

using furan protected maleimide methacrylate with PEGMA. By retro Diels-Alder 

reaction, some furan molecules were removed and in situ crosslinking polymerization 

occurs. After that, remaining free maleimides were activated and thiol containing dye and 

enzyme were immobilized on thiol reactive hydrogels (Figure 1.1). 

 

 

 

Figure 1.1. Thiol reactive hydrogels via DA/rDA reaction [23]. 

 

 

1.3. Thiol-Disulfide Exchange Chemistry in Polymers and Hydrogels 

  

  In 2006, Thayumanavan et al. presented a new methodology to form multiple 

functional groups containing polymers [24]. In this study, they performed 

copolymerization of N-hydroxysuccinimide methacrylate and pyridyl disulfide 
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methacrylate by ATRP, and synthesized copolymer has two functional groups that are 

reactive towards thiols and amines. Disulfide linkages on the backbone of the copolymer 

provide reversible attachment of a molecule (Figure 1.2) 

 

Figure 1.2. Orthogonal and reversible functionalities in copolymers [24]. 

 

In 2011, Wang et al. showed the synthesis of injectable hyaluronic acid hydrogels 

using HA derived pyridyl disulfide and PEG-dithiol acting as a crosslinker via thiol 

disulfide exchange reaction as shown in Figure 1.3. The process tuned by release of 

pyridothione molecule that provides quantitative hydrogel formation by UV spectroscopy. 

In the study, it was shown that produced hydrogels are degradable in the presence of 

hyaluronidase enzyme and since the hydrogels have disulfide bonds, they were found to be 

also degradable in the presence of thiol containing reagent like glutathione. They indicated 

that HA-ss-PEG hydrogels can be useful for protein encapsulation and delivery, also can 

be applicable for several types of cell encapsulation [25]. 

 

             
 

Figure 1.3. Synthesis of HA-ss-PEG hydrogel [25]. 
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In 2010, Thayumanavan et al. showed the preparation of biocompatible nanogels 

formed by random copolymer containing oligoethyleneglycol (OEG) and pyridyldisulfide 

(PDS) units via intra-/intermolecular disulfide cross-linking process depending on thiol-

disulfide exchange mechanism. In the study, in order to create thiol groups in the 

copolymer, deficient amount of DTT was used and produced thiol groups react with the 

remaining pyridyl disulfide units and provide the formation of nanogels. They showed that 

the nanoaggregates are appropriate for encapsulation of hydrophobic dye and drug 

molecules (Figure 1.4). Since nanogels have disulfide bonds that are cleavable in the 

presence of reducing agent, they were found to be degradable in the presence of 

glutathione. By using this property, the release of noncovalently encapsulated hydrophobic 

molecules were achieved with using thiol containing reagent, glutathione and release 

kinetics can be monitored by changing the crosslinking density of the nanogels [26]. 

 

            

 

Figure 1.4. Formation of nanoaggregates and encapsulation of guest molecules [26]. 

 

In 2011, Grayson et al. synthesized PHEMA based hydrogel with different 

crosslinkers;  DSDMA and DEDMA that have disulfides and ether linkages respectively as 

shown in Figure 1.5. They showed that the hydrogel formed with disulfide linkage 

containing crossklinker was degradable in the presence of glutathione by thiol-disulfide 

exchange reaction and the release of loaded molecules can be achieved (Figure 1.6) [27]. 
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Figure 1.5. Formation of hydrogels with DSDMA and DEDMA crosslinker [27]. 

 

 

 

Figure 1.6. Degradation of DSDMA hydrogel and stability of DEDMA hydrogel [27]. 
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1.4. Functionalizable Patterned Hydrogels 

 

There are many ways to fabricate hydrogel patterns like photoreaction injection [28], 

photolithography [29], microfluidic patterning [30], microcontact printing [31] and   

electrochemical deposition [32]. As an example for microcontact printing method, Chirra 

et al. fabricated hydrogel patterns by using PDMS stamping via atom transfer radical 

polymerization (ATRP) as shown in Figure 1.7 [31].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. PDMS microcontact printing to form hydrogel patterns [31]. 

 

Also photopolymerization method is widely used to produce hydrogel patterns for 

biomolecule immobilization and patterns that are suitable to immobilize protein are widely 

applied mostly in biosensors, bioMEMS, tissue engineering. Koh et al. introduced an 

effective way to obtain poly(2-hydroxyethyl methacrylate) (PHEMA) based macroporous 

hydrogel micropatterns for protein immobilization via photopolymerization [33].  In the 

study, in order to get macroporous hydrogel structure, polystyrene nanoparticles were used. 

They showed that the immobilization of different biomolecules on hydrogel micropatterns 

and compared the efficiency of immobilization on between macroporous and non-porous 

patterns. It was found that the macroporous patterns show higher efficiency to immobilize 

biomolecules as shown in Figure 1.8 and allow biomolecules to diffuse in the inner layers 
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of the hydrogel patterns fully comparing to the situation in terms of non-porous patterns as 

shown in Figure 1.9. 

 

 

Figure 1.8. Bioimmobilization on (a) macroporous and (b) non-porous patterns [33]. 

 

 

 

Figure 1.9. Biomolecule penetration in a) macroporous and b) non-porous patterns [33]. 

 

 

         There are many biomedical applications of photopolymerized hydrogels like 

prevention of thrombosis [34], post-operative adhesion formation [35], drug delivery [36], 

coatings for biosensors [37], and for cell transplantation [38]. 

 

 

 



9 

 

2. AIM OF THE STUDY 

 

2.1. Reversible-Thiol Reactive Bulk Hydrogels 

 

In the first part of the study, the aim is to produce novel, reversible-thiol reactive 

bulk hydrogels containing pyridyl disulfide units that can be react with the thiol containing 

molecules via thiol-disulfide exchange mechanism. By using thiol containing reducing 

agent GSH, release profile of the pyridothione molecule of the bulk hydrogels will be 

investigated. Amount of release, swelling property and surface morphology of the 

hydrogels can be tuned by using various amount of pyridyl disulfide containing monomer 

and by using PEG polymers with different chain lengths. 

2.2. Reversible-Thiol Reactive Hydrogel Micropatterns 

 

In the second part of the study, fabrication of hydrogel micropatterns containing 

pyridyl disulfide functional groups will be undertaken. These micropatterns will be 

functionalized with thiol containing fluorescent dye to study the catch and release of a thiol 

bearing molecule. Release of the dye molecules by using different thiol containing 

reducing agents will be studied. Also catch and release of the protein onto biotinylated 

hydrogel micropatterns will be demonstrated (Figure 2.1). 

 

Figure 2.1. General scheme of the immobilization and release of biomolecules. 
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2.3. Orthogonal Thiol Reactive Bulk Hydrogels 

 

In the third part of the study, the aim is to prepare both pyridyl disulfide and various 

amount furan of protected maleimide functional group containing bulk hydrogels. 

Thermogravimetric analysis studies will be shown. 
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3. EXPERIMENTAL 

 

3.1. Materials 

 

The pyridyl disulfide methacrylate (PDSMA) monomer [24] and the furan protected 

maleimide methacrylate (FuMaMA) monomer were synthesized according to literature 

procedure [39]. Diethylene glycol methyl ether methacrylate (DEGMEMA, Mw = 188), 

Polyethylene glycol methyl ether methacrylate (PEGMEMA, Mw = 300 and Mw = 1100), 

Polyethylene glycol dimethacrylate (PEGDMA, Mw = 550) were purchased from Sigma 

Aldrich and purified before using by passing through the aluminum oxide column. 

Methacryloyl chloride was obtained from Alfa Aesar. Triethylamine (TEA), 2,2-

Dimethoxy-2-phenylacetophenone (DMPA), 3-trimethoxysilyl propyl methacrylate 

(TMSPMA), L-glutathione (GSH) and TRITC-extravidin were purchased from Sigma 

Aldrich. L-dithiothreitol (DTT) was obtained from Fluka. Biotinylated (triethylene glycol) 

undecanethiol (Biotin-SH) was obtained from Nanoscience Instruments (Phoenix, AZ). 

4,4-Difluoro-1,3,5,7-tetramethyl-8-[(10-mercapto)]-4-bora-3a,4a-diaza-s-indacene 

(BODIPYC10SH) was synthesized according to literature procedure [40]. Other chemical 

reagents were obtained from commercial resources and were used as received. Anhydrous 

solvents such as dichloromethane (DCM), tetrahydrofuran (THF) and toluene were 

obtained from SciMatCo purification system and other solvents were dried over molecular 

sieves. Column chromatography was performed using silica gel 60 (43-60 nm, Merck). 

Thin layer chromatography was performed using silica gel plates (Kieselgel 60 F254, 0.2 

mm, Merck). The plates were viewed under 254 nm UV lamp otherwise plates were 

developed either by KMnO4 stain. 

 

 

3.2. Measurements and Characterization 

 

In order to remove water from hydrogels LabConco lyophilizer was applied. In 

order to characterize the surface morphology of the bulk hydrogels, electron microscopy 

(SEM) observation was performed with ESEM-FEG/EDAX Philips XL-30 (Philips, 

Eindhoven, The Netherlands) operating at 10 kV. Hydrogel precursors were 
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photopolimerized through Blak-Ray, B-100 AP/R High Intensity UV Lamp (100W, 365 

nm). Thermogravimetric analysis (TGA) was carried out with a TGA Q50 from TA 

instruments at a heating sample from ambient temperature to 600 C at a rate of 10 C/min 

under a nitrogen flow (100 mL/min) demonstrate control over monomer incorporation by 

observing weight loss (%) due to furan release from the hydrogels. UV-vis spectra of 

pyridothione release data were collected by Cary Varian UV-vis spectrophotometer. 

Fluorescence microscopy (HBO100 ZEISS Fluorescence Microscopy, Carl Zeiss Canada 

Ltd, Canada) was applied in order to confirm the immobilization of BODIPYC10SH and 

TRITC-extravidin onto hydrogel pattern and release of immobilized  BODIPYC10SH and 

TRITC-extravidin from the hydrogel pattern.  

 

3.3. Reversible-Thiol Reactive Bulk Hydrogels 

 

3.3.1. Synthesis of  Bulk Hydrogels 

 

Bulk hydrogels were synthesized by UV initiated free radical photopolymerization 

at ambient temperature. Three series of bulk hydrogels containing various amount of 

pyridyl disulfide monomer were prepared and each group has different hydrophilic 

monomer that are DEGMEMA (Mw = 188), PEGMEMA (Mw = 300) and PEGMEMA (Mw 

= 1100) (Table1). For the first group, various amount of PDSMA, and PEGMEMA as 

monomers, PEGDMA as a crosslinker, DMPA as a photoinitiator, DMSO as a solvent 

were mixed in transparent glass vial and sonicated for 5 min at room temperature. The 

mixture was exposed to UV-light (100W, 365 nm) for 30 min at room temperature and 

photopolimerization of the bulk hydrogels was conducted. In order to get rid of unreacted 

reactants, the synthesized bulk hydrogels were washed with THF several times and also 

they were washed with distilled/deionized water and then dried by lyophilization for 12 

hours. 

 

3.3.2. Swelling Studies 

 

A small piece of dry hydrogel was transferred to a flask containing 

distilled/deionized water at room temperature. At regular intervals, the weight of the 
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hydrogel sample is recorded after removing the hydrogel from the water and drying the 

surface moisture with a tissue paper. The water uptake percentage (Wup) was calculated by 

applying the following equation: 

Wup (%) = (Wmax– Wdry) / Wdry× 100 

 

3.3.3. Scanning Electron Microscopy 

 

In order to examine the surface morphology of the hydrogels scanning electron 

microscopy was used. Dry hydrogel samples were introduced to ESEM-FEG/EDAX 

Philips XL-30 (Philips, Eindhoven, The Netherlands) instrument using an accelerating 

voltage of 10 kV and SEM images were taken.     

 

3.3.4. Pyridothione Release Studies 

 

Pyridothione release studies of H1, H2, H3, H4, H5, H6, H7, H8, H9 were 

conducted. 2 mg of bulk hydrogel sample of each bulk hydrogel were transferred into 3 ml 

of 10 mM GSH solution with PBS at pH 7.4 in glass vials. Glass vials containing solutions 

were put in the oil bath and stirred at 37 °C. At regular intervals, solutions were introduced 

into Cary Varian UV-vis spectrophotometer and UV-vis spectra data giving pyridothione 

releases from the bulk hydrogels at 343 nm were collected. Pyridothione release 

percentages of bulk hydrogels upon time were calculated from the formula of A= ɛbc 

where ɛ is the extinction coefficient of the absorber, b is the length of the ligth path, c is the 

molar concentration. The values were taken as ɛ = 8.08 x 103 M-1cm-1, b= 1 cm, also 

absorbance value was obtained from Cary Varian UV-vis spectrophotometer and molar 

concentration was calculated. From calculated molar concentration, by applying M=n 

(mol)/V(L) and taking V= 3x10-3 L, released mol of pyridothione was obtained. Since this 

value is equals to the mol of PDSMA and theoretical mol of PDSMA in 2 mg of bulk 

hydrogel sample is known, by applying the formula of ; nreleased(%) = (nactual / ntheoretical)× 

100, pyridothione release percentages of bulk hydrogels were calculated. 
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3.4. Reversible-Thiol Reactive Hydogel Micropatterns 

 

3.4.1. Modification of Glass Wafer with TMSPMA 

 

In order to promote the covalent adhesion between the glass surface and the 

hydrogel, the glass surface was modified with TMSPMA. Glass wafer was soaked in a 

10% (by weight) solution of TMSPMA in anhydrous toluene for 12 hours at room 

temperature. The modified glass surface was washed several times in toluene and methanol 

and then dried under vacuum. 

 

3.4.2. Fabrication of Hydrogel Micropatterns 

 

The PDMS stamp was carefully placed on the surface of the TMSPMA modified glass 

wafer. The mixture containing bulk hydrogel precursors of hydrogel H1 and DCM as a solvent 

instead of DMSO was dropped at one of the open ends of PDMS stamp channels on the 

glass wafer and the channel of PDMS was filled with the mixture. The glass wafer with 

PDMS channel filled with the mixture was placed under UV lamp and exposed to UV-light 

(100W, 365 nm) for 40 min. After photopolymerization process, PDMS stamp was taken 

off from the glass surface and hydrogel micropatterns on the surface were washed with 

THF to remove any unreacted reactants.  

 

3.4.3. Immobilization and Release of  BODIPYC10SH 

 

The reversible-thiol reactive hydrogel micropattern containing pyridyl disulfide 

functional groups was incubated in  the solution of BODIPYC10SH (1 mg) in THF (1 mL) 

overnight and the pattern was washed several times with THF in order to get rid of 

unbound BODIPYC10SH and fluorescent images were taken. As a control, the hydrogel 

pattern that was fabricated without pyridyl disulfide monomer was incubated in the 

solution of BODIPYC10SH (1 mg) in THF (1 mL) overnight and the pattern were washed 

several times with THF to remove unbound fluorescent dye molecules and fluorescent 

images were taken. The BODIPYC10SH immobilized pattern containing pyridyl disulfide 

functional groups was incubated in GSH solution (20 mM) overnight and washed several 
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times with THF and fluorescent images were taken. As a control, BODIPYC10SH 

immobilized, pyridyl disulfide functional group containing pattern was incubated in THF-

water solution overnight and fluorescent images were taken. 

 

3.4.4. Immobilization and Release of  TRITC-Extravidin  

 

Reversible-thiol reactive hydrogel patterns were treated with 3 mg BiotinSH in 2 

ml MeOH solution and reacted overnight. Biotinylated patterns were washed several times 

with MeOH and incubated in the solution of TRITC-extravidin (0.2 mg/mL PBS) for 60 

minutes. Protein immobilized patterns were washed several times with water and 

fluorescence microscope images were taken. As a control, a hydrogel pattern that was not 

biotinylated was incubated in TRITC-extravidin solution and washed several times with 

water and fluorescence microscope images were taken. 

 

3.5. Orthogonal Thiol Reactive Bulk Hydrogels 

 

3.5.1. Synthesis of Bulk Hydrogels 

 

Bulk hydrogels were synthesized by UV initiated free radical photopolymerization 

at ambient temperature. A serier of bulk hydrogels was synthesized. A certain amount of 

pyridyl disulfide monomer, various amount of furan protected maleimide monomer and 

PEGMEMA (Mw = 300) as hydrophilic monomer, PEGDMA as a crosslinker, DMPA as a 

photoinitiator, DMSO as a solvent were mixed in transparent glass vial and sonicated for 5 

min at room temperature. The mixture was exposed to UV-light (100W, 365 nm) for 30 

min at room temperature and photopolimerization of the bulk hydrogels was conducted. In 

order to get rid of unreacted reactants, the synthesized bulk hydrogels were washed with 

THF several times and also they were washed with distilled/deionized water and then dried 

by lyophilization for 12 hours. 
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4. RESULTS AND DISCUSSION 

 

4.1. Reversible-Thiol Reactive Bulk Hydrogel 

 

4.1.1. Synthesis of  Bulk Hydrogels 

 

PEG-based reversible-thiol reactive bulk hydrogels containing various amount of 

pyridyl disulfide functional groups were synthesized by photopolimerization in the 

presence of DMPA as a photoinitiator and PEGDMA as a crosslinker (Figure 4.1). The 

physical and chemical properties of the hydrogels show differences due to changes in the 

parameters used like ratio between pyridyl disulfide monomer and hydrophilic monomer or 

chain length of the hydrophilic monomer. In order to investigate the role of each of these 

two parameters a variety of hydrogels were synthesized. These results are summarized in 

Table 4.1. Gelations proceeded with good conversions within 30 minutes for low 

molecular weight monomers but a remarkable decrease in conversion was observed for the 

PEG monomer (Mw= 1100) containing a longer PEG unit. 
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Figure 4.1. Synthesis of reversible-thiol reactive hydrogels. 
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Table 4.1. Properties of bulk hydrogels. 

 

                                        

Photopolymerization condition; PEGDMA = 14.2 mg, DMPA = 5 mg, DMSO = 0.020 mL, 

UV (365 nm) illumination time = 30 min, room temperature. Conversion (%) = (dry gel 

weight / total weight of monomer) × 100.  

 

 

 

Hydrogels Monomer 

Monomer 

Mw 

Ratio of 

PDSM:monomer 

(%) 

Conversion 

(%) 

H1 DEGMEMA 188 10 : 90 79.5 

H2 DEGMEMA 188 20 : 80 99.5 

H3 DEGMEMA 188 40 : 60 85.5 

H4 PEGMEMA 300 10 : 90 91.8 

H5 PEGMEMA 300 20 : 80 83.9 

H6 PEGMEMA 300 40 : 60 90.0 

H7 PEGMEMA 1100 10 : 90 36.0 

H8 PEGMEMA 1100 20 : 80 33.9 

H9 PEGMEMA 1100 40 : 60 40.5 
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4.1.2. Swelling Studies of Bulk Hydrogels 

 

Swelling studies of the bulk hydrogels were conducted and Figure 4.2 shows the 

swelling study results for the all of nine different bulk-hydrogels. According to the 

obtained results, as the PDSMA content increases within the hydrogel, water uptake 

capacity of the hydrogel decreases due to increasing hydrophobic character of the 

hydrogels (Figure 4.3). Also it was found that as PEG chain length plays an important role 

in swelling ratio. Since PEG is hydrophilic polymer, as PEG chain length increases, the 

hydrogel becomes more hydrophilic and swelling ratio of the hydrogels increases (Figure 

4.4). 

 

 

 

Figure 4.2. Swelling ratios of hydrogels. 
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Figure 4.3. Effect of pyridyl disulfide content on water uptake. 

 

 

 

Figure 4.4. Effect of PEG chain length on water uptake. 
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4.1.3. Surface Morphology Analysis of Bulk Hydrogels 

 

Surface morphology of the hydrogels were examined via scanning electron 

microscopy. SEM micrographs show that as PDSMA content of the hydrogels increases, 

less microporous structures were obtained due to increasing hydrophobicity of the 

hydrogels. As PEG chain length increases, because of increasing hydrophilicity character 

more microporous structures were obtained (Figure 4.5). For example, hydrogels H1, H2, 

H3 have non-porous structures as compared to H4, H5 and H6 that were synthesized with 

higher molecular weight of PEGMEMA. Similarly, H4, H5 and H6 have less porous 

structures comparing to hydrogels H7, H8 and H9 that were synthesized by using 

hydrophilic PEGMEMA with longest chain length. Also, it was observed that there is an 

obvious relationship between microporosity degree and water uptake capacity of the 

hydrogels. By looking the obtained data about SEM images and swelling graphs, it is 

inferred that the hydrogels showing more microporous structures have higher swelling 

degree. 

 

 

Figure 4.5. SEM images of a) H1 b) H2 c) H3 d) H4 e) H5 f) H6 g) H7 h) H8 i) H9. 
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4.1.4. Pridothione Release Studies of Bulk Hydrogels 

 

Since the synthesized hydrogels have pyridyl disulfide functional groups, in the 

presence of thiol containing reagent, thiol disulfide exchange reaction occurs.When the 

hydrogels having pyridyl disulfide units are treated with GSH solution, thiol groups of 

GSH cleaves the disulfide bonds of the hydrogels and as a result pyridothione molecule is 

released (Figure 4.6). Since this molecule has a specific absorbance value at 343 nm, the 

pyridothione release profiles of the hydrogels having various amount of pyridyl disulfide 

units were obtained via UV-vis spectrophotometer instrument. Figure 4.7 shows the 

pyridothione release of hydrogel H9 up to 6 hours. Table 4.2. indicates the maximum 

pyridothione release percentage of the hydrogels. According to the results obtained, 

pyridyl disulfide content affects the release profiles. Increase in pyridyl disulfide units 

within the hydrogel leads to decrease in pyridothione release percentage. As hydrophobic 

pyridyl disulfide monomer amount increases, PEG units within the hydrogel decreases and 

hydrogel gains more hydrophobic character and this situation makes harder pyridothione 

release. Figure 4.8 and 4.9 show the pyridothione release trend for hydrogels synthesizing 

with 300 g/mol molecular weight and with various amount of PDSMA. Figure 4.10 and 

4.11 show the pyridothione release trend for hydrogels preparing with 1100 g/mol 

molecular weight and with various amount of PDSMA.  

Another significant factor affecting the release amount was found as PEG chain 

length. Since PEGMEMA has hydrophilic property, increase in chain length yields more 

hydrophilic hydrogel formation and makes easier pyridothione to release, so hydrogels that 

were synthesized with higher molecular weight of PEGMEMA leads to higher amount of 

pyridothione release (Figure 4.12). 
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Figure 4.6. Release of pyridothione molecule from the hydrogel by GSH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Pyridothione release profile of H9 at 343 nm. 
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Table 4.2. Maximum pyridothione release efficiency (%) of the hydrogels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hydrogel/ 

Time (h) 

H4 H5 H6 H7 H8 H9 

1 49.7 24.8 2.6 81.1 72.6 29.2 

2 68.5 45.2 10.5 88.0 85.5 40.7 

3 74.0 56.7 14.2 85.9 87.7 44.3 

4 77.0 69.7 21.9 89.0 83.9 47.1 

5 80.0 71.8 36.0 99.3 88.6 48.2 

6 85.1 80.0 40.4 100 96.5 48.3 
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Figure 4.8. Pyridothione release profile of hydrogel H4,H5 and H6. 

  

 

Figure 4.9. Effect of pyridyl disulfide content on pyridothione release. 
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Figure 4.10. Pyridothione release profile of hydrogel H7, H8 and H9. 

 

 

Figure 4.11. Effect of pyridyl disulfide content on pyridothione release. 
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Figure 4.12. Pyridothione release efficiency in  H4 and H7, H5 and H8, H6 and H9. 

 

4.2. Reversible-Thiol Reactive Hydrogel Micropatterns 

 

4.2.1. Fabrication of Hydrogel Micropatterns 

 

The fabrication of hydrogel micropatterns is showed in Figure 4.13. Interfacial bonding 

photopolymerization was used to provide adhesion of hydrogels onto the glass surface. For this 

purpose, glass surfaces were used and these were treated with 3-Trimethoxysilyl Propyl 

Methacrylate (TMSPMA). The PDMS stamp was placed on the TMSPMA modified glass 

wafer and bulk hydrogel precursor mixture was dropped at one of the open ends of PDMS 

stamp channels and the channel of PDMS was filled with the mixture. After UV exposure, 

the hydrogel patterns on the glass surface were obtained by capillary reaction with PDMS 

stamp. The optical microscope images of hydrogel pattern having average width 65 μm were 

shown in Fig 4.14a and in Fig 4.14b. The results obtained from optical microscope show that 

three-dimensional hydrogel micropatterns were successfully fabricated via 

photopolymerization. Since hydrogel patterns have pyridyl disulfide functional groups that are 

reactive towards thiol groups, they can immobilize thiol containing biomolecules and by using 

the reversibility characteristic of the patterns, attached biomolecules can be released from the 
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surface by using thiol groups containing reagents depending on thiol-disulfide exchange 

mechanism. 

 

 

Figure 4.13. Preparation of hydrogel micropatterns. 

 

 

          

Figure 4.14. Optical microscope images of the hydrogel pattern. 

 

4.2.2. Immobilization and Release of  BODIPYC10SH 

 

Reversible-thiol reactive hydrogel micropatterns were functionalized with thiol 

containing fluorescence dye that is BODIPYC10SH in order to show the capibility of the 

hydrogel patterns to immobilize thiol containing biomolecules. The hydrogels 

micropatterns were found to be non-fluorescent itself before functionalization as shown in 

Figure 4.15a. Since the patterns contain pyridyl disulfide functional groups on it, when 

they were treated with BODIPYC10SH, dye molecules easily bind to the surface by 

cleaving the disulfide bonds on the hydrogel patterns depending on thiol-disulfide 

exchange mechanism. Figure 4.15a shows the immobilization of BODIPYC10SH in the 

hydrogel pattern and results of fluorescence microscope image after BODIPYC10SH 

immobilization. As expected, after functionalization, nonfluorescent surfaces become 
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fluorescent indicating the successful attachment of the thiol-containing dye molecules. As 

a control experiment, hydrogel micropatterns that did not contain any pyridyl disulfide 

functional group were fabricated by using PEGMEMA monomer and treated with 

BODIPYC10SH. Fluorescence microscopy results show that there is no covalent 

attachment of the dye molecules on surfaces (Figure 4.15b). Control experiment proves 

that the origin of the immobilization of thiol containing molecules is due to the presence of 

pyridyl disulfide functional groups on the hydrogel microstructures. 

                                                                                 

 

Figure 4.15. a) Functionalization with BODIPYC10SH.  b) Control experiment. 

 

 

        After successful immobilization of the BODIPYC10SH on the hydrogel 

micropatterns, the release of dye molecules from the surface was achieved with thiol 

containing reducing agent GSH via thiol-disulfide exchange reaction. Thiol groups of GSH 

cleaved the disulfide bonds and as a result dye molecules were detached from the hydrogel 

micropatterns (Figure 4.16a). In order to prove that the release of BODIPYC10SH from 

the micropatterns occurs only in the presence of the thiol containing reagents and not due 

to hydrolysis, dye immobilized patterns treated with water-THF solution that did not 

contain any GSH. Fluorescence image results show that there is no loss in fluorescence 

intensity due to water-THF solvent system and prove that GSH provides the release of 
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molecules from the patterns (Figure 4.16b). THF was utilized in these experiments as a co-

solvent in order to remove the dye molecules, releasing from the hydrogel micropatterns by 

GSH, since BODIPYC10SH is soluble in THF solvent. 

 

                                                                                                                                        

Figure 4.16. a) Release of BODIPYC10SH via GSH. b) Control experiment. 

  

 

After showing the release of immobilized dye molecules from the patterns by using 

GSH, another thiol containing reducing agents was used for the same purpose. 

BODIPYC10SH immobilized patterns were treated with DTT and the release of dye 

molecules from the surface was achieved depending on thiol-disulfide exchange 

mechanism. Thiol groups in DTT break the disulfide bonds in the patterns and dye 

molecules become free and as a result nonfluorescent images confirming the release of 

BODIPYC10SH were obtained (Figure 4.17). Figure 4.18. shows the relative fluorescence 

intensities of the hydrogel patterns before and after GSH treatment. After the 

BODIPYC10SH immobilization on the patterns, fluorescence intensity drops to 91.1±5.8 

from 913.0±147.0 with addition of the GSH to the surface. Figure 4.19. shows the relative 

fluorescence intensities of the hydrogel patterns before and after DTT treatment. After the 

BODIPYC10SH immobilization on the patterns, fluorescence intensity drops to 69.4±7.1 

from 1056.5±79.5 with addition of the DTT to the surface. Since control pattern has no 
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pyridyl disulfide functional groups, its showing intensity of 77.6±8.3 arises from 

noncovalent bonding of dye molecules from the surfaces. Since control hydrogel 

micropattern shows similar intensity with the intensity obtained after DTT treatment, it can 

be concluded that complete release of dye molecules were achieved with DTT. It is known 

that DTT is stronger reducing agent than GSH and the experiment results obtained from 

fluorescence microscope are consistent with this fact. It can be concluded that DTT 

showed higher efficiency in release of dye molecules from hydrogel patterns comparing to 

GSH, by providing complete release of BODIPYC1OSH. 

 

 

                         

                     

 Figure 4.17. Release of BODIPYC10SH via DTT.     
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  Figure 4.18. Fluorescence intensities before and after GSH treatment, and control. 

 

 

 

                   

 

Figure 4.19. Fluorescence intensities before and after DTT treatment, and control. 
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4.2.3. Immobilization and Release of TRITC-Extravidin  

 

After showing the availability of the fabricated hydrogel micropattern in terms of 

immobilization and then release of biomolecules with using BODIPYC10SH as a model 

compound, TRITC-extravidin was immobilized on biotinylated micropatterns and bounded 

protein was released from the surfaces with DTT as shown Figure 4.20. Micropatterns 

were conjugated first with thiol containing biotin ligand that is known to bind onto 

streptavidin through strong specific noncovalent binding. Thiol groups of biotin react with 

the disulfide bonds in the pattern. The biotinylated surfaces obtained via thiol-disulfide 

exchange reaction, were exposed to TRITC-extravidin and protein was easily bound to the 

surfaces and gave red colored image as shown in Figure 4.21b. As a control experiment, a 

hydrogel micropattern was not biotinylated and results indicate that this micropattern could 

not immobilize any protein except noncovalently attachment in trace amount and gave dark 

colored image shown in 4.21a. This experiment proves that the origin of the 

immobilization of the protein is thiol containing biotin ligand with the thiol disulfide 

chemistry. As a further study, immobilized protein was released from the surface with the 

same chemistry in the presence of the thiol containing reducing agent that is DDT (Figure 

4.22). DTT cleaves the disulfide bonds and provides the release of bounded protein from 

the surface. Figure 4.23 shows the relative intensities of the protein immobilized hydrogel 

micropatterns before and after DTT treatment. It was found that after DTT addition, the 

intensity dropped to 81.9±6.6 from 902.1±128.6 and also control hydrogel that was not 

biotinylated shows 78.6±16.7 intensity resulting from noncovalent binding of the protein 

on the micropattern. Considering the results obtained, it can be concluded that the 

complete release of covalently bounded protein was achieved in the presence of DTT. 

Under the light of all conducted experiments it was found that these novel reversible-thiol 

reactive hydrogel micropatterns are very efficient systems to catch and release of 

biomolecules. 
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Figure 4.20. Immobilization and release of TRITC-extravidin.  

 

 

 

Figure 4.21 a) Control experiment. b) Functionalization with TRITC-extravidin. 
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Figure 4.22. Release of TRITC-extravidin via DTT. 

 

                    

Figure 4.23. Fluorescence intensities before and after DTT treatment and control. 
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4.3. Orthogonal Thiol Reactive Bulk Hydrogels  

 

4.3.1. Synthesis of  Bulk Hydrogels  

  

PEG-based thiol reactive bulk hydrogels containing a certain amount of pyridyl 

disulfide functional groups and various amount of furan protected maleimide monomer 

were synthsized by photopolimerization in the presence of DMPA as a photoinitiator and 

PEGDMA as a crosslinker (Figure 4.24). The orthogonal hydrogel system contains two 

different functional groups that are pyridyl disulfide and maleimide groups and this 

property can offer multiple functionalization possibilities. Pyridyl disulfide units can be 

converted to thiols and protected maleimide groups can be activated by rDA reaction. It is 

known that maleimide groups are reactive towards thiols but in the hydrogel matrix, two 

functional groups reactive to each other cannot come together and react with. Also, 

disulfide linkages are reactive towards thiols and can be used for the reversible 

incorporation of a biomolecule. Maleimide groups are reactive towards thiol groups and 

can be functionalized with thiol bearing molecules. By orienting the properties of 

functional groups, the orthogonal hydrogel system can enable various kind of further 

functionalities at the same time. The physical and chemical properties of the hydrogels 

show differences due to changes in the parameters used like ratio between furan protected 

maleimide monomer and hydrophilic monomer. In order to investigate the role of using 

various amount of furan protected maleimide monomer, a variety of hydrogels were 

synthesized. These results are summarized in Table 3.3. and the observations will be 

discussed after.  
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Figure 4.24. Synthesis of orthogonal thiol reactive bulk hydrogels. 

                                            

 

Table 4.3. Properties of bulk hydrogels. 

 

Hydrogels Monomer 

Monomer 

Mw (g/mol) 

% Ratio of 

PDSM:FuMaMA:monomer 

 

Conversion 

(%) 

H1 PEGMEMA 300 10 : 10 : 80 67.0 

H2 PEGMEMA 300 10 : 20 : 70 83.9 

H3 PEGMEMA 300 10 : 40 : 50 76.7 

 

PDSMA 

PEGMEMA 

PEGDMA 

FuMaMA 

UV(365nm) 

 

DMPA, DMSO 

  

 

 

  

Orthogonal thiol reactive hydrogel 
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Photopolymerization condition; PEGDMA = 14.2 mg, DMPA = 5 mg, DMSO = 0.3 

mL, UV (365 nm) illumination time = 30 min, room temperature. Conversion (%) = (dry 

gel weight / total weight of monomer) × 100. 

4.3.2. Thermogravimetric Analysis of Bulk Hydrogels 

 

TGA analysis of the bulk hydrogels were conducted. The TGA results of hydrogels 

containing FuMaMA show that there is a continuous weight loss starting from 60 to 180°C 

due the release of furan molecules from the furan protected maleimide groups by rDA 

reaction [41]. According to the results, it was observed that as FuMaMA percentage within 

the hydrogel increases, the weight loss consistently increases (Figure 4.25). For example, 

in hydrogel H3 containing highest amount of FuMaMA led to highest weight loss 

comparing to hydrogels H1 and H2. 

 

 

 

Figure 4.25. Thermogravimetric analysis of the hydrogels. 
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5. CONCLUSION 

 

In the first part of the study, reversible-thiol reactive PEG-based bulk hydrogels 

containing various amount pyridyl disulfide functional groups were synthesized by 

photopolymerization with using photoinitiator and PEGDMA crosslinker. Swelling studies 

of bulk hydrogels indicate that water uptake capacity of the hydrogels depends on PDSMA 

content and PEG chain length. In the presence of the thiol containing reducing agent, GSH, 

pyridothione release profiles of the disulfide functional groups containing bulk hydrogels 

were obtained via UV-vis spectrophotometer, depending on thiol-disulfide exchange 

reaction. It was found that the amount of pyridothione release depends on PDSMA content 

and PEG chain length. 

In the second part of the study, reversible-thiol reactive hydrogel micropatterns were 

fabricated by photopolimerization. These patterns were functionalized first with 

BODIPYC10SH and the release of fluorescence dye from the reactive pattern surfaces was 

achieved by using thiol containing reducing agents GSH and DTT separately depending on 

thiol disulfide exchange chemistry. Further functionalization study was conducted with 

TRITC-extravidin. Micropatterns were first treated with thiol containing biotin ligand and 

succesfull attachment of TRITC-extravidin protein on surfaces was shown, also release of 

the protein was achieved by applying thiol containing reducing agent DTT. Under the light 

of obtained results, it was found that these reversible-thiol reactive hydrogel patterns are 

applicable for catch and release of biomolecules. 

In the third part of the study, thiol reactive bulk hydrogels containing pyridyl 

disulfide functional groups and various amount of furan protected maleimide functional 

groups were synthesized. Thermogravimetric analysis of the hydrogels were conducted and 

they revealed that a consistent increase in weight loss of the hydrogel was observed upon 

increasing the amount of FuMaMA. 
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APPENDIX: SPECTROSCOPY DATA 

 

     

    

Figure A.1. Thermogravimetric analysis of the H1. 

 

 

Figure A.2. Thermogravimetric analysis of the H2. 
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Figure A.3. Thermogravimetric analysis of the H3. 
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