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co-poly(ethylene glycol) hydrogels through thiol-norbornene photochemistry

Yu-Ting Tsai,a Chun-Wei Changa and Yi-Cheun Yeh*a

a Institute of Polymer Science and Engineering, National Taiwan University, Taipei, Taiwan

E-mail: yicheun@ntu.edu.tw 

Abstract

Poly(glycerol sebacate) (PGS) is a synthetic biorubber that presents good biocompatibility, excellent 

elasticity and desirable mechanical properties for biomedical applications; however, the inherent 

hydrophobicity and traditional thermal curing of PGS restrict its fabrication of hydrogels for advanced 

bioapplications. Here, we designed a new class of hydrophilic PGS-based copolymer that allows 

hydrogel formation through thiol-norbornene chemistry. Poly(glycerol sebacate)-co-polyethylene 

glycol (PGS-co-PEG) macromers were synthesized through a stepwise polycondensation reaction, 

and then the norbornene functional groups were introduced to PGS-co-PEG structure to form 

norbornene-functionalized PGS-co-PEG (Nor_PGS-co-PEG). Nor_PGS-co-PEG macromers can be 

crosslinked using dithiols to prepare hydrogels in the presence of light and photoinitiator. The 

mechanical, swelling and degradation properties of Nor_PGS-co-PEG hydrogels can be controlled 

by altering the crosslinker amount. In particular, the elongation of Nor_PGS-co-PEG hydrogels can 

be modulated up to 950%. Nor_PGS-co-PEG can be processed using electrospinning and 3D printing 

techniques to generate microfibrous scaffolds and printed structures, respectively. In addition, the 

cytocompatibility of Nor_PGS-co-PEG was also demonstrated using in vitro cellular viability studies. 

These results indicate that Nor_PGS-co-PEG is a promising biomaterial with definable properties for 

scaffold manufacturing, presenting a great potential for biomedical applications.

Keywords: hydrogel, elastomer, biodegradable, photocrosslinking, thiol-norbornene chemistry
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Introduction

Hydrogels are crosslinked polymer networks that can absorb large amounts of water or biological 

fluids. Hydrogels present biocompatibility, biodegradability and good mechanical tunability for 

various biological applications, such as drug delivery, biosensors and tissue implants.1-6 In particular, 

hydrogels are promising materials for scaffold construction in tissue engineering, such as bone7, skin8 

and cardiovascular9, 10 regeneration. A variety of hydrophilic polymers, including synthetic polymers 

(e.g., polyethylene glycol11) and natural polymers (e.g., alginate12, hyaluronic acid3 and chitosan13) 

have been used as construct materials for hydrogels. To mimic the deformability of the extracellular 

matrix in many tissues, elastic hydrogels are highly desired in tissue engineering applications. 

Poly(glycerol-sebacate) (PGS) is a biorubber that can be synthesized through the condensation 

reaction of glycerol and sebacic acid.14 PGS is a biocompatible materials with excellent elasticity, 

desirable mechanical properties and tunable biodegradability15, 16, making it a promising candidate in 

vascular regeneration17, 18, nerve regeneration19 and myocardial tissue engineering20-22. The properties 

of PGS can be modulated by controlling reactant amounts and curing conditions to obtain a wide 

range of mechanical properties and degradation rates for different applications.14 However, the 

inherent hydrophobicity of PGS limits their expanding applications in biology, such as 3D 

encapsulation of cells.

To increase the hydrophilicity of PGS, citric acid has been incorporated within PGS backbone, 

where the existence of hydroxyl groups and ester bonds enhances the water uptake ability of 

poly(sebacate-glycerol-citrate) (PGSC).23 In particular, the molecular weight and mechanical 

properties of the PGSC elastomers can be altered by varying the thermal curing time. Designing a 

polyether-polyester copolymer is another promising approach to improve the hydrophilicity of 

polyesters.24 Polyethylene glycol (PEG) segment was incorporated within PGS backbone to obtain 

hydrophilic PGS-co-PEG copolymers.25, 26 Thermal curing process can be applied to further crosslink 

PGS-co-PEG network, where FTIR spectra showed the decrease in the peak area of carboxyl and 
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hydroxyl group at 1350 and 1100 (and at 3400) cm-1 respectively and increase in ester group at 1150 

cm-1 after the thermal crosslinking.25 Nevertheless, these methods still require harsh curing conditions 

(i.e. high temperature and high vacuum environments) to obtain hydrophilic PGS copolymers for the 

preparation of hydrogels.

Several studies have demonstrated that PGS-co-PEG modified with different functional groups 

can be crosslinked to produce hydrogels under ambient conditions. For example, benzaldehyde-

functionalized PGS-co-PEG has been synthesized, where 4-formylbenzoic acid (FA) was graft onto 

the polymer chain to form PEGS-FA. By blending the quaternized chitosan-g-polyaniline (QCSP) 

with PEGS-FA, an injectable, antibacterial, electroactive and anti-oxidant hydrogel has been 

developed for wound dressing.27 Tyramine (TA) modified PGS-co-PEG can be crosslinked in the 

presence of horseradish peroxidase (HRP) and H2O2, showing an enzyme-catalyzed in situ 

crosslinkable and injectable hydrogel.28 Recently, a urethane-based PGS-co-PEG (PEGS-U) 

bioelastomer has been developed,29 and its hydrophilicity and mechanical property are highly 

controllable with the synergistic effect of PEG and hexamethylene diisocyanate (HDI) content. 

PEGS-U was used to prepare polymer films, scaffolds and tubes for tissue engineering via solvent-

free method. In addition, PEGS-U was applied as biocompatible materials to encapsulate and release 

proteins under mild crosslinking process. Methacrylated PGS-co-PEG has been developed to allow 

the use of ultraviolet (UV) light to crosslink the polymers, where the mechanical properties and 

biodegradation rate can be fine-tuned at varying the degree of methacrylation.30

Here, we aim to introduce a photocurable group (i.e. norbornene) to PGS-co-PEG structure, 

allowing the formation of a new class of photocurable and elastomeric hydrogels through the 

photoinitiated thiol-norbornene reaction. Thiol-norbornene photochemistry have been applied in the 

formation of different classes of hydrogels based on their source, including hyaluronic acid31, 

gelatin32, alginate33 and polyethylene glycol34. Thiol-norbornene photochemistry is a step-growth 

reaction that generates uniform and controllable networks than the networks formed through chain-
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growth polymerization.34 Compared to free-radical polymerization of chain-growth reaction that can 

be inhibited by oxygen and results in an accumulation of reactive oxygen species (ROS), thiol-

norbornene reaction is a free-radical step-growth polymerization that can consume ROS.35 As 

excessive ROS disrupts the cellular homeostasis balance in biological system, thiol-norbornene 

reaction is a highly cytocompatible chemistry for biomaterial design.36-38 Furthermore, thiol-

norbornene reactions perform a rapid gelation with lower concentration of photoinitiator and lower 

dosage of UV light compared to other crosslinkable mechanism.39-41 Particularly, thiol-norbornene 

reaction is relatively not sensitive to oxygen inhibition, allowing the process of photocrosslinking 

under ambient conditions.42

In this work, reactive norbornene groups were introduced to PGS-co-PEG structure to obtain 

norbornene-functionalized PGS-co-PEG (Nor_PGS-co-PEG). Nor_PGS-co-PEG macromers were 

crosslinked using 2,2’-(ethylenedioxy)diethanethiol through thiol-norbornene photochemistry to 

prepare hydrogels. The mechanical properties, swelling and degradation behaviors of Nor_PGS-co-

PEG hydrogels can be simply tailored by changing the crosslinker amount, showing a much easier 

and straightforward strategy to fine-tune the properties of PGS-co-PEG hydrogels. Compared to the 

reported PGS-co-PEG system, which is a time-consuming process to change the properties of 

hydrogels by synthesizing several batches of PGS-co-PEG with different modification percentage of 

functional groups,30 our strategy of using the crosslinker amount allows the use of the same batch of 

functionalized PGS-co-PEG to perform a range of properties. In addition, the elongation of Nor_PGS-

co-PEG hydrogels can be adjusted up to 950%, which was greater than the current PGS-co-PEG 

hydrogels (~ 400%)25, 29 as well as our previous work of Nor-PGS (~ 250%)40. Thus, Nor_PGS-co-

PEG is a promising biomaterial to prepare highly stretchable hydrogels43, 44 for biomedical 

applications, such as wound dressing45, 46, artificial tendons47 and wearable sensors43, 48. Given the 

PGS-co-PEG scaffolds have not been reported using biofabrication techniques, we demonstrated the 

processing ability of Nor_PGS-co-PEG using electrospinning and 3D printing to fabricate 
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microfibrous scaffolds and 3D printed structures, respectively. Furthermore, in vitro cellular studies 

showed Nor_PGS-co-PEG hydrogels possessed good cytocompatibility. Particularly, Nor_PGS-co-

PEG hydrogels provided a 3D environment for cell encapsulation, which was not able to be done in 

hydrophobic PGS systems,14 including our previous work of Nor-PGS.40 Also, compared to Nor-PGS 

system, PEG segments provide the tunable hydration property of Nor_PGS-co-PEG to further 

determine the degradation rate of hydrogels. In addition, the ability of controllable biodegradation 

makes Nor_PGS-co-PEG hydrogels more attractive than PEG hydrogels for cell encapsulation 

applications. Taken together, these studies demonstrated that Nor_PGS-co-PEG is a promising 

photocurable and elastomeric biomaterials for biomedical applications.

Materials and methods

Materials

Polyethylene glycol (1000 g/mol) and glycerol (99+% pure) were purchased from Alfa Aesar. Sebacic 

acid (99% pure), 2,2’-(ethylenedioxy) diethanethiol (EDT, 95%) and 2-hydroxy-4′-(2-

hydroxyethoxy)-2-methylpropiophenone (I2959, 98%) were supplied from Sigma-Aldrich. 1-Ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC∙HCl, 99%) and 4-

dimethylaminopyridine (DMAP, 99%) were purchased from Fluorochem. Dichloromethane (DCM) 

was purchased from Duksan and dried before use. For cell culture, dulbecco's modified eagle medium 

(DMEM, 4.5 g/L glucose), fetal bovine serum (FBS) and alamarBlue® assay were purchased from 

ThermoFisher, USA. Penicillin/streptomycin and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) were supplied from Gibco, USA.

Synthesis and characterization of PGS-co-PEG and Nor_PGS-co-PEG

Poly(ethylene glycol)-co-poly(glycerol sebacate) (PGS-co-PEG), a multi-block copolymer, was 

synthesized by a modified procedure from the reported two-step condensation polymerization.14 The 

first step was the polycondenstion reaction of polyethylene glycol (PEG) and sebacic acid (SAA). 

PEG (30 g, 0.03 mol) and SAA (8.09 g, 0.04 mol) were evenly mixed in a round-bottom flask at 130 
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°C under nitrogen flow for 2 h, and then a vacuum of 100 mTorr was applied for 24 h. In the second 

step of the polymerization, a given amount of glycerol (0.92 g, 0.01 mol) was added into the flask 

under the flow of nitrogen at 130 °C. The equivalents of dicarboxy acid is equal to the total equivalents 

of diol from PEG and glycerol, whereas molar ratio of PEG/glycerol was fixed to 75/25 to develop 

PGS-co-75PEG macromers. After the mixture was thoroughly mixed, the reaction was further carried 

out under vacuum for another 48 h. PGS-co-PEG pre-polymer was dissolved in DI water, dialyzed 

against DI water (Cellu∙Sep T1 dialysis membrane, MWCO 3500 Da, MFPI, USA) for 3 days, and 

then lyophilized. 

Norbornene-modified PGS-co-PEG was synthesized in the following steps: 5-norbornene-2-

carboxylic acid (Nor-COOH) (0.15 g, 1.05 mmol) was dissolved in dry DCM (20 ml), and 4-

dimethylaminopyridine (DMAP) (0.13 g, 1.05 mmol), PGS-co-PEG macromers (2 g) and EDC∙HCl 

(1.00 g, 5.25 mmol) were further added into the flask. The mixture was stirred at 37 °C under nitrogen 

condition for 72 h. After the reaction, DCM was removed and the products were dissolved in DI water 

and dialyzed for 3 days before lyophilization.

Gel permeation chromatography (GPC), nuclear magnetic resonance (NMR) spectroscopy and 

Fourier-transform infrared (FTIR) spectroscopy were used to characterize polymers. The molecular 

weight of polymers was measured using GPC. (ESI, Fig. S1) Polymers were dissolved in 

tetrahydrofuran (THF) at a concentration of 5 mg/mL. GPC was performed using Enshine SUPER 

CO-150, where a set of two polystyrene gel columns (Styragel HR 2 and Styragel HR 4) was used 

for separation, and polystyrene standards were used for calibration. 1H NMR (400 MHz) spectra of 

polymers were obtained using Bruker AVIII HD 400 NMR, with deuterium oxide (D2O) as the 

solvent and chemical shifts (δ) were referenced to δ 4.8 ppm. PEG content in PGS-co-PEG structure 

was calculated by following the reported method using NMR spectra.25, 49 Signals at 6.26-5.88 ppm 

contributed from the vinyl protons (–CH=CH–) of norbornene groups were used for the calculation 

of the modification percentage of norbornene in PGS-co-PEG structure. FTIR spectra of polymers 
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were obtained with Alpha Bruker spectrometer in the range of 650-4000 cm-1 over 8 scans. 

Rheological measurement

Nor_PGS-co-PEG macromers (30 wt%) were mixed with EDT (norbornene/thiol= 1) and I2959 (0.05 

wt%) in PBS for hydrogel formation. Dynamic oscillatory time sweeps were performed using a stress-

controlled rheometer (Discovery HR-2 model, TA Instruments, USA) with an UV light guide 

accessory (SmartSwap™, TA Instruments) connected to an UV light source (Omnicure S1500, EXFO, 

USA). Nor_PGS-co-PEG was crosslinked under the exposure of UV light (365 nm, 10 mW/cm2). 

Storage (G’) and loss (G’’) moduli with time were monitored under 0.5% strain and 1 Hz, using a 

cone and plate geometry (59 min 42 s (0.995°) cone angle, 20 mm diameter, 250 μm gap) at room 

temperature. 

Preparation of Nor_PGS-co-PEG hydrogels

Nor_PGS-co-PEG macromers was dissolved in phosphate buffered saline (PBS, pH 7.4) in the 

presence of EDT as a crosslinker and I2959 (0.05 wt%) as a photoinitiator. The mixture was 

crosslinked to form a hydrogel under UV light (365 nm, 10 mW/cm2, 3 min).

Swelling of Nor_PGS-co-PEG hydrogels

Nor_PGS-co-PEG hydrogels were lyophilized and weighed (w1). The freeze-dried hydrogels were 

placed in PBS at 37 °C with 100 r.p.m. shaking speed on a digital rotator for 9 h until the water 

equilibrium was reached. Gently wiped the excess PBS on hydrogel surface and immediately weighed 

to get the wet weight (w2) of hydrogel. The equilibrium swelling ratio and equilibrium water uptake 

of hydrogels were calculated using the following equations:

Equilibrium swelling ratio = w2/w1 

Equilibrium water content (%) = (w2-w1)/w2 × 100%

Degradation of Nor_PGS-co-PEG

Freeze-dried Nor_PGS-co-PEG hydrogels with known weight (w0) were soaked in NaOH (0.01 N) 

or PBS (pH 7.4) solutions at 37 °C with 100 r.p.m. shaking speed on a digital rotator to monitor the 
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degradation of Nor_PGS-co-PEG hydrogels. The samples were taken out at each scheduled time point, 

and then rinsed with DI water before lyophilization. The weight (wd) of hydrogels was measured, and 

the percentage of mass remaining was calculated by wd/w0 × 100%.

Compression and tensile testing of Nor_PGS-co-PEG

Mechanical properties of Nor_PGS-co-PEG hydrogels were evaluated by compression and tensile 

testing using the instrument of Materials Testing System (MTS) installed with 250 N load cell. The 

compression properties were measured at the crosshead speed of 10 mm/min and the tensile testing 

were at 30 mm/min. For compression test, hydrogels were cast into 5 mm diameter cylinders; for 

tensile testing, hydrogels were cast into dog-bone shaped samples using polydimethylsiloxane 

(PDMS) molds (1.3 mm thick, 5.0 mm width at center). Force-displacement curves obtained from the 

machine were converted to stress-strain curves. Young’s modulus was calculated from the linear 

stress-strain region by fitting a straight line between 15% and 30% strain, while the tensile modulus 

was measured by determining the slope between 40% and 60% strain.

Fabrication of Nor_PGS-co-PEG scaffolds using electrospinning and 3D printing

Nor_PGS-co-PEG (30 wt%), EDT (thiol/norbornene = 1), I2959 (0.05 wt%) and polyethylene oxide 

(PEO, Mw= 900 kDa, 3.5 wt%) were mixed in ethanol (90%) for electrospinning. The materials were 

electrospun at 0.4 kV/cm and 0.42 mL/h flow rate with 21 gauge needle, and then collected on a foil 

covered plate. Collected fibrous matrix was irradiated under UV light (365 nm, 10 mW/cm2) for 10 

min. Fibers were imaged using scanning electron microscopy (SEM, Hitachi TM-3000 system).

Nor_PGS-co-PEG macromers (30 wt%), EDT (thiol/norbornene = 1) and I2959 (0.05 wt%) were 

mixed in PBS (pH 7.4) for printing. An extrusion-based 3D printer (Tissue Scribe 3D bioprinter, 3D 

Cultures company, USA) was used in the printing of Nor_PGS-co-PEG. The materials were loaded 

into a syringe with affixed blunt tip 25 G needles that were 13 mm long. Syringes were loaded onto 

the 3D printer and the printing was performed with continuous UV irradiation (365 nm, 10 mW/cm2) 

of the print area during printing. 
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Cellular studies

Mouse embryo fibroblasts (MEF) were harvested from C57BL/6N mice embryo and then 

immortalized after 15 passages. MEFs were incubated at 37 °C under 5% CO2 with humidified 

atmosphere in DMEM containing 10% FBS, 1% penicillin/streptomycin, and 1% HEPES. Cells were 

subcultured twice weekly. For 2D cell culture, MEFs were seeded on a photocrosslinked hydrogel 

surface (2× 106 cells/mL); for 3D cell culture, MEFs were encapsulated within hydrogel (2× 106 

cells/mL) and mould into syringe with 50 μL volumes before UV irradiation (365 nm, 10 mW/cm2, 

3 min). Hydrogels were incubated in DMEM supplemented with 10% fetal bovine serum (FBS), 1% 

penicillin/streptomycin and 1% HEPES. 

Live/Dead staining and cell metabolism assay were performed to evaluate the cell viability of 

MEFs. For Live/Dead staining, MEFs were characterized through fluorescent staining of live cells as 

green (2 μM calcein-Am, Invitrogen) and dead cells in red (4 μM ethidium homodimer-1, Invitrogen). 

Cell-encapsulated hydrogels were incubated at 37 °C under 5% CO2, rinsed with PBS, and then 

observed using Leica SP5 confocal microscopy at day 1. Images were analyzed with Image J (NIH). 

Metabolic activity of MEFs was measured using alamarBlue® assay followed the manufacturer 

instructions, where the samples were incubated in alamarBlue solutions (10% in serum-contained 

media) for 4 h. Quantification at each time point was performed on a microplate reader (Multi-

Detection Microplate Reader, BioTek Synergy HT) at an excitation of 530 nm and emission of 590 

nm, and the values were normalized to readings at day 1 (D1) for each sample. 

Statistical analysis

All experiments were performed with three replicates. Error bars were reported in figures as the 

standard deviation (s.d.) unless otherwise noted. The t-test analysis was used to determine statistical 

significance of differences in the data analysis. Significance was set at p < 0.05 with *, ** or *** 

indicating p < 0.05, 0.01 or 0.001, respectively. 

Results and discussion
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Design and characterization of Nor_PGS-co-PEG

PGS-co-PEG has been reported as an elastic, biocompatible and biodegradable copolymer for 

biomedical applications. However, the thermal curing process of PGS-co-PEG required harsh 

conditions to obtain the crosslinked polymer. Functionalization of PGS-co-PEG is a promising 

strategy to control the properties of PGS-co-PEG as well as process PGS-co-PEG into complex 

structures.27-30 Here, we introduce a new functional group (i.e. norbornene) to PGS-co-PEG structure 

to allow the formation of PGS-co-PEG hydrogels via thiol-norbornene crosslinking, providing a 

simple approach to fine-tune the properties of PGS-co-PEG as well as fabricate 3D scaffolds of PGS-

co-PEG.

In this study, PGS-co-PEG was synthesized via a stepwise polycondensation reaction. Sebacic 

acid and polyethelene glycol were reacted at 130 °C and 100 mTorr for 24 h to synthesize 

poly(ethylene glycol)-sebacic acid polyester, and then glycerol was added to the mixture to form 

PGS-co-PEG macromers after a reaction of 48 h. (Scheme 1a, top) Hydroxyl groups of PGS-co-PEG 

were then reacted with 5-norbornene-2-carboxylic acid to obtain norbornene-functionalized PGS-co-

PEG (Nor_ PGS-co-PEG). (Scheme 1a, bottom) Nor_PGS-co-PEG macromers (Mw= 9.6 kDa, 

PDI= 2.71) can be crosslinked using 2,2’-(ethylenedioxy) diethanethiol (EDT) as the crosslinkers in 

the presence of photoinitiator (I2959, 0.05 wt%) under UV light (365 nm, 10 mW/cm2). (Scheme 1b)
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Scheme 1 (a) Synthetic process of PGS-co-PEG and Nor_PGS-co-PEG. (b) Schematic illustration of 
the crosslinking of Nor_PGS-co-PEG macromers using EDT as crosslinkers in the presence of I2959 
and UV light. 

PGS-co-PEG and Nor_PGS-co-PEG were characterized using NMR and FTIR spectroscopies. 

In the 1H NMR spectra of PGS-co-PEG macromers (Fig.1a, top), signals at 1.30 ppm (peak 5), 1.52 

ppm (peak 4) and 2.35 ppm (peak 3) were recognized as the methylene protons (–COCH2CH2CH2–) 

of sebacic acid, and signal at 3.62 ppm (peak 6) corresponded to the methylene protons (–

COCH2CH2O–) of PEG segments. Peaks between 3.5-5.2 ppm (peak 1, 2) attributed to the methylene 

protons (–CH2CH–) of glycerol. In the 1H NMR spectra of Nor_PGS-co-PEG (Fig.1a, bottom), 

signals at 6.26-5.88 ppm (peak a, b) assigned to the vinyl protons (–CH=CH–) of norbornene groups, 

indicating norbornene groups were grafted onto the PGS-co-PEG structure. The PEG content and the 

modification percentage of norbornene groups in PGS-co-PEG structure were calculated using 1H 

NMR spectra, showing ~75% of PEG content and ~80% of norbornene modification in the structure.
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 In the FTIR spectra, the peaks at 1730 cm-1 and 1150 cm-1 corresponded to the C=O stretch and 

C-O-C stretch of the ester groups in the PGS-co-PEG structure. (Fig.1b) The strong and broad 

band covering a wide range between 3300 and 3700 cm-1 corresponded to the O-H stretch, which was 

majorly contributed from the water within PEG segment in the PGS-co-PEG structure. Therefore, the 

O-H band did not disappear after modification with norbornene as it still presented in the FTIR spectra 

of Nor_PGS-co-PEG. Additionally, comparing the FTIR spectra between PGS-co-PEG and 

Nor_PGS-co-PEG, the appearance of a new peak at 3020 cm-1 corresponded to the vinyl group from 

norbornene, indicating Nor_PGS-co-PEG has been successfully synthesized. 

Photocrosslinking of Nor_PGS-co-PEG macromers was investigated using rheology, where the 

norbornenes on Nor_PGS-co-PEG macromers were crosslinked by EDT through thiol-norbornene 

reaction. Rheology showed a rapid crosslinking of Nor_PGS-co-PEG macromers in the presence of 

photoinitiator (I2959, 0.05 wt%) and UV light (365nm, 10 mW/cm2), where the gel point can be 

observed within seconds and a plateau modulus was reached within ∼3 min. (Fig. 1c) 
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Fig. 1 (a) 1H NMR spectra of PGS-co-PEG (top) and Nor_PGS-co-PEG (bottom). (b) FTIR spectra 
of PGS-co-PEG and Nor_PGS-co-PEG. (c) Rheology of the photocrosslinking of Nor_PGS-co-PEG 
hydrogels under UV irradiation.

Nor_PGS-co-PEG hydrogels exhibit tunable properties 

Nor_PGS-co-PEG hydrogels presented Young’s modulus of 5.30, 13.04 and 27.10 kPa for 20 wt%, 

30 wt% and 40 wt% of materials, respectively. (Fig. 2a) In addition, Nor_PGS-co-PEG hydrogels 

(30 wt%) were prepared with several thiol/norbornene ratios (N= 0.65, 0.85 and 1), and the 

mechanical properties of Nor_PGS-co-PEG hydrogels were determined with compression and tensile 

testing. The Young’s modulus of Nor_PGS-co-PEG hydrogels was adjusted by the EDT amount used 

for photocrosslinking, showing 6.9, 11.2 and 16.5 kPa for N= 0.65, 0.85 and 1, respectively. (Fig. 2b) 

These results showed the compression properties of Nor_PGS-co-PEG hydrogels can be easily fine-
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tuned by adding different amount of crosslinker. On the other hand, Nor_PGS-co-PEG hydrogels of 

N= 1.33 showed a lower Young’s modulus (5.9 kPa) compared to the N= 1 sample, indicating the 

excessive amount of thiolated crosslinker presented lower crosslinking density in hydrogels as some 

dithiols only reacted with one norbornene and few free thiols were remaining in the hydrogels.32, 50

PGS-co-PEG have been demonstrated as an elastomeric block copolymer.25 Here, Nor_PGS-co-

PEG hydrogels also performed excellent elasticity. Repetitive compression loading of Nor_PGS-co-

PEG hydrogels showed that the loading curves did not change in moduli between loading cycles. 

(Fig. 2c) 

Fig. 2 Compressive properties of Nor_PGS-co-PEG hydrogels with (a) different weight percentages 
and (b) different amounts of crosslinker. (c) Nor_PGS-co-PEG hydrogels (N= 1) under repetitive 
compression loading to 50% strain (five cycles at a crosshead speed of 10 mm/min). Significance was 
set at p < 0.05 with *, ** or *** indicating p < 0.05, 0.01 or 0.001, respectively. 

In tensile testing, Nor-PGS-co-PEG samples with varied thiol/norbornene ratios were also 

investigated. The % elongation of Nor-PGS-co-PEG hydrogels presented ∼600%, ~800% and ~950% 

elongation for N= 1, 0.85 and 0.65, respectively. (Fig. 3a and 3b) Additionally, enhancement of Nor-

PGS-co-PEG moduli with higher thiol/norbornene ratio resulted in greater failure stress and lower 

failure strain. (Fig. 3c-3e)  

These compression and tensile results showed the mechanical properties of Nor_PGS-co-PEG 

hydrogels can be easily fine-tuned by adding different amount of crosslinker. Stronger mechanical 

properties of Nor_PGS-co-PEG network can be achieved by controlling the crosslinker amount to N= 

1, while decreasing thiol/norbornene ratio resulted in a soft Nor_PGS-co-PEG network with high 
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elongation of over 900%. The elongation of Nor_PGS-co-PEG hydrogels was greater than the 

reported PGS-co-PEG hydrogels, which presented the elongation range lower than 400%.25, 29 Based 

on these mechanical results, Nor_PGS-co-PEG hydrogels possessed excellent elastic recovery and 

great ductility to be used as highly stretchable biomaterials for biomedical applications.

Fig. 3 Tensile properties of Nor_PGS-co-PEG hydrogels. (a) Representative images of samples 
before and after tensile loading, with images taken immediately before failure. (b) Representative 
tensile stress and elongation profiles of samples. (c) Tensile modulus, (d) failure stress and (e) failure 
strain of samples. N= thiol/norbornene ratio. Significance was set at p < 0.05 with *, ** or *** 
indicating p < 0.05, 0.01 or 0.001, respectively.

The crosslinked networks of hydrogels directly correlated with water uptake, where high water 

content of hydrogels can maintain the viability and function of the encapsulated cells.51 As-prepared 

Nor_PGS-co-PEG hydrogels with N= 0.65, 0.85 and 1 yielded a swelling ratio of ~5.6, ~4.4 and ~3.8, 

respectively. (Fig. 4a) The trend of the swelling ratio was attributed to the crosslinking density of 

Nor_PGS-co-PEG hydrogels, where a higher thiol/norbornene ratio resulted in a higher crosslinking 

density.52 Furthermore, the equilibrium water content was above 70% for all hydrogels with different 

thiol/norbornene ratios. (Fig. 4b) . 
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Previous studies have reported that the degradation of PGS-co-PEG was based on 

the hydrolysis of ester bond in their structures.14, 25 Here, degradability of Nor_PGS-co-PEG 

hydrogels was demonstrated in NaOH or PBS solutions. In NaOH solutions, Nor_PGS-co-PEG 

presented a fast degradation rate, where the mass loss of the N= 1 sample was up to 45% and 70% 

after incubations for 1 h and 4 h, respectively. (Fig. 4c) In PBS solutions, Nor_PGS-co-PEG (N= 1) 

was degraded by 17%, 25% and 30% after incubation in PBS solutions for 3, 5 and 7 days, 

respectively. (Fig. 4d) Obviously, the degradation of Nor_PGS-co-PEG hydrogels in PBS solutions 

was much slower than that in NaOH solutions. Most importantly, the degradation rate of Nor_PGS-

co-PEG hydrogels in both conditions can be further controlled by changing the thiol/norbornene ratio, 

with the mass loss of the N= 0.65 sample was the greatest among the N= 0.85 and N= 1 groups during 

the incubation time points. The fast degradation of the lower crosslinked Nor_PGS-co-PEG hydrogel 

was correlated with its higher water uptake behavior to accelerate the hydrolysis of the polymeric 

networks.25 These results indicated that reducing the crosslinker amounts to decrease the crosslinking 

density in Nor_PGS-co-PEG networks presented a faster degradation, providing a varied lifetime of 

Nor- PGS-co-PEG hydrogels for different specific applications.
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Fig. 4 Swelling and degradation properties of Nor_PGS-co-PEG. (a) Equilibrium swelling ratio and 
(b) equilibrium water content of Nor_PGS-co-PEG hydrogels with different thiol/norbornene ratios. 
Degradation of Nor_PGS-co-PEG hydrogels with different thiol/norbornene ratios in (c) NaOH (0.01 
N) and (d) PBS (pH 7.4) solutions. Significance was set at ** or *** indicating p < 0.01 or 0.001, 
respectively. 

Nor_PGS-co-PEG for the fabrication of microfibrous scaffolds and 3D printed structures

Processing Nor_PGS-co-PEG into scaffolds was demonstrated using electrospinning and 3D printing 

techniques. Nor_PGS-co-PEG (30 wt%), EDT (thiol/norbornene= 1), I2959 (0.05 wt%) and 

polyethylene oxide (PEO, 3.5 wt%) were mixed in ethanol (90%) for electrospinning, where PEO 

was used as a carrier polymer to adjust the viscosity as well as improve fiber formation. Furthermore, 

an additional electric field was set up around the collector of the electrospinning equipment, providing 

the ability to align fibers. Electrospun scaffolds were crosslinked using UV light (365 nm, 10 mW/cm2) 

to prevent dissolution in water. (ESI, Movie S1 and S2) SEM images of electrospun hybrid 
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Nor_PGS-co-PEG/PEO microfibrous scaffolds presented fiber diameters about 2.34 ± 0.49 µm. (Fig. 

5) For 3D printing, Nor_PGS-co-PEG (30 wt%) along with EDT (thiol/norbornene= 1) and I2959 

(0.05 wt%) was used as a photocurable ink for extrusion-based printing. The printing ability of 

Nor_PGS-co-PEG was demonstrated by printing a ring structure and a rectangular grid pattern in a 

layer-by-layer deposition process under continuous UV irradiation (365nm, 10mW/cm2). The ring 

structure was printed with 12 layers at a speed of 14 mm/s under room temperature, with a height of 

2.4 mm, an outer diameter of 10.8 mm, and an inner diameter of 10 mm. (Fig. 6a-6c) The rectangular 

grid pattern was printed with 2 layers at a speed of 20 mm/s, showing the uniform filament width of 

0.82 mm and spacing of 5 mm. (Fig. 6d-6f)

A number of studies have fabricated PGS scaffolds using electrospinning49, 53 and 3D printing40, 

54. However, to the best of our knowledge, PGS-co-PEG scaffolds have not been reported using 

biofabrication techniques. Here, we successfully demonstrated the processing ability of Nor_PGS-

co-PEG using both electrospinning and 3D printing techniques. Introduction of norbornene groups to 

PGS-co-PEG structures allows the control of PGS-co-PEG crosslinking using thiol-norbornene 

photochemistry. Thus, Nor_PGS-co-PEG can be used as a photocurable material in the 

fabrication processes and applications. Compared to traditional thermal crosslinking of PGS-co-PEG 

that limits its processing in the fabrication of scaffolds, this post-synthesis photocrosslinking of 

Nor_PGS-co-PEG provides a promising approach to process PGS-co-PEG under ambient conditions, 

allowing a wide range of manufacturing techniques to be utilized in the future.

Fig. 5 SEM images of hybrid Nor_PGS-co-PEG/PEO microfibrous scaffolds in different 
magnifications of (a) 250x, (b) 500x and (c) 1000x.
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Fig. 6 Images of 3D printed scaffolds using Nor_PGS-co-PEG hydrogels. The 3D model of a ring 
structure (a), and the top view (b) and side view (c) of the printed structure. The 3D model of a 
rectangular grid pattern (d), and the top view (e, f) of the printed structure where (f) is the image taken 
with a microscope.

In vitro cytocompatibility study

Cytocompatibility of Nor_PGS-co-PEG hydrogels was investigated using 2D and 3D cell cultures in 

vitro. Mouse embryonic fibroblasts (MEFs) were seeded on the surfaces of Nor_PGS-co-PEG 

hydrogels for 2D cell culture, while MEFs were encapsulated within hydrogels for 3D cell culture. 

Live/Dead staining was used to identify live and dead cells on both 2D and 3D culture conditions, 

where calcein-AM stained live cells green while ethidium homodimer-1 stained dead cells red. (Fig. 

7a and 7b) In addition, cellular metabolism was evaluated using an alamarBlue assay, showing the 

cellular metabolism of MEFs increased over time. (Fig. 7c and 7d) The proliferation of cells in the 

PGS-co-PEG hydrogels has been shown in previous reports.25, 29, 30 Here, these results also 
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demonstrated that Nor_PGS-co-PEG hydrogels supported cell proliferation, and the thiol-norbornene 

reaction within the hydrogels was cytocompatible.

Fig. 7 Live/Dead staining and normalized metabolic activity of MEFs (a, c) on the surfaces of 
Nor_PGS-co-PEG hydrogels and (b, d) within the Nor_PGS-co-PEG hydrogels. There were six gels 
investigated in the metabolic activity experiments, and the values at day 3 and day 5 were normalized 
to the value at day 1. Significance was set at p < 0.05 with *, ** or *** indicating p < 0.05, 0.01 or 
0.001, respectively.

Conclusions

Here we synthesized a new type of photocurable and elastomeric hydrogels using Nor_PGS-co-PEG. 

The norbornene functional groups on PGS-co-PEG allow the crosslinking of hydrogels via thiol-

norbornene photochemistry. Several properties (i.e. mechanical property, swelling ratio 

and degradation rate) of Nor_PGS-co-PEG hydrogels can be simply modulated using different 

amounts of dithiols. The excellent elongation property (~ 950%) of Nor_PGS-co-PEG makes it as a 

promising stretchable biomaterial for applications in artificial organs, wound dressing and wearable 

Page 20 of 25Biomaterials Science

B
io

m
at

er
ia

ls
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
0 

Ju
ly

 2
02

0.
 D

ow
nl

oa
de

d 
by

 D
re

xe
l U

ni
ve

rs
ity

 o
n 

7/
20

/2
02

0 
4:

24
:3

0 
PM

. 

View Article Online
DOI: 10.1039/D0BM00632G

https://doi.org/10.1039/d0bm00632g


21

sensors. Also, Nor_PGS-co-PEG hydrogels have been successfully demonstrated in the fabrication 

of microfibrous scaffolds and 3D printed structures, expanding the utility of PGS-co-PEG materials 

in biomedical filed using biofabrication techniques. In addition, in vitro cellular studies showed that 

Nor_PGS-co-PEG hydrogels were cytocompatible. Taken together, Nor_PGS-co-PEG is an 

elastomeric biomaterial that presents unique and highly tailorable properties as well as performs 3D 

cell encapsulation, providing an ideal model to investigate the interaction mechanisms between the 

extracellular matrix and cells in biomedical applications. 
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Fig. S1 GPC traces of PGS-co-PEG and Nor_PGS-co-PEG macromers. PGS-co-PEG: Mw= 8.8 

kDa, PDI= 6.87; Nor_PGS-co-PEG: Mw= 9.6 kDa, PDI= 2.71. 
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