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Abstract 
Thiol-norbornene chemistry offers great potential in the field of hydrogel development, given its step 

growth crosslinking mechanism. However, limitations exist with regard to deposition-based 

bioprinting of thiol-containing hydrogels, associated with premature crosslinking of thiolated 

(bio)polymers resulting from disulfide formation in the presence of oxygen. More specifically, disulfide 

formation can result in an increase in viscosity thereby impeding the printing process. In the present 

work, hydrogels constituting norbornene-modified dextran (DexNB) combined with thiolated gelatin 

(GelSH) are selected as case study to explore the potential of incorporating the reducing agent tris(2-

carboxyethyl)phosphine (TCEP), to prevent the formation of disulfides. We observed that, in addition 

to preventing disulfide formation, TCEP also contributed to premature, spontaneous thiol-norbornene 

crosslinking without the use of UV light as evidenced via 1H-NMR spectroscopy. Herein, an optimal 

concentration of 25 mol% TCEP with respect to the amount of thiols was found, thereby limiting auto-

gelation by both minimizing disulfide formation and spontaneous thiol-norbornene reaction. This 

concentration results in a constant viscosity during at least 24 hours, a more homogeneous network 

being formed as evidenced using atomic force microscopy while retaining bioink biocompatibility as 

evidenced by a cell viability of human foreskin fibroblasts exceeding 70 % according to ISO 10993-

6:2016. 

1. Introduction 
3D-printing of biomaterials has gained increasing interest in the fields of tissue engineering1, drug 

delivery2 as well as to support the development of in vitro models.3,4 A major challenge in the field 

involves the establishment of printable inks starting from materials with suitable rheological 

properties5. In this regard, gelatin exhibits superior processing capabilities due to its upper critical 

solution temperature (UCST) and shear-thinning behaviour.6,7 With regard to deposition-based 3D-

printing applications, photo-crosslinkable gelatin is often used as it can be printed at temperatures 
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around 25 °C8, at which it exhibits a viscosity (≈ 0.15 - 0.10 Pa⋅s)9 suitable for printing.10 Depending on 

the printing method applied, gelatin can be directly photo-crosslinked11 (e.g. through 

stereolithography (SLA)12 and digital light processing (DLP)13) or after a physical gelation step14 (in case 

of extrusion-based printing) to maintain its printed shape. Gelatin is also often blended with other 

materials that exhibit inferior rheological properties15 with regard to 3D-printing, such as a too low 

viscosity (<0.03 Pa⋅s at 25 °C)16, the absence of shear-thinning behaviour or the lack of physical 

gelation17 directly after the material is extruded. Gelatin can also be introduced in a bioink to enhance 

cell interactivity.18 To ensure a reproducible extrusion-based printing process, it is desirable that the 

biomaterial ink formulation exhibits a constant viscosity19 during printing, situated within a printable 

range (0.03 Pa⋅s to 6 × 104 Pa⋅s)20. Furthermore, too low viscosity will decrease the printing 

resolution21, while too high viscosity will cause nozzle clogging and will obstruct the application of the 

materials as bioink due to high shear stresses accompanying nozzle-based printing techniques.22,23  

The most frequently reported photo-crosslinkable gelatin used for bioprinting is methacrylated gelatin 

(GelMA)24, although this material holds some disadvantages associated with its chain growth 

crosslinking mechanism. A superior and currently well-established crosslinking strategy described in 

literature exploits thiol-norbornene chemistry to develop gelatin-based hydrogels.25,26,27,28 However, 

thiol-norbornene crosslinking also poses limitations when exploiting thiol-based crosslinkers prone to 

disulfide formation in the presence of oxygen (through oxidation) and at elevated temperatures.29,34 

In the current work, a strategy is established to improve the printability of thiolated gelatin-based 

hydrogel inks towards printing methods that require constant rheological properties to facilitate 

reliable and reproducible processing. Tris(2-carboxyethyl)phosphine (TCEP) is exploited as reducing 

additive30 to prevent undesired, premature disulfide crosslinking, hence retaining a constant viscosity. 

As case study, a combination of thiolated gelatin (GelSH) and norbornene-modified dextran (DexNB) 

was optimized towards deposition-based 3D-printing. The above-mentioned hydrogel was recently 

reported as starting material for processing into 3D-scaffolds to support liver tissue engineering.31 

Indirect 3D-printed scaffold were printed without any problem, because this technique only required 

a processing time of around 10 minutes. However, problems were faced regarding the rapid increase 

in viscosity of the ink formulation when prolonged processing times were applied, thereby leading to 

an impeded extrusion-based printing process. 

2. Material and methods 

Materials 
Gelatin type B, isolated from bovine skin through an alkaline process was supplied by Rousselot (Ghent, 

Belgium). Dextran (Mr ~40,000 g/mol) (dextran 40)  from Leuconostoc spp., N-acetyl-homocysteine 

thiolactone, 5-norbornene-2-carboxylic acid, N,N′-dicyclohexylcarbodiimide (DCC), 

dimethylformamide (DMF), 4-(dimethylamino)pyridine (DMAP), ethylenediaminetetraacetic acid 

(EDTA), hydroxylamine hydrochloride, Calcein-acetoxymethyl ester (Calcein-AM), propidium iodide 

(PI) were purchased from Sigma-Aldrich (Diegem, Belgium). Tris(2-carboxyethyl)phosphine (TCEP) was 

purchased from TCI Europe (Zwijndrecht, België). Spectrapor dialysis membranes with molecular 

weight cut-off (MWCO) 6 – 8 kDa and 12 – 14 kDa were purchased from Polylab (Antwerp, Belgium). 

Dulbecco’s modified eagle’s medium (DMEM) Glutamax, fetal bovine serum (FBS) and antibiotics 

(penicillin/streptomycin) were purchased from Gibco (California, USA). 3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay kit was purchased from 

Abcam (Cambridge, UK). Human foreskin fibroblasts are purchased from American Type Culture 

Collection (ATCC). 
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Development of DexNB 
Dextran was modified with norbornene functionalities via conventional N,N′-Dicyclohexylcarbodiimide 

(DCC)/4-Dimethylaminopyridine (DMAP) coupling chemistry occurring between the hydroxyl groups 

(of dextran) and the carboxylic acids (of 5-norbornene-2-carboxylic acid).31 A total of 5 g dextran (0.031 

mol anhydroglucose unit (AGU)) was dissolved in 100 mL dry DMF containing 10 w/v% LiCl at 80 °C. 

After dextran was dissolved and the mixture was cooled to room temperature, 16.7 mmol 5-

norbornene-2-carboxylic acid, corresponding to 0.5 eq with respect to the amount of AGU present, 

was added. Subsequently, 12.3 mmol (0.4 eq) DMAP was added. After the mixture was cooled to 0 °C 

using an ice bath, 15.4 mmol (0.5 eq) of N,N′-dicyclohexylcarbodiimide (DCC) was added. After 48 h 

reaction, impurities were precipitated in 500 mL double-distilled water and filtered out. The filtrate 

was dialyzed using a molecular weight cutoff (MWCO) membrane of 6−8 kDa over a period of 1 week 

against distilled water. The product was isolated by freeze-drying. DexNB with a degree of substitution 

(DS) of 16% in according the amount of anhydroglucose units was obtained. 

Development of GelSH 
GelSH was developed according to a protocol described earlier by Van Vlierberghe et al.32 Briefly, 10 g 

gelatin type B was dissolved at 40 °C in 100 mL 0.02 M carbonate buffer (pH 10). A total of 15 mM of 

EDTA was added to the reaction mixture. Subsequently, 5 eq of N-acetyl-homocysteine thiolactone 

were added to the reaction mixture followed by stirring during 3 h. After 3 h, 100 mL of double-distilled 

water was added and dialysis against distilled water was performed during 24 h at 40 °C under an inert 

argon atmosphere using a MWCO membrane of 12−14 kDa. After dialysis, the purified mixture was 

frozen using liquid nitrogen and freeze-dried. GelSH with a degree of substitution (DS) of 65 % in 

according to the amount of amines present in gelatin was obtained. 

1H-NMR spectroscopy 
The degree of substitution (DS) of DexNB was determined using a 400 MHz Bruker Avance II Ultrashield 
1H-NMR spectrometer at room temperature via the following formula: 

𝐷𝑆 𝐷𝑒𝑥𝑁𝐵 (%) =  
(

𝐼6.0 𝑝𝑝𝑚 + 𝐼6.3 𝑝𝑝𝑚

2 )

𝐼4.9 𝑝𝑝𝑚
 𝑥 100 

OPA analysis 
The ortho-phthalic dialdehyde (OPA) assay is a spectrophotometric assay to quantify the amount of 

amines present in a sample enabling to calculate the DS of the different gelatin derivatives. 20 mg OPA 

was dissolved in 10 mL ethanol and diluted to a final volume of 50 mL with double distilled water. In a 

second stock solution, 25 µL of 2-mercaptoethanol was added to 50 mL borate buffer (0.1 M, pH 10). 

The reference in this assay contained 1000 µL double distilled water, 1500 µL 2-mercaptoethanol 

solution and 500 µL OPA solution. A calibration curve was obtained by comparing the reference 

samples to a sample containing 50 µL n-butylamine standard solutions (0.002 M, 0.006 M, 0.01 M), 

950 µL double distilled water, 1500 µL 2-mercaptoethanol solution and 500 µL OPA solution. The 

absorbance of the samples at 335 nm was measured using a spectrophotometer and a calibration 

curve was plotted. Solutions were made of gelatin type B, GelMA and GelSH at a concentration of 25 

mg/mL. Samples were measured with the spectrophotometer containing 50 µL of the gelatin solutions, 

950 µL double distilled water, 1500 µL 2-mercaptoethanol solution and 500 µL OPA solution at 335 

nm. All measurements were performed in triplicate and at 37 °C. 
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Preparation of hydrogel precursor solution 
All hydrogels used throughout this work (i.e. DexNB-GelSH and DexNB-DTT) were UV-A crosslinkable 

in the presence of a photoinitiator (PI). The hydrogels were prepared starting from an aqueous solution 

with a total polymer concentration of 10 w/v %. 2 mol % of Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) as PI was added to the precursor solution, unless stated otherwise. 

All hydrogel precursor solutions were prepared with equimolar reactive moieties, meaning that the 

molar amounts of thiols and norbornene functionalities were identical (i.e. #eq. NB = #eq. SH). 

Atomic Force Microscopy 
Atomic Force Microscopy (AFM) measurements were performed using the Nanowizard 4 instrument 

(JPK-bioAFM, Bruker), in order to analyze nanoscale morphological and mechanical properties. For all 

measurements the DNP-10 (Bruker) chip is used from which triangular cantilever A (hard samples: 

nominal spring constant 0.35 N/m) and cantilever c (soft samples: nominal spring constant 0.24 N/m). 

The AFM measurements were performed in the Quantitative Imaging mode (QI-mode). This mode 

allows to simultaneously gather information on morphological and mechanical properties. All data 

processing was performed in the JPK SPM DP software (image processing, roughness calculation, 

Young’s modulus calculation). To calculate the elasticity (the Young’s modulus [kPa]) of the samples, 

the Hertz/Sneddon model for parabolical indenters is used. 

Determination of gel fraction 
2D-discs were freeze-dried after crosslinking and weighed. The obtained mass is the mass before 

leaching out of the non-crosslinked compounds (w1). Swelling these samples during 24 hours at 37 °C 

in double distilled water and weighing them after another freeze-drying step resulted in the mass of 

the samples after leaching out of the non-crosslinked compounds (w2). 

The gel fraction can be calculated by the following formula (n = 6): 

𝐺𝑒𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝑤2

𝑤1
 . 100 

 

Determination of swelling ratio 
The swelling ratio was determined using the following protocol. The samples were weighed after 

freeze-drying (wd) and after swelling for 24 hours at 37 °C in PBS (ws). The gel fraction can be calculated 

using the following formula (n = 6): 

𝑚𝑎𝑠𝑠 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
(𝑤𝑠 − 𝑤𝑑)

𝑤𝑑
 

Rheology experiments 

In-situ UV-crosslinking 
A rheometer-type Physica MCR-301 was applied. For in situ photorheology, 300 μL of each solution 

was placed between the plates of the device using a gap setting of 0.3 mm. An oscillation frequency of 

1 Hz and a strain of 0.1% were applied. The samples were irradiated at 37 °C using a UV-A light (10 min, 

3500 mW/cm2, 365 nm), followed by 2 min of postcuring monitoring. All measurements were 

performed in triplicate. 

Viscosity measurement 
The viscosity of the formulations was determined using a rheometer type Physica MCR 310 (Anton 

Paar, Belgium). The gap width between the lower fixed plate and the rotating spindle (⌀ 15 mm) was 
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set to 0.3 mm. The shear rate of the spindle was increased from 1 to 1000 s−1. The temperature during 

the measurements was 25 °C, which was representative for the printing temperature exploited during 

bioprinting.33 All measurements were performed in triplicate. 

Cell culture protocols 

Culturing of cells 
Dulbecco’s modified Eagle medium supplemented with 10% (v/v) fetal bovine and 1% (v/v) 

penicillin/streptomycin was used to culture human foreskin fibroblasts at 37 °C in 5% CO2. Every 3 

days, the culture medium was changed until 80–90% confluency was reached, which was followed by 

subculturing. 

MTS proliferation assay 
The 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) 

assay kit was thawed. The medium was aspirated from the wells, and 250 μL of fresh medium was 

added, after which 40 μL of the MTS solution was added to the fresh medium of the wells. After an 

incubation time of 3 h at 37 °C, 100 μL of the medium/MTS mixture of each well was transferred to the 

wells of a 96-well plate. The absorbance was measured in triplicate at 490 nm using a 

spectrophotometer. 

Live/dead staining 
The cytocompatibility of the hydrogels was tested through a live/dead assay using calcein 

acetoxymethyl ester (calcein-AM) and propidium iodide (PI) staining. For every 1 mL of PBS, 2 μL of 

calcein-AM and 2 μL of PI were added. A 48-well plate was used and 0.3 mL of the solution was added 

to each well. The wells were incubated in the dark at room temperature for 10 min. A fluorescence 

microscope with a green fluorescence protein (GFP) filter for calcein was used to visualize the living 

cells. A Texas Red (TxRed) filter was used to visualize the dead cells using PI. Image processing was 

performed using ImageJ software. 

3D-printing 
A printing test was performed evidencing the superior printability of the optimized hydrogel precursor 

solution using a BioX bioprinter from Cellink. The printing parameters were optimized for the hydrogel 

precursor solution directly after preparing the solution. The same parameters for printing the 

constructs were applied for all hydrogel precursor solutions 10 hours after preparing the solutions. The 

following parameters were applied for all the printed constructs: 

Printer BioX Cellink 

Printing temperature 25 °C 

Printing speed 10 mm/s 

Pressure 150 Pa 

Build plate temperature 8 °C 

Nozzle diameter 21 Gauge 

Statistical analysis 
All measurements were performed in triplicate and the average values are plotted. Significant 

differences were determined using a student’s t-test. P < 0.05 indicates a significant difference. 

3. Results and discussion 
When exploiting thiol-based bioink formulations to develop thiol-norbornene hydrogels, an increase 

in viscosity hampers its processing capability. Since it is hypothesized that this phenomenon is due to 
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thiol oxidation leading to undesired, premature disulfide crosslinking in the presence of oxygen34, the 

effect of adding TCEP as a reducing agent on the viscosity of thiolated gelatin solutions was 

investigated. 0, 0.05 and 0.5 equivalents of TCEP were added to a 10 w/v% GelSH solution with a degree 

of substitution (DS) of 60 % as confirmed by OPA analysis (see Figure 1). As anticipated, the viscosity 

of a GelSH solution without TCEP increased significantly from 0.43 ± 0.04 Pa·s at the first time point up 

to 12 ± 3 Pa·s after 24 hours. When 0.5 eq of TCEP was added, the viscosity remained constant (p > 

0.05) with a value of 0.15 ± 0.03 Pa·s at the first time-point and 0.12 ± 0.03 Pa·s after 24 hours. When 

0.05 eq was added, the increase in viscosity was less pronounced, albeit significant from 0.36 ± 0.02 

Pa·s up to 0.85 ± 0.06 Pa·s within the same time frame. 

  

Figure 1: Viscosity of a 10 w/v% GelSH solution as a function of time in the absence and presence of 0.05 and 0.5 eq. TCEP. In 
the absence of TCEP, a rapidly increasing viscosity is observed over time, while 0.05 eq. resulted in a viscosity increase, albeit 
to a lesser extent, and 0.5 eq. resulted in a constant viscosity for at least 24 hours.  (N=3) 

Subsequently, the effect of the addition of TCEP on a hydrogel precursor solution exploiting thiol-

norbornene crosslinking was studied using GelSH and DexNB as crosslinkable building blocks. DexNB 

exhibited a DS of 15 % as confirmed by 1H-NMR spectroscopy. As anticipated, the viscosity of the 

DexNB-GelSH precursor solution increased from 0.17 ± 0.04 Pa·s up to 0.86 ± 0.12 Pa·s over 6 hours in 

the absence of TCEP due to the formation of disulfides. Surprisingly, when adding 0.5 equivalents of 

TCEP, the viscosity of the solution increased as well. Over 6 hours, the viscosity increased from 0.140 

± 0.002 Pa·s up to 1.12 ± 0.27 Pa·s. This phenomenon might be explained by a spontaneous thiol-

norbornene reaction taking place in the absence of a photo-initiator nor upon applying UV-A 

irradiation. In 2017, this phenomenon of spontaneous thiol-norbornene reaction was described for the 

first time by McOscar et al.35 reporting on the reaction of carbic carboxymethylcellulose with 2,2'-

(ethylenedioxy)diethanethiol. The authors suggested the thiol-olefin co-oxidation (TOCO)36 with 

oxygen from air as underlying mechanism, although the exact mechanism remains yet to be 

determined. 

The addition of different equivalents of TCEP was evaluated in order to identify the optimal 

concentration minimizing premature spontaneous crosslinking originating from both disulfide 

formation and the spontaneous thiol-norbornene reaction, thereby leading to a constant viscosity over 

time as shown in Figure 2. All DexNB-GelSH solutions exhibited initially a similar viscosity (i.e. not 

significantly different). At the second time point (3 hours), the formulation not containing TCEP 

exhibited the highest increase in viscosity (from 0.17 ± 0.04 Pa·s to 0.38 ± 0.08 Pa·s) which was 

significantly higher compared to that of the other formulations. Moreover, the viscosity of the 

Page 6 of 14AUTHOR SUBMITTED MANUSCRIPT - BMM-105724.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



formulation containing 0.05 eq. TCEP was significantly higher (from 0.144 ± 0.003 Pa·s to 0.181 ± 0.006) 

Pa·s) compared to that of formulations containing 0.5 and 0.25 eq TCEP. We hypothesize that in case 

of the formulations containing 0.05 eq, the TCEP was already consumed after the first time point and 

thiols started to form disulfide bonds. It is known that TCEP is an irreversible reducing agent, and will 

retain its oxidized form.37 At the third time point (6 hours), the viscosity of the formulation containing 

0.5 eq. TCEP increased from 0.140 ± 0.002 Pa·s to 1.12 ± 0.27 Pa·s. We hypothesize that this is caused 

by the presence of a significant amount of free thiols, which stimulated the spontaneous thiol-NB 

reaction (vide supra) leading to an increased viscosity. The formulation containing 0.05 eq. of TCEP 

increased significantly in viscosity at time points 3 and 4 through further oxidation of the thiols, from 

0.230 ± 0.005 Pa·s to 0.365 ± 0.026 Pa·s, while the formulation not containing TCEP increased much 

faster in viscosity (from 0.862 ± 0.122 Pa·s to 1.94 ± 0.23 Pa·s). Also the viscosity of the formulation 

containing 0.5 eq. increased further (from 1.12 ± 0.27 Pa·s to 1.43 ± 0.01 Pa·s), while adding 0.25 eq. 

ensured a constant viscosity for DexNB-GelSH during at least 24 hours (i.e. 0.143 ± 0.02 Pa·s versus 

0.154 ± 0.001 Pa·s respectively). The incorporation of lower or higher TCEP amounts led to an increased 

viscosity over time. 

 

 

Since we hypothesized that the increase in viscosity for the hydrogel precursor solution containing 0.5 

eq. TCEP is caused by a spontaneous reaction occurring between thiol and norbornene moieties, this 

was confirmed by monitoring the reaction between DexNB and dithiothreitol (DTT) during 6 days while 

being protected from light, in the absence of a PI. This specific composition (i.e. DTT and DexNB) was 

exploited as proof-of-concept for a thiol-NB reaction, since it enabled the straightforward 

interpretation of 1H-NMR spectra showing characteristic peaks (NB peaks at 5.9 and 6.2 ppm, DTT 

peaks around 2.6 and 2.9 ppm and the reference peak corresponding to the anomeric hydrogen atom 

of dextran38 at 4.9 ppm), in contrast with the complex 1H-NMR spectrum resulting from DexNB-GelSH 

due to overlap of gelatin peaks with the reference peak of dextran.31 As shown in Figure 3, the 

integration of the hydrogens associated with norbornene decreased over time. All spectra were 

normalized to the reference peak at 4.9 ppm, corresponding with an integration of 1. It could be 

calculated from these spectra that the amount of norbornene groups was reduced from 0.93 mol/g to 

Figure 2: Viscosity at 25°C determined through rheology as a function of time of DexNB-GelSH in the 
presence of 0, 0.05, 0.25 and 0.5 eq. TCEP (p < 0.05). For the optimal concentration of 0.25 eq. TCEP, a 
constant viscosity is observed for at least 24 hours. Higher or lower TCEP concentrations gave rise to a 
significant increase in viscosity over time. (N= 3) 
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0.15 mol/g after 6 days which corresponds to 0.78 mol/g norbornene groups that have reacted 

spontaneously with the thiols of DTT in the absence of a photo-initiator or UV-A irradiation. 

 

Figure 3: Reaction progress between DexNB and DTT. The reference peak of the anomeric hydrogen atom of dextran (4.9 ppm) 
integrates for 1 proton in every spectrum. The integrations of the NB peaks around 5.9 and 6.2 ppm decrease over time 
pointing towards spontaneous thiol-NB reaction. 

To investigate the potential influence of TCEP on the UV-A crosslinking reaction of the DexNB-GelSH 

hydrogel precursor solution (10 w/v% in the presence of a PI), an in situ photo-rheology experiment 

was performed in the presence and absence of TCEP (see figure 4 left panel, only one of each triplicate 

is shown). Based on the experiment, the storage modulus after crosslinking was determined. DexNB-

GelSH + 0 eq TCEP (i.e. 10.06 ± 0.88 kPa) and DexNB-GelSH + 0.25 eq TCEP (i.e. 9.15 ± 0.23 kPa) did not 

exhibit a significant difference (p > 0.05) in storage modulus. Furthermore, a gel fraction test revealed 

that the crosslinking efficiency was similar (non-significant) for both hydrogel formulations (see figure 

4 right panel). It could be concluded that adding the optimal amount of 0.25 eq of TCEP ensured a 

constant viscosity over at least 24 hours without compromising the physico-chemical properties of the 

final hydrogel. 

 

Figure 4: In situ photo-rheology of DexNB-GelSH without TCEP and with 0.25 eq. of TCEP. There is no significant effect on the 
storage modulus after crosslinking when adding the optimized concentration of TCEP. (left panel). Gel fraction of the two 
hydrogel formulations. No significant effect on the gel fractions was observed when the optimized concentration of TCEP was 
added (right panel). 

It can be anticipated that, when the optimized amount of TCEP is added to the DexNB-GelSH hydrogel 

precursor solution, thiol-NB bonds are formed solely during crosslinking instead of additional crosslinks 
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occurring between GelSH and GelSH. The latter is prevented by the reducing capacity of TCEP. 

Consequently, this is expected to result in a more homogeneous network. Indeed, due to the 

orthogonal nature of the thiol-norbornene reaction, dextran and gelatin were forced to exclusively 

react with one another. The homogeneous network formation is also visualized by AFM showing the 

elastic moduli along the surface of hydrogel films (see Figure 5). The elastic modulus of DexNB-GelSH 

in the absence and presence of 0.25 eq of TCEP was respectively 48.1 ± 14.8 kPa and 28.4 ± 7.0 kPa as 

calculated by the root mean square (RMS) derived from the AFM-recorded stiffness data. These values 

were not significantly different (p > 0.05). 

 

Figure 5: AFM-recorded stiffness (upper panel), and AFM-recorded roughness (lower panel) of a DexNB-GelSH hydrogel 
containing 0.25 eq TCEP (left) versus in the absence of TCEP (right). The surface plot of the topography showed a more 
homogeneous surface when the optimized concentration of TCEP was added, whereas TCEP did not have a significant effect 
on the AFM-recorded young’s modulus of the resulting hydrogel according to the stiffness plot along the surface. 

To serve as a proof-of-concept, a two-layered scaffold was printed which confirmed the importance of 

ensuring a constant viscosity on the printing performance.39,40 The different formulations (with photo-

initiator) were printed after 10 hours exploiting the same printing parameters as optimized for the 

precursor solutions directly after preparation. As shown in Figure 6, the hydrogel formulation 

containing 0.25 eq. of TCEP resulted in a more homogenous extrusion, a better defined computer-

aided design/computer-aided manufacturing (CAD/CAM) mimicry and better defined pores and struts. 
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Figure 6: Images of extrusion from the nozzle, the resulting printed constructs and optical microscopy images of the printed 
constructs exploiting the different biomaterial ink formulations. These images revealed a superior CAD/CAM mimicry for the 
hydrogel scaffold printed from a formulation constituting 0.25 eq. of TCEP due to the constant viscosity of the ink over time. 
The white scale bars represent 2.5 mm, the black scale bars represent 500 µm. 

Finally, it is of utmost importance that the resulting hydrogel formulations are biocompatible to ensure 

their applicability in the field of bioprinting.41 It is known from previous research that DexNB-GelSH  is 

biocompatible.31 Herein, the cytotoxicity of TCEP is investigated in direct contact with cells. Therefore, 

the biocompatibility was assessed for different TCEP concentrations (i.e. 0.25, 0.5, 1, 2, 5 and 10 mg/mL 

corresponding to respectively 0.05, 0.1, 0.2, 0.4, 1 and 2 eq. according to the amount of thiols) present 

in culture medium for 24 hours exploiting human foreskin fibroblasts (see Figure 7). Up to a 

concentration of 2 mg/mL TCEP, only a small drop in cell viability was observed, while retaining 

biocompatibility according to ISO 10993-6:2016 (i.e. viability > 70% in comparison to the control, tissue 

culture plastic (TCP))42. The determined optimal amount of 0.25 equivalents to be added (vide supra) 

corresponds to a concentration of 1.3 mg/mL required for the DexNB-GelSH hydrogel formulation. The 

latter is situated within the biocompatibility range of TCEP rendering it a suitable hydrogel composition 

for bioprinting. In addition to the physico-chemical properties of the hydrogel, the biocompatibility is 

thus also preserved upon incorporating TCEP. 
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Figure 7: Effect of different TCEP concentrations on human foreskin fibroblasts assessed via a Live/Dead assay (A and B) and 
a MTS proliferation assay (C). The results revealed that the optimized TCEP concentration does not compromise cell viability 
according to ISO 10993-6:2016.  (p<0.05). (N=3) (Scale bars represent 500 µm) 

4. Conclusions and future perspectives 
In the present work, we investigated the autogelation occurring in thiol-norbornene hydrogel 

precursor solutions exploiting a DexNB-GelSH hydrogel as case study. We confirmed that this process 

encompasses a combination of both disulfide formation in the presence of oxygen as well as the 

spontaneous reaction occurring between thiol and norbornene moieties. We herein suggested a 

solution to prevent the oxidation of thiolated biopolymers while minimizing the spontaneous thiol-

norbornene reaction through only a minor modification of existing formulations. Through the 

incorporation of 0.25 eq TCEP to the hydrogel precursor solution, premature crosslinking could be 

avoided and a long-term constant viscosity over at least 24 hours was ensured. Furthermore, this 

optimized composition resulted in superior printing performance as evidenced by a printing test using 

a pressure assisted deposition-based 3D-printing technique. Furthermore, the optimized hydrogel 

formulation retained its biocompatibility towards human fibroblasts. Interestingly, this strategy could 

potentially also be applied beyond the herein exploited GelSH and DexNB biopolymers offering a 

straightforward solution for all hydrogel inks encompassing thiolated polymers. 
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