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Tuning Superfast Curing Thiol-Norbornene-Functionalized
Gelatin Hydrogels for D Bioprinting

Tobias Göckler, Sonja Haase, Xenia Kempter, Rebecca Pfister, Bruna R. Maciel,

Alisa Grimm, Tamara Molitor, Norbert Willenbacher, and Ute Schepers*

Photocurable gelatin-based hydrogels have established themselves as

powerful bioinks in tissue engineering due to their excellent biocompatibility,

biodegradability, light responsiveness, thermosensitivity and bioprinting

properties. While gelatin methacryloyl (GelMA) has been the gold standard for

many years, thiol-ene hydrogel systems based on norbornene-functionalized

gelatin (GelNB) and a thiolated crosslinker have recently gained increasing

importance. In this paper, a highly reproducible water-based synthesis of

GelNB is presented, avoiding the use of dimethyl sulfoxide (DMSO) as

organic solvent and covering a broad range of degrees of functionalization

(DoF: % to %). Mixing with thiolated gelatin (GelS) results in the

superfast curing photoclick hydrogel GelNB/GelS. Its superior properties over

GelMA, such as substantially reduced amounts of photoinitiator

(.% (w/v)), superfast curing (– s), higher network homogeneity,

post-polymerization functionalization ability, minimal cross-reactivity with

cellular components, and improved biocompatibility of hydrogel precursors

and degradation products lead to increased survival of primary cells in D

bioprinting. Post-printing viability analysis revealed excellent survival rates of

> % for GelNB/GelS bioinks of varying crosslinking density, while cell

survival for GelMA bioinks is strongly dependent on the DoF. Hence, the

semisynthetic and easily accessible GelNB/GelS hydrogel is a highly

promising bioink for future medical applications and other light-based

biofabrication techniques.
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. Introduction

The considerable progress of biofabrication
techniques including D bioprinting in re-
cent years has found increasing utility in life
science, particularly in tissue engineering,
enabling novel methods to produce three-

dimensional scaolds that mimic the ex-
tracellular matrix (ECM) and promote cell
growth in artificial settings.[,] The choice
of material in D bioprinting plays a cru-

cial role hence why great eorts have been
done to develop suitable inks.[–] The pres-
ence of cells in the bioink greatly increases
the demands on ink formulation and print-
ing technology.[,] Cell-containing bioma-

terials, so-called bioinks, typically consist
of a cellular component, such as single
cells, spheroids, organoids, microcarriers,
and a biomaterial component that serves as

a three-dimensional scaold.[]

Hydrogels are the most commonly
used bioinks due to their high water
content, controlled swelling behavior,
excellent biocompatibility, advantageous

viscoelastic properties and shear-thinning
behavior.[,] Even though natural hydro-
gels, such as gelatin, collagen, hyaluronic

acid, chitosan, silk fibroin or Matrigel, exhibit best biocompat-

ibility, their application in D bioprinting is challenging since
gelation is solely based on physical principles like temperature,
electrostatic or hydrophobic interactions.[] Hence, polymer
modification strategies, especially incorporation of functional
groups for photochemical crosslinking, have rendered hydro-

gel precursors photoresponsive, thus allowing spatiotemporal
control over the hydrogel formation process.[] Semi-synthetic,
light-curable bioinks based on methacrylate-functionalized
biopolymers, such as gelatin methacryloyl (GelMA),[–]

collagen methacryloyl (ColMA)[–] and hyaluronic acid
methacrylate (HAMA)[–] have been widely used in tis-
sue engineering. However, Muñoz et al. have shown major
drawbacks of photocrosslinking reactions through chain-
growth polymerization mechanism, including side reactions

of methacrylate groups with components of the cell surface,
the need of high amounts of radicals for initiation, long irra-
diation times, and the formation of a heterogeneous network
structure.[,]

Therefore, the development of hydrogels with alternative
photocrosslinking strategies, that take place under milder, cell
culture suitable and faster curing conditions, have attracted
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researchers’ interest especially for the D bioprinting of large-

scale structures as continuous UV irradiation and increased
manufacturing time will lead to higher rates of encapsulated
dead cells.[–] Fast crosslinking reactions are indispensable in
extrusion-based bioprinting to reduce UV exposure as well as to

ensure homogeneous cell distribution, high structure integrity
of the released bioink and fast removal of toxic photoinitiator
residues post-printing. [,] A promising approach for rapid
sol-gel transition is based on phototriggered-imine-crosslinking
(PIC) between photogenerated aldehydes (from -nitrobenzene)o

and amines, having found increased utility in in situ tissue
regeneration.[,]

Currently, the most commonly used strategy for superfast
curing is thiol-ene chemistry, which is based on the reaction

between a thiol and an alkene.[,] Cyclic alkenes, especially
norbornenes, have gained huge importance in this field.[] In
contrast to methacrylates, the norbornene group exhibits less
toxicity for cells and reacts selectively with thiols through a step-
growth polymerization mechanism. Since homopolymerization

on the same gelatin chain is prevented, photocrosslinking
results in the formation of a highly defined and homogeneous
network.[] Such hydrogels would be much more suitable for
medical applications as they give rise to well defined and re-

producible hydrogel networks in terms of transplantable tissue
engineering. Moreover, thiol-ene reactions are not susceptible
to oxygen inhibition and require lower radical concentrations
for photochemical initiation. [] Various hydrogel systems based

on a norbornene-functionalized biopolymer and a multi-thiol
crosslinker have been developed.[–] For example, Muñoz et al.
have proved increased cell viability and spreading of encapsu-
lated human mesenchymal stem cells (hMSCs) in GelNB/DTT
hydrogels compared to the gold standard GelMA.[] Further-

more, laser-based high-definition bioprinting of GelNB/DTT
bioinks has been successfully demonstrated by Dobos et al.,
who used two-photon polymerization (PP) to fabricate D
structures with sub-micrometer resolution. [] In a study on

norbornene-functionalized gelatin hydrogels by Van Hoorick
et al., dierent thiol crosslinkers were compared in terms
of their processability and network properties, highlighting
the superior suitability of multifunctional over bifunctional
crosslinkers.[]

Recently, a crosslinker-free hydrogel system based on nor-
bornene and thiol-functionalized gelatin has been published by
Sandra VanVlierberghe and coworkers, demonstrating increased
dierentiation of adipose-derived stem cells (ASCs), which were

seeded onto extrusion-based printed scaolds. [] However,
limited research on the rheological tunability and toxicity of the
uncured GelNB/GelS precursor solution as well as its cell encap-
sulation capability has been conducted so far, which determines
the potential of the bioink for cell-based printing techniques.

Cell encapsulation requires well defined mesh sizes, solvent
compatibility, low UV light exposition as well as the absence of
cell harming chemistry.[,] In addition, high cell survival rates
in the precursor solution over a reasonable timescale (minutes

to hours) are essential in D bioprinting to fabricate complex
cell-laden structures of relevant size. [,]When it comes to trans-
plantation and medical application the activation of the immune
system has to be minimized or avoided. [,] Hence, the goal
of the semisynthetic, dual-functionalized gelatin hydrogel was

to be as chemically defined as possible while to be as natural as

possible.
In this paper, we present an alternative synthesis route for

superfast curing GelNB in water, avoiding the use of dimethyl
sulfoxide (DMSO) as organic solvent and resulting in low,

medium or high functionalization of gelatin with norbornene
groups. Furthermore, we demonstrate the superior performance
of theGelNB/GelS hydrogel systemover GelMA and GelNB/DTT
in D cell culture and for the first time its application in
extrusion-based D bioprinting. GelNB/GelS hydrogels of adapt-

able stiness are profoundly characterized in terms of their de-
gree of functionalization, potential of postsyntheticmodification,
physicomechanical and rheological properties, biocompatibility,
biodegradability, proliferation of encapsulated cells and survival

of primary human fibroblasts in D bioprinting.

. Results and Discussion

.. Synthesis of GelNB and GelS Hydrogel Precursors

Norbornene- (GelNB) and thiol-functionalized gelatin (GelS) pre-

cursors were synthesized separately fromgelatin typeA by chem-
ical modification of primary amines (Lys, Hyl) to incorporate
photocrosslinkable moieties along the gelatin backbone. The per-
centage of converted amino groups is given by the degree of

functionalization (DoF). While a maximum DoF of % was re-
ported for GelMA, previous synthetic attempts for GelNB based
on carbic anhydride resulted in limited norbornene substitution
of only  ± %. [,] In a recently published synthesis approach
by Van Hoorick et al., -Norbornene--carboxylic acid (NBCA)

and carbodiimide/ -hydroxysuccinimde coupling (EDC/NHS)N

chemistry was used to significantly increase DoF to %.[]

However, the reaction was carried out in DMSO, which had to
be completely removed during purification due to its cytotoxic

eects.[–]

In this paper, we have developed a new synthesis for GelNB,
combining the advantages of water-based synthesis and high nor-
bornene substitution of the two previous routes (Figure A).[,]

First, NBCA was dissolved in MES buer at pH – and con-

verted into a succinimidyl ester by activation with EDC·HCl and
NHS. The chosen molar ratio of carboxylic acid, EDC·HCl and
NHS was :: based on a standard peptide coupling protocol.[]

After addition of gelatin, pH was raised to .–. to initiate

the reaction between the primary amines of gelatin and the
succinimidyl ester. The degree of norbornene substitution was
controlled by the amount of NBCA (., ,  equiv.) and cou-
pling reagents without changing the molar ratio of ::. In this

context, one equivalent refers to the number of primary amino
groups in gelatin (. mmol per gram of gelatin), which was
colorimetrically determined by a glycine standard curve (Fig-
ure S, Supporting Information). The DoF was quantified using
TNBSA assay (Figure B) and verified by H NMR spectroscopy

(Figure S, Supporting Information). . equiv. NBCA resulted
in GelNB with low norbornene functionalities (DoF:  ± %),
 equiv. to GelNB with medium norbornene modification level
(DoF:  ± %), and  equiv. to GelNB with high norbornene

substitution (DoF:  %). In the following, hydrogel pre-±

cursors were defined according to these equivalents as GelNB
Low, Medium and High. The herein realized DoF of %
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Figure . A)Water-based synthesis of GelNB and GelS from gelatin. Eect of increasing amounts of NBCA and AHCT on the degree of functionalization
(DoF) of B) GelNB and C) GelS hydrogel precursors determined by TNBSA assay (mean ( SD). GelNB (Low, Medium, High) and GelSn = ) ±
(Low, Medium) precursors used for hydrogel preparation are highlighted in color. D) Photocrosslinked thiol-ene click hydrogel obtained by exposing the
GelNB/GelS hydrogel precursor solution to UV-visible light.

is – to the best of our knowledge – the highest reported DoF for
norbornene-functionalized gelatin.

GelS synthesis was performed using N-Acetyl-DL-
homocysteine thiolactone (AHCT) as previously reported by
Van Vlierberghe et al. (Figure A).[] Reaction, purification

and storage was done under inert gas atmosphere to prevent
disulfide bond formation. The DoF of GelS was controlled by

the quantity of the thiolating reagent (,  equiv.) although a
considerably lower substitution level was obtained compared
to GelNB (Figure C).  equiv. AHCT resulted in GelS Low
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(DoF:  %) and  equiv. in GelS Medium (DoF: ± ± %).

Further increase of the thiolating reagent did not result in any
significant increase in DoF due to the growing competition
between already incorporated thiols and the natural amines of
gelatin. At pH , both functional groups act as nucleophiles that

can open the thiolactone ring of AHCT. This makes a complete
substitution unlikely, or at least requires very high amounts of
the thiolating reagent. []

.. Thiol-ene Photoclick Hydrogel GelNB/GelS

It has been shown that thiol and norbornene undergo very
fast thiol-ene click reactions when irradiated with light. [,]

Thiol-ene click chemistry was used to selectively crosslink the

functionalized gelatin derivatives without the need of an addi-
tional crosslinking reagent (Figure D). GelNB and GelS were
dissolved separately and then mixed equimolarily to ensure
equal amounts of photocrosslinkable moieties (norbornene/thiol
= :) in the hydrogel precursor solution. After addition of

the photoinitiator LAP, photochemical crosslinking reaction
was induced by exposure to long-wave UV light (– nm,
 mW cm -).
As shown above, synthesis of GelNB and GelS hydrogel pre-

cursors provided access to DoFs ranging from % to %.
The higher the DoF, the higher was the number of photoreactive
moieties available for chemical crosslinking. Hence, the choice
of GelNB and GelS precursors allowed control over the degree
of crosslinking, which is considered an important tool to fine-

tune the viscoelastic properties of the resulting hydrogels. We
aimed to establish and investigate three types of GelNB/GelS
hydrogels with low, medium and high crosslinking density as
previously described for GelMA in literature.[,,] In the fol-

lowing, formulations with equimolar thiol:ene ratio prepared
from the precursors ) GelNB Low + GelS Low, ) GelNB
Medium GelS Medium, and ) GelNB High GelS Medium+ +

will be defined as ) GelNB/GelS Low ) GelNB/GelS Medium
and ) GelNB/GelS High hydrogels, respectively, after pho-

tocrosslinking.
First, swelling behavior and biodegradability of % (w/v)

GelNB/GelS hydrogels (Low, Medium, High) were character-
ized, revealing their dependence on the DoF. The crosslinking

density greatly aected the equilibrium mass swelling ratio
of GelNB/GelS hydrogels ( A). The swelling capacityFigure 

of hydrogels decreased with increasing degree of crosslinking
due to a tighter and less flexible polymer network structure.

An equilibrium swelling ratio of . and . was determined
for GelNB/GelS Low and GelNB/GelS High, respectively. Enzy-
matic degradability was assessed by weight loss over a period
of  days in PBS with % FCS (Figure B). The presence of
protease-sensitive cleavage sites (MMP sites) along the gelatin

molecule ensured degradability of GelNB/GelS hydrogels. It was
found that GelNB/GelS Low exhibited an accelerated degrada-
tion profile, resulting in complete degradation within  days.
As the crosslinking density determined diusion capacity and

hence accessibility of enzymes to the inner structure of the
hydrogel network, decomposition of lowly crosslinked hydrogels
proceeded faster.

Second, we investigated the time scale of the hydrogel for-

mation process, which is an important parameter in additive
manufacturing, determining manufacturing time and cellular
exposure to UV radiation. GelNB/GelS hydrogels were formed
through a step-growth polymerization mechanism. Numerous

studies on reaction kinetics of step-growth and chain-growth
polymerization mechanisms have been conducted in literature,
outlining the superiority of thiol-ene chemistry.[,] Hence,
we focused on comparing the two thiol-ene hydrogel systems
GelNB/DTT (High) and GelNB/GelS (High) in terms of cur-

ing time and photoinitiator concentration required for pho-
tocrosslinking. Since crosslinking reactionofGelMAhydrogels is
usually performed at concentrations beyond .% LAP, we took
this concentration as our starting point and gradually reduced

the amount of photoinitiator to .% while determining cur-
ing time for both hydrogel systems (Figure C). The decrease
of photoinitiator concentration had very little impact on curing
time of GelNB/GelS hydrogels. The curing time remained con-
stant over a wide range of LAP concentrations. Only at .%,

we observed a slight increase from  to  s, hence why we de-
fined .% as an appropriate LAP concentration forGelNB/GelS
curing. In the crosslinker-free hydrogel system, one thiol-ene re-
action between a thiol group of GelS and a norbornene group

of GelNB was needed to form a covalent bond between gelatin
molecules. In contrast, the number of required thiol-ene reac-
tions was increased to two when using the bifunctional thiol
crosslinker DTT. Each thiol group of DTT had to react with a nor-

bornene group of GelNB. Since the norbornene groups could be
located either on the same or on adjacent gelatin chains, only a
limited number of thiol-ene reactions led to crosslinks between
dierent polymer chains. Therefore, curing time of GelNB/DTT
hydrogels was comparatively longer and increased with reducing

amount of LAP.
A further advantage of the GelNB/GelS hydrogel is the pos-

sibility of postsynthetic functionalization. While the degree of
conversion of methacrylate groups in GelMA hydrogels is either

complete or barely controllable, hydrogels comprising two dier-
ently functionalized gelatin derivatives do not face such limita-
tion as excess thiol or norbornene groups are not consumed dur-
ing photocrosslinking.[,–] By varying the norbornene:thiol
ratio, excess functional moieties can be used for selective at-

tachment of molecules of interest. We demonstrated a proof
of concept using GelNB/GelS (Medium) formulations with in-
creasing GelS proportion from : to : (norbornene/thiol).
Excess thiol groups in the photocrosslinked hydrogels were de-

tected in a color-forming reaction by Ellman’s reagent, allow-
ing to determine the percentage of unreacted thiol groups (Fig-
ure D). For the equimolar GelNB/GelS hydrogel formulation
(norbornene/thiol = :), a degree of conversion of % was as-
sessed, proving high eciency of the thiol-ene reaction. Increas-

ing GelS proportion provided a growing number of thiol groups
that were available for postsynthetic modification.

.. Biocompatibility Study

In a profound biocompatibility study, we aimed to prove the
superior properties of the superfast curing GelNB/GelS hydro-
gel compared to state-of-the-art hydrogel systems, particularly
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Figure . A) Mass swelling ratio of GelNB/GelS hydrogels with increasing crosslinking density (Low, Medium, High) (n = ). B) Biodegradation of
GelNB/GelS hydrogels (Low, Medium, High) in PBS with % FCS over a period of  days (n = ). C) Comparison of the two thiol-ene hydrogel
systems GelNB/DTT and GelNB/GelS in terms of curing time and photoinitiator reduction (n = ). D) Excess thiol functionalities available for chemical
modification in GelNB/GelS hydrogels with increasing GelS proportion determined by Ellman’s assay (n = ). Data were presented as mean ± SD and
statistically evaluated by C) Student’s t-test and A) one-way ANOVA. *, **, *** represent ., ., and ., respectively.p <

GelNB/DTT and the gold standard GelMA. First, we focused
on the biocompatibility of the uncrosslinked gelatin derivatives
GelNB and GelS in comparison to GelMA and assessed their tox-
icity prior to photocrosslinking ( A). In order to compareFigure 

only the toxicity of the photoreactive moieties (methacrylate, nor-
bornene, thiol), we used hydrogel precursors that were synthe-
sized from the same gelatin educt, had a comparable DoF (ap-
prox. %), and were tested at the same polymer concentration

(% (w/v)). Cell viability was determined for dierent exposure
times by a MTT proliferation assay with the human hepatocarci-
noma cell line HepG, which is commonly used as a liver model
for in vitro toxicity studies. Since the liver is the main organ in-

volved in metabolism and processing of xenobiotics, HepG cells
represented an ideal choice for a comprehensive toxicity study
on the hydrogel components. It was found that GelNB and GelS
precursors exhibited similar biocompatibility over several hours,

while cell viability of GelMA decreased substantially after only
 h. The detrimental eects of GelMA on cell viability was due to
side reactions, especially Michael additions, between methacry-
late groups and nucleophiles on the cell surface. However, high

levels of viability in the uncrosslinked precursor solution over a
reasonable period ranging from minutes to hours are indispens-
able for D bioprinting, thus rendering thiol-ene based bioinks
more favorable candidates.

Next, we compared the biocompatibility of the two GelNB-
based hydrogel systems with regard to their thiol component.
We were able to demonstrate high cytotoxicity of the crosslinker
DTT at a concentration of  m, which is commonly used for

crosslinking GelNB hydrogels (Figure B).[] DTT toxicity was

greatly dependent on exposure time, resulting in complete cell
death after  h. It is known from literature that DTT is unsta-
ble and easily undergoes fast air oxidation, which leads to HO
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Figure . Cytotoxicity assessed by MTT proliferation assays with A, B, D) HepG and C) HUVEC of A) hydrogel precursors GelMA, GelNB, and
GelS (% (w/v)), B) crosslinking reagent DTT ( m), C) photoinitiator LAP (.–.%) and D) degradation products of GelMA, GelNB/DTT, and
GelNB/GelS hydrogels obtained by collagenase digestion ( UmL -, type , from Clostridium histolyticum) ( SDn = ). Data were presented asmean±
and statistically evaluated by C) Student’s t-test and A, D) one-way ANOVA. *, **, *** represent ., ., and ., respectively.p <

production and formation of harmful free radicals and reactive
oxygen species, causing oxidative stress for cells.[–] Despite
the usage of GelNB/DTT hydrogels in D cell culture, their suit-
ability in D bioprinting is very limited because bioink prepara-
tion and photopolymerization are delayed in time, thus intensi-

fying the adverse eects of the crosslinker DTT. In contrast, GelS
was stable in solution for at least two weeks and turned out to be
significantly less toxic than DTT at longer exposure times.
As shown above, a major advantage of the crosslinker-free

GelNB/GelS formulation is the reduced amount of harmful pho-
toinitiator from .% to .%. Since LAP remained in the hy-
drogel after photopolymerization and was only slowly removed
by diusion over time, its toxicity had to be considered. An LD

of .%LAP after  h exposurewas determined by a MTT assay
with HUVEC (Figure C). We also demonstrated that irradiation
with UV–vis light for  s, which lead to decomposition of the
photoinitiator, did not cause any additional toxicity.

Furthermore,we evaluated the toxicity of the degradation prod-
ucts of photocrosslinkedGelNB/GelShydrogels in comparison to
GelNB/DTT and GelMA hydrogels by enzymatic decomposition
with collagenase (Figure D). Although the three hydrogels were
gelatin-based, the eect of the degradation solutions on cell via-

bility greatly diered.We assume that the increased toxicity is due
to multiple reasons, including unreacted photoreactive groups,
excess DTT crosslinker and especially photoinitiator residues,
which were ten times higher in GelMA and GelNB/DTT hydro-

gels.

.. Cell Encapsulation

Gelatin-based hydrogels have gained great importance as scaf-
folds for D cell culture due to the presence of inherent bioactive
sites in the amino acid sequence of gelatin. Arg-Gly-Asp (RGD)
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Figure . A) Live/dead staining of NHDF embedded in GelNB/GelS hydrogels of varying crosslinking rates (Low, Medium, High) with calcein-AM
(green, live cells) and propidium iodide (red, dead cells) , , and  days post-encapsulation, followed by confocal microscopy (Leica TCS SPE, scale
bar  m). B) Proliferation of encapsulated HepG and NHDF in GelNB/GelS (Low) hydrogels over a period of  days monitored by PrestoBlue
assay (n = ). C) Live/dead staining of NHDF embedded in GelMA (Medium), GelNB/DTT (Medium) and GelNB/GelS (Medium) hydrogels  days
post-encapsulation, followed by confocal microscopy and D) cell viability analysis. Viability was determined by the percentage of live cells over the total
cell count (Python software). Data were presented as mean ± SD and statistically evaluated by one-way ANOVA. *, **, *** represent ., ., andp <
., respectively.

sequences act as cell-binding domains and promote cell-scaold
interaction.[,,] In addition, protease-sensitive sites allow en-
zymatic degradation and scaold remodeling, which is neces-

sary for cell motility and spreading within the hydrogel.[–]

Gelatin naturally contains both RGD and matrix metallopro-
teinase (MMP) sites, thus rendering gelatin-based hydrogels par-
ticularly suitable for tissue reconstruction.[]

Normal human dermal fibroblasts (NHDF) were used as

a model for cell encapsulation because of their characteristic
spindle-shaped morphology, huge size and their capability to
only proliferate when they can attach, elongate and contact other
cells in a correct manner. NHDF are also widely used in tissue

engineering to prove the material stability as fibroblasts exhibit
strongmechanical forces and contract the material when they are
properly grown to connective tissue. Moreover, they are usually
strongly dependent on a high collagen content in their ECM to

attach and stretch correctly. Since gelatin scaolds closely mimic
the natural D environment of fibroblasts, the primary cell line
was ideally suited to compare dierent gelatin-based hydrogel
systems. NHDF were embedded in GelNB/GelS hydrogels (Low,

Medium, High) and cultured over a period of  days to study
cell adhesion, spreading, viability, and proliferation behavior.
Live/dead staining with calcein-AM and propidium iodide was

performed , , and  days post-encapsulation, followed by
acquisition of -stacks ( m) through confocal microscopyz

(Figure A). Although high cell viability was observed in
GelNB/GelS hydrogels of varying degrees of crosslinking, cell
spreading and proliferation proceeded much faster in lowly

crosslinked hydrogels. One day post-encapsulation, the fibrob-
lasts still retained a rounded morphology in GelNB/GelS High,
while elongation of NHDF was already initiated in GelNB/GelS
Low, resulting in the formation of a dense cell layer after one

week. The higher the degree of crosslinking, the more time was
needed for NHDF to reach their characteristic morphology. Like-
wise, biodegradation of the D gelatin scaold was accelerated
in low-degree crosslinked hydrogels, thus reducing the available

space for a growing number of cells and contributing to increased
cell death in GelNB/GelS Low after  days. Furthermore, prolif-
eration ofNHDF and HepG embedded in GelNB/GelS Lowwas
exemplarily monitored over a period of  days by PrestoBlue
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Figure . Plateau storage moduli G of A) photocrosslinked GelNB/GelS hydrogels (Low, Medium, High) at  °C and B) their uncrosslinked, but
physically gelated precursor solutions at  °C. AverageG were determined from the linear viscoelastic region of frequency sweepmeasurements. Data
were presented asmean±SD and statistically evaluated by one-way ANOVA. *, **, *** represent p< ., ., and ., respectively. C) Shear-viscosity
profiles of GelNB/GelS precursor solutions at  and  °C.

proliferation assay (Figure B). For both primary fibroblast and
cancer cell line, cell numbers increased significantly up to - to

-fold.
In addition to varying crosslinking rates, we investigated the

biological performance of NHDF embedded in GelNB/GelS hy-
drogels compared to GelNB/DTT and GelMA (Figure C,D). Af-
ter  days of cultivation, fibroblasts showed a spindle-shaped

morphology in all three hydrogels without any significant dif-
ference in cell viability. Despite the excellent suitability of all
three hydrogels for D cell culture, it has to be taken into ac-
count that photocuring took place immediately after cells had

been suspended in the hydrogel precursor solution, thus neglect-
ing any detrimental eects caused by components of the liquid
bioink. In D bioprinting, however, bioink preparation and pho-
tocrosslinking are typically delayed by several minutes based on

the size of the layers. Hence, side reaction of methacrylate groups
as well as crosslinker and photoinitiator toxicity have to be con-
sidered, which strongly aect cell viability as demonstrated in
Figure .

.. Rheological Characterization

Rheologicalmeasurements were performed to determine the vis-
coelastic properties governing D printability, particularly shear
moduli (storage modulus , loss modulusG’ G’’) and shear viscos-
ity of GelNB/GelS hydrogels and their uncrosslinked precursor
solutions. We investigated how the DoF of gelatin derivatives

aected the shear moduli of photocrosslinked GelNB/GelS
hydrogels at  °C after swelling ( A). Rheological dataFigure 

revealed that the elasticity of the hydrogels was related to the
number of norbornene and thiol groups involved in photochem-

ical crosslinking. Increasing crosslinking density within the
polymer network resulted in an increase of G’ from  to 
to  Pa for GelNB/GelS Low, Medium and High, respectively.
Corresponding frequency sweep data are provided in the sup-

porting information (Figure S, Supporting Information). In
addition, we determined the impact of amino group functional-
ization on the temperature-induced, reversible gelation process
bymeasuring the storagemoduli of the three precursor solutions
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at  °C prior to photocrosslinking (Figure B). Interestingly,

we observed an opposite trend compared to the crosslinked
GelNB/GelS hydrogels. Increasing DoF led to a decrease of
G’ from  to  to  Pa for GelNB/GelS Low, Medium
and High precursor solutions, respectively. We assume that the

norbornene group is mainly responsible for this finding. Due to
its hydrophobic character and steric hindrance, the norbornene
group disturbs physical gelation by hindering gelatin chains
from self-assembling into triple helices at low temperatures.
Furthermore, we determined the shear viscosity profiles of

uncrosslinked GelNB/GelS solutions to evaluate their suitability
for extrusion-based D bioprinting (Figure C). Printable inks
typically exhibit shear-thinning behavior, characterized by a de-
crease in viscosity with increasing shear stress, allowing to ex-

trude viscous solutions through a nozzle and to reduce shear
stress on cells. At  °C, GelNB/GelS precursor solutions were
strongly liquid-like and displayed almost Newtonian behavior,
which means that there was no significant dependence of the

viscosity on the shear rate. The measured viscosity of  mPa s
remained nearly constant for shear rates between  and 

s− . Since such a low viscosity at  °C prevents D printability,
a common approach is to cool the precursor solution near the
gelling point of gelatin to exploit the temperature-dependent vis-

cosity increase. Hence, we also measured the shear-rate depen-
dent viscosity at  °C to evaluate shear-thinning behavior. All
precursor solutions displayed pseudoplastic behavior at  °C, as
their shear-viscosity ranged from  Pa s for low shear rates to

. Pa s for high shear rates. This property rendered GelNB/GelS
precursor solutions printable and ensured fiber formation dur-
ing extrusion.

.. D Bioprinting

Finally, D extrusion-based bioprinting with NHDF-laden hydro-
gel precursor solutions were conducted to evaluate GelNB/GelS
bioink performance in comparison to the gold standard GelMA.
In a previous study by Tytgat et al., GelNB/GelS scaolds had
been successfully fabricated, however, cells were only seeded

onto photocrosslinked hydrogels without resulting in any signif-
icant dierence in cell viability between GelNB/GelS and GelMA
hydrogels.[] In our study, we hence focused on the bioprintabil-
ity of theGelNB/GelS precursor solution. NHDFwere suspended

in GelNB/GelS (Low, Medium,High) andGelMA (Low, Medium,
High) precursor solutions, respectively, and transferred to the
cartridge of an extrusion-based D printer. An increase in viscos-
ity of the gelatin-based bioinks was achieved by cooling the cell-

laden precursor solutions to  °C to induce physical gelation,
rendering the bioinks printable. A grid structure consisting of
four layers served as a model scaold to ensure uniform nutrient
supply (Figure A). From the bioink preparation to the comple-
tion of the D printing process, cells were exposed to a myriad of

detrimental eects caused by the components of the precursor
solution, the printing process and photochemical crosslinking.
Biocompatibility of GelNB/GelS bioinks was evaluated in com-
parison to the GelMA bioink by post-printing cell viability analy-

sis, revealing improved cell survival for the thiol-ene based bioink
(Figure B,C). While viability considerably decreasedwith higher

crosslinking rates in GelMA Low, Medium and High, respec-

tively (Figure B), the GelNB/GelS bioink showed constant cell
survival rates of over %, regardless of the DoFs of the involved
precursors (Figure C). The lower viability of GelMA was due to
the cross-reactivity of methacrylate groups which became more

significant with increasing DoF. In addition, chain-growth poly-
merization mechanism required increased amounts of photoini-
tiator, radicals and UV irradiation for photocrosslinking, thus
reducing cell viability. NHDF in the GelNB/GelS scaolds dis-
played high long-term viability over % and underwent consid-

erablemorphological changes over a period of  days (Figure S,
Supporting Information, Figure D). On day , spindle-shaped
morphology of NHDF and increasing cell interconnection was
observed particularly at the edges of the scaold. Cell orientation

seemed to be determined by the geometry of the structure, since
NHDF predominantly aligned along the longitudinal axis of the
extruded fiber. Depth coding revealed a uniform cell distribution
of encapsulated NHDF within the hydrogel. The presence of

RGD domains ensured cell adhesion, resulting in a neglectable
number of NHDF that grew on the glass slide. Additionally,
the NHDF network stabilized the hydrogel scaold, hence why
the structural integrity of the bioink was easily maintained over
 days.

In summary, the GelNB/GelS bioink has turned out to be a
promising substitute to the gold standard GelMA, particularly
due its superior biocompatibility, excellent D bioprinting per-
formance as well as highly defined composition for reproducible

experiments.

. Conclusion

In the current study, we developed a novel water-based syn-
thetic route for superfast curing GelNB/GelS hydrogels for D

bioprinting. Well defined crosslinking rates in comparison to
the gold standard GeMA ensure the reproducible production of
GelNB/GelS hydrogels and bioinks for D tissue engineering
in terms of future industrial process development and medi-
cal applications. In addition, the thiol-ene photoclick hydrogels

showed a superior performance and biocompatibility due to the
reduction of photoinitiator concentration while at the same time
decreasing the curing time in visible light, less side reactions
with cell components, an increase in network homogeneity by

step-growth polymerization mechanism, and improved biocom-
patibility of both hydrogel precursors and degradation products.
We were able to remove or at least reduce all detrimental ef-
fects on cell viability to a minimum, particularly the toxicity of

photopolymers, crosslinker, and photoinitiator, resulting in ex-
cellent biocompatibility of all three types of GelNB/GelS precur-
sor solutions for D bioprinting. This is a very crucial, but of-
ten neglected aspect in biocompatibility evaluation of bioinks,
since cells are exposed to the uncrosslinked photopolymers and

reagents for a considerable period of time during the D bio-
printing process. The advantageous properties over state-of-the-
art hydrogels and its cost-eective synthesis hence make the
thiol-ene photoclick hydrogel a promising candidate for further

tissue engineering applications and light-based biofabrication
techniques.
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Figure . A) D bioprinting of a hydrogel grid structure ( cm ×  cm) consisting of four layers on a glass slide. Post-printing cell viability analysis of
D bioprinted NHDF at day  using B) GelMA (Low, Medium, High) and C) GelNB/GelS (Low, Medium, High) bioinks. Viability was determined by the
percentage of live cells over the total cell count (Python software). Data were presented as mean ± SD and statistically evaluated by one-way ANOVA.
*, **, *** represent ., ., and ., respectively. D) i) Live/dead staining with calcein-AM (green, live cells) and propdium iodide (red, deadp <

cells) of D bioprinted NHDF in the GelNB/GelS (Medium) bioink , , and  days post-printing, followed by confocal microscopy (Leica TCS SPE,
scale bar  m). ii) Distribution of NHDF within the hydrogel along the z z-axis (depth coding, -stacks of  m).

. Experimental Section

Materials: -Norbornene--carboxylic acid and lithium phenyl(,,-
trimethylbenzoyl)phosphinate (LAP) were purchased from TCI Deutsch-
land. -Ethyl--(-dimethylaminopropyl)carbodiimid-hydrochlorid (EDC·

HCl), -(N-morpholino)ethanesulfonic acid (MES), ,-dithiothreitol
(DTT) and ethylene diamine tetraacetic acid (EDTA) were obtained
from Carl Roth. DPBS− −/ , DMEM, fetal calf serum (FCS), penicillin-
streptomycin (  UmL−), trypsin-EDTA (.%), phenol red, calcein-
AMand PrestoBlue cell viability reagent were received from Thermo Fisher
Scientific. The CellTiter  non-radioactive cell proliferation assay (MTT)
was provided by Promega. Dialysis tubes (MWCO – kDa) were ob-
tained from VWR International. All other chemicals were purchased from
Sigma-Aldrich. Normal human dermal fibroblasts (NHDF), which derived
from the same donor and were isolated from the dermis of adult skin,
and human umbilical vein endothelial cells (HUVEC) were provided from
PromoCell.

Synthesis of Gelatin Methacryloyl: The synthesis and purification of
Gelatin Methacryloyl (GelMA) was performed as previously published in
literature. [,] In brief,  g gelatin (type A, gel strength  g bloom,

. mmol NH groups,  equiv.) was dissolved in  mL DPBS, and
the solution was heated to  °C. After complete dissolution of gelatin,
. L methacrylic anhydride (. mmol,  equiv.) was added drop-

wise and the reaction mixture was stirred at  °C for  h. Then, the so-
lution was diluted with  mL dHO, transferred into dialysis tubes and
dialyzed against dHO at  °C for  days. The purified solution was frozen
at − °C and lyophilized (LSL Secfroid, Aclens, Switzerland). The prod-
uct was obtained as a white solid and stored at  °C. GelMA with dif-−

ferent degrees of functionalization (Low, Medium, High) was synthesized
by varying the amount of methacrylic anhydride (, ,  equiv. referred to
NH groups in gelatin).

H NMR ( MHz, DO, ): .–. (Haromtic, gelatin), . (H,
Ha, vinyl), . (H, H b, vinyl), .–. (gelatin), . (bs, H, NH),
. (s, H, CH , Hc).

Water-Based Synthesis of Norbornene-Functionalized Gelatin:  L -
Norborne--carboxylic acid ( mg, . mmol,  equiv.) was dissolved
in –mL MES buer (. , pH ) and subsequently activated by addi-
tion of . g EDC·HCl (.mmol,  equiv.) and . g NHS (.mmol,
 equiv.). The mixture was stirred at  °C for  min. After adding  g
gelatin (type A, gel strength  g bloom, . mmol NH  groups,
 equiv.), pH .–. was adjusted with NaOH ( ). The reaction mix-
ture was stirred overnight at  °C. Afterwards, the solution was cen-
trifuged ( rpm,  min) to remove undissolved residues. The super-
natant was transferred into dialysis tubes and dialyzed against dHO at
 °C for  days. The purified solution was frozen at− °C and lyophilized
(LSL Secfroid, Aclens, Switzerland). The product was obtained as a white
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solid and stored at − °C. GelNB with dierent degrees of functional-
ization (Low, Medium, High) was synthesized by varying the amounts of
-Norborne--carboxylic acid (., ,  equiv. referred to NH groups in
gelatin), EDC·HCl (., ,  equiv.) and NHS (., ,  equiv.).

H NMR ( MHz, DO, ): .–. (Haromatic , gelatin), . (H,
Ha, endo), . (H, Ha’, exo), , (H, Hb’, exo), . (H, Hb, endo),
.–. (gelatin), . (bs, H, NH).

Synthesis of Thiolated Gelatin: Thiolated Gelatin (GelS) synthesis was
performed according to an established protocol.[] In brief,  g gelatin
(type A, gel strength g bloom, .mmolNH groups,  equiv.) was
dissolved in – mL degassed sodium carbonate-bicarbonate buer
(. , pH ), and the solution was heated to  °C under inert ar-
gon atmosphere. Then, . g N-Acetyl-DL-homocysteine thiolactone
(. mmol,  equiv.) was added. To prevent oxidation of thiol groups,
metals were complexed by addition of  m EDTA.[] The reaction mix-
turewas stirred at  °C for  h. Subsequently, the solutionwas dilutedwith
mL dHO, transferred into dialysis tubes and dialyzed against dHO at
 °C under argon. After  h, the purified solution was frozen at − °C
and lyophilized (LSL Secfroid, Aclens, Switzerland). The product was ob-
tained as a white solid and stored at − °C under argon atmosphere.
GelS with dierent degrees of functionalization (Low, Medium) was syn-
thesized by varying the amount of -Acetyl-DL-homocysteine thiolactoneN
(,  equiv. referred to NH groups in gelatin).

H NMR ( MHz, DO, ): .-. (Haromatic , gelatin), .-.
(gelatin), . (bs, H, NH), . (s, H, CH, H a).

,,-Trinitrobenzene Sulfonic Acid Assay: ,,-Trinitrobenzene Sul-
fonic Acid (TNBSA) assay was performed to determine the percentage
of modified free amino groups using protein solutions of  g mL−

gelatin, GelNB (., ., ., , , ., , ., , ,  equiv.) and GelS
(, , ,  equiv.). The assay was carried out as previously described.[]

Blanks were prepared by adding HCl, followed by the addition of TNBSA
reagent. The absorption of each sample was measured at  nm (Smart-
Spec , Bio-Rad Laboratories GmbH,Munich Germany). The degree of
functionalization (DoF) was calculated from the ratio of absorption values
of functionalized and non-functionalized gelatin.

DoF [% =] 



 −
A (functionalized gelatin)

A (gelatin)



× % ()

Hydrogel Preparation: GelMA and GelNB/DTT hydrogels were fabri-
cated according to published protocols.[,] For GelNB/GelS prepara-
tion, hydrogel precursors were dissolved separately in DPBS-/- . The dis-
solution process of GelS was accelerated by increasing the temperature
to – °C. Afterwards, GelNB (Low, Medium High) and GelS (Low,
Medium) solutionsweremixed to ensure equimolar amounts of both func-
tional groups (norbornene/thiol = :) in a % (w/v) hydrogel precursor
solution (Low, Medium, High). Photoinitiator LAP was added at a con-
centration of .% (w/v). Hydrogel formation was induced by UV-visible
light exposure (– nm,  mW cm-) for – s (Omnicure S,
igb-tech, Friedelsheim, Germany).

Mass Swelling Ratio: Mass swelling ratio of % (w/v) GelNB/GelS hy-
drogels (Low, Medium, High) was determined using  L sample vol-
ume. Hydrogel preparation was carried out as previously described. Fol-
lowing lyophilization, dry weightwasmeasured, and sampleswere swollen
in DPBS− −/ for  h at RT. After carefully removing residual water from the
surface, hydrogel samples were weighed. The equilibrium mass swelling
ratio was calculated from the following equation, where wdry is the weight
after lyophilization andwswollen is the weight after complete swelling of the
lyophilized samples.

Mass swelling ratio =
wswollen
wdry

()

Degradation Assay: In vitro biodegradability of % (w/v) GelNB/GelS
hydrogels (Low, Medium, High) was evaluated using  L sample vol-
ume. Hydrogel preparation was carried out as previously described. Fol-
lowing lyophilization, dry weight was measured, and samples were incu-
bated in DPBS− −/ with % FCS over a period of  days ( °C, % CO ).

The degradation solution was exchanged every – days. After , , , ,
, and  days, hydrogel samples were lyophilized and weighed. The re-
mainingmass was calculated from the following equation, where wi is the
initial dry weight and wt is the dry weight at time t.

Remaining mass [% =] 
wt

wi

× % ()

Determination of Minimal Photoinitiator Concentration and Curing Time:
GelNB/DTT and GelNB/GelS hydrogel precursor solutions with varying
LAP concentration (.%, .%, .%, .%, .% (w/v)) were pre-
pared.  L of each formulation was irradiated with UV-visible light as
previously described. The curing time was determined by regular checks
every second.

Ellman’s Assay: Ellman’s assay was performed to determine the per-
centage of free thiol groups in the photocrosslinked GelNB/GelS hydro-
gels (NB/S = :, :, :, :, :, :). Corresponding GelS hydrogels
without GelNB served as controls and were fabricated by cooling the pre-
cursor solution at  °C for  min. The assay was carried out according to
an established protocol.[] GelNB/GelS hydrogels and their controls were
incubated in sodium phosphate buer (. , pH .,  m EDTA) in the
presence of Ellman’s reagent (. m) at RT for  h in the dark. Then,
 L of the supernatant was transferred to a -well plate, followed by
absorptionmeasurement at  nm (SpectraMax ID, Molecular Devices,
San José, USA). The percentage of free thiol groupswas calculated accord-
ing to the following equation.

Free thiol groups [ ] % =
A (GelNBGelS)

A (GelS control)
× % ()

Rheological Measurements: Dynamic shear oscillatory measurements
were performed with a parallel-plate rheometer (PP, MCR , Anton
Paar, Ostfildern-Scharnhausen, Germany) for crosslinked GelNB/GelS hy-
drogels (Low, Medium, High) at  °C and their uncrosslinked precursor
solutions at  °C. Frequency sweeps from . rad s− to  rad s− were
measured at a constant amplitude of  Pa and a plate-to-plate distance
of  mm. The average G’ of hydrogels and precursor solutions was calcu-
lated from the linear plateau. Rotational shear-viscosity of the precursor
solutions was assessed at  and  °C with shear rates ranging from of
.– s− .

MTT Cell Viability Assay: MTT toxicity assays were performed to as-
sess the cytotoxicity of hydrogel precursors (% (w/v) GelMA, GelNB,
GelS), hydrogel degradation products (% (w/v) GelMA, GelNB/DTT,
GelNB/GelS), photoinitiator (.–.% (w/v) LAP) and crosslinker
( m DTT). HepG and HUVEC were seeded at the density of  × 

cells per well in a -well plate and cultured overnight (°C, % CO ).
The next day, the media was removed and cells were treated with the sub-
stances in the indicated concentrations. Dierent exposure times were
tested for hydrogel precursors ( min,  h,  h), hydrogel degradation
products ( h), photoinitiator ( h) and crosslinker (, , min, , ,
, ,  h). Afterwards, substances were removed, and fresh media was
added. From the moment of exposure, cells were incubated for a total
period of  h. Negative controls for each time point were done by ex-
changing the media without addition or removal of any substances. After
 h of incubation, positive controls were treated with  L Triton X-
(% (v/v)). Subsequently,  L MTT solution was added to each well.
The reaction was stopped after  h by adding  L lysis buer. Absorp-
tion wasmeasured at  nmwith amicroplate spectrophotometer (Spec-
traMax ID, Molecular Devices, San José, USA) the next day. A viability of
%was assigned to the negative control. Cell viability for the tested con-
ditions was calculated in relation to the negative and positive controls.

Cell Encapsulation: HepG and NHDF (used between passage –
and a final cell density of . ×  cells mL− in hydrogels) were
suspended in % (w/v) GelMA (Medium), GelNB/DTT (Medium) and
GelNB/GelS (Low, Medium, High) hydrogel precursor solutions with
.% (w/v) or .% (w/v) LAP, respectively. Hydrogel formation was in-
duced by irradiation as previously described. Long-term cultivation was
performed in a -well -slide (ibidi, Gräfelfing, Germany) with  L
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cell-laden hydrogels per well. After photopolymerization, hydrogels were
covered with  l DMEM (% FCS, % penicillin-streptomycin) and
cultured over a period of  days ( °C, % CO ). Cell culture medium
was refreshed every – days.

Live/Dead Staining: Cell viability and spreading of NHDF within the
hydrogels were monitored by live/dead staining , , and  days post-
encapsulation. After removal of the supernatant, the cell-laden hydro-
gels were stained with calcein-AM ( g mL- ) and propidium iodide
( gmL- ) for min. Subsequently, the staining solution was removed.
Hydrogels were washed several times with DPBS− −/ and covered with
DMEM. Confocal microscopy (Leica TCS SPE, Leica Microsystems, Wet-
zlar, Germany) was used to record -stacks of  m thickness (step size:z
 m), which were converted into D images with LasX software.  im-
ages were taken per hydrogel and the number of live and dead cells was
counted using Python software. Viability was determined by the percent-
age of live cells over the total cell count.

PrestoBlue Proliferation Assay: Cell proliferation of HepG and NHDF
in GelNB/GelS hydrogels was monitored by PrestoBlue assay in mul-
tiwell plates by measuring metabolic activity , , and  days post-
encapsulation. Cell-free hydrogels served as corresponding blanks. After
removal of the supernatant, hydrogels were washed with DPBS− −/ , fol-
lowed by the addition of PrestoBlue solution (DMEM/PrestoBlue = :)
and incubation for  h ( °C, % CO ). Afterwards, fluorescence was
measured (Ex/Em:  nm /  nm, integration time:  ms) with a
microplate spectrophotometer (SpectraMax ID, Molecular Devices, San
José, USA).

Extrusion-Based D Bioprinting: D bioprinting was performed with
an extrusion-based D printer (D Discovery Gen , regenHU, Villaz-
St-Pierre, Switzerland) equipped with a cartridge system (Nordson EFD,
Erkrath, Germany), a dispensing nozzle (cone, diameter: .mm, Vieweg
GmbH, Kranzberg, Germany) and a unichiller (Pilote ONE, Peter Hu-
ber Kältemaschinenbau AG, Oenburg, Germany). For D bioprinting,
% (w/v) GelMA (Low, Medium, High) and GelNB/GelS (Low, Medium,
High) bioinks with NHDF (. ×  cells mL−) were used. After cells
had been suspended in the precursor solution, the bioink was transferred
to the cartridge, which was sealed and stored upside down to avoid bubble
formation. The cartridge was cooled to  °C for  min to induce an in-
crease in viscosity due to physical gelation. Extrusion-based printing was
carried out at  °C, . MPa and a printing speed of  mm min−, re-
sulting in a cell-laden D scaold. Each layer of the grid structure ( cm ×

 cm, four layers) was photocrosslinked for  s (– nm, . W,
OSRAMUltra Vitalux W E, Osram-Licht AG,Munich, Germany). The
printed structure on the glass slide waswashed with DPBS− −/ , transferred
to a petri dish and further cultivated in DMEM (% FCS, % penicillin-
streptomycin,  °C, % CO ). Live/dead staining was performed , , and
 days post-encapsulation, followed by confocal microscopy and cell via-
bility analysis.

Data Analysis and Statistics: Data analysis and statistics were carried
out using OriginPro . All data are presented as mean ± standard de-
viation (SD). Unless stated otherwise, the value of is defined as then
number of repeat attempts performed. A two-sample independent Stu-
dent’s -test was conducted when two average values were compared. Ift
more average values needed to be compared, one-way analysis of variance
(ANOVA) with Bonferroni correction was carried out across groups. In all
cases, significance was defined as ., **p < . (*p < p < ., and
***p < .).
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Supporting Information is available from the Wiley Online Library or from
the author.
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