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From autologous bone flaps to engineered tissue analogues for bone 
regeneration

In the last 10 years, bone remains as the  second most transplanted tissue in the human 
body. The current treatment of a missing bone segment is the replacement with 
autologous bone [1]. While smaller bone defects e.g. in the mandible can be replaced 
by non-vascularised bone tissue transplants, defects exceeding approximately 5 
cm in length also require immediate vascular supply. Consequently, for such large 
bone defects, vascularised bone flaps are used [2]. These vascularised flaps are 
conventionally harvested from the fibula, scapula or the iliac crest [3]. Anastomosis 
of such a relatively large implant is critical to guarantee immediate blood supply 
through the full thickness of the implanted graft and therefore survival of the 
implant. However, the limitation of such reconstructive surgeries are the burdens on 
the patient of donor site morbidity [4] and the requirement of long surgery times [5].

The field of tissue engineering, as defined by Langer and Vacanti in 1993, holds the 
promise to develop tissue substitutes with the aim to maintain, restore or augment the 
functions of a patient’s diseased tissue [6]. To engineer such a tissue analogue, primary 
human cells are used and cultured in a carrier material provided by additional stimuli. 
Over the course of almost 30 years, successes were reached for thin or avascular tissues 
and organs such as cartilage [7-9], skin [10] and bladder [11].

For tissue engineering of bone and other tissues, the major bottleneck is vascularisation 
for creation of up-scaled tissue constructs of clinically-relevant size [12]. Another 
challenge in engineering vascularised bone tissues lies in the requirement of a 
carrier material that allows for efficient tissue development. Furthermore, next to 
the desired biological, mechanical and chemical requirements of a biomaterial [12], 
also its clinical applicability is critical [13].

Above named challenges are currently addressed in the field of tissue engineering to 
enable the fabrication of vascularised bone tissue analogues. Once strategies are found 
to successfully fabricate bone tissue analogues in the laboratory from the patient’s 
own (stem) cells, in future such implants could replace autologous bone flaps.

Tissue engineering of pre-vascularised bone analogues

Tissue engineering of clinically-relevant sized constructs, requires the simultaneous 
development of vasculature and bone. Pre-vascularisation of a tissue analogue 
is a strategy to enable direct blood-perfusion of the engineerd construct after 
implantation at the defect site. Key ingredients for engineering bone with an 
intricate pre-vascular network include stem cell co-cultures and a carrier material. 
In this section, approaches to create these co-cultures and state-of-the-art in material 
development will be introduced.
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Co-cultures to engineer pre-vascularised bone tissue
To engineer pre-vascularised bone tissue, co-cultures of cells are required containing 
endothelial functions, pericyte-like cells [14] that can stabilise endothelial networks 
and cells that undergo osteogenesis (Figure 1). Furthermore, it has been shown that 
independent of the diff erentiation status of the endothelial cells, they can induce 
osteoblastic diff erentiation of the multipotent mesenchymal stromal cells (MSCs) 
that they are co-cultured with [15]. In the present thesis, cell types were chosen for 
the co-cultures that could be used in an autologous clinical sett ing.

MSCs

Endothelial cells

MSCs
 osteoblasts

 pericytes/ smooth
muscle cells

Figure 1. Co-cultures of endothelial cells and diff erentiated MSCs into pericyte-like cells and osteoblasts. 
Endothelial cells selforganise into capillary-like structures which are stabilised by pericyte-like cells. A 
fraction of MSCs diff erentiates into osteogenic cells.

Endothelial progenitor cells can be derived from bone marrow, peripheral blood 
or cord blood and can diff erentiate into a mature endothelial phenotype [16] and 
stimulate de novo formation of vascular networks [17]. Endothelial colony forming 
cells (ECFCs) or outgrowth endothelial cells (OECs/EOCs) have potent proliferative 
capacities [18] and physically contribute to vasculogenesis [19, 20]. When derived 
from cord blood, both higher cell numbers and higher colony numbers can be 
obtained compared to isolation from adult peripheral blood. Furthermore, secondary 
and tertiary colonies can arise from umbilical cord blood, which is not possible from 
peripheral blood [21]. Additionally, the immune privilege [22] of these cells makes 
them valuable for clinical applications [15].

When MSCs are used in the co-culture, they can diff erentiate into pericytes that 
support and stabilise self-assembled endothelial networks. For the osteoblastic 
phenotype either isolated primary osteoblasts or undiff erentiated stem cells are 
used, which need to be stimulated to undergo osteogenic diff erentiation. The benefi t 
of using undiff erentiated cells like MSCs (derived from e.g. bone marrow, adipose 
tissue or from dental tissue), is the clinical relevance of these cells. In contrast to (pre)
osteoblasts, these cells can be expanded in high numbers.

For the above reasons, in present thesis, ECFCs and MSCs were selected to engineer 
pre-vascularised bone tissue. 
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While in vitro, the clear beneficial effect of endothelial/ osteogenic co-cultures was 
shown, in vivo, a significantly added effect on bone regeneration of using endothelial 
cells for co-implantation with bone-forming cells was not yet clearly shown [23]. To 
aim for a clinically significant effect of endothelial cells combined with osteogenically 
committed cells on bone regeneration in vivo, a supporting carrier material needs to 
be found by selection in vitro.

Natural versus synthetic hydrogels
As a cell carrier material for tissue regeneration, hydrogels are very popular, since 
they closely resemble the natural extracellular matrix (ECM), which is composed 
of a protein network with high water content. Furthermore, hydrogels provide the 
residing stem cells with a three dimensional (3D) environment in which cells can 
secrete matrix and remodel the ECM into tissue-like constructs [24]. The increased 
attention of hydrogels is, moreover, also attributed to a paradigm shift. Cells cultured 
in 3D compared to 2D behave differently and their behaviour better resembles the 
responses that cells elicit in native tissues [25].

Hydrogels can be composed of either synthetic polymers and/or natural materials. 
While natural hydrogels are bioactive and biodegradable, synthetic materials need 
to be enriched with cell adhesion sites and with biodegradable linkers between 
polymers. These natural hydrogels or enriched synthetic environments need to 
allow for cell migration and matrix deposition.

For synthetic hydrogels, polyethylene glycol (PEG) is an often used base-material 
since it is readily available, easily modified and does generally not elicit an immune 
response upon implantation [26]. Furthermore, PEG is an often used compound 
for medical applications such as to stabilise active ingredients when injected into 
the blood stream [27]. Since it is a biologically inert and hydrophilic polymer, it is 
especially suitable as a base-material for tissue engineering applications.

Despite the progress in the field of polymers, it still remains a challenge to build 
synthetic materials that can cover the pleiotropic functions of a biologic material 
and consequently these materials remain reductionist [28]. Furthermore, the natural 
ECM can still be considered as a black box with different features that are only 
slowly beginning to be understood. For instance, recently, it was established that 
fast stress-relaxation properties of a material are critical for cell differentiation [29]. 
These dynamics are inherently present in natural ECMs, meaning that residing cells 
in a material are able to deform it. In contrast, synthetic materials typically exhibit 
an elastic behaviour instead [29].

On the other hand, biologic materials such as collagen, fibrin and alginate are 
extensively used, but early degradation is a well-known disadvantage. Furthermore, 
immunogenicity and batch-to-batch variation can be additional drawbacks of using 
these biologic materials for tissue engineering.



12 CHAPTER 1                         

Among the biologic materials, gelatin is an exemption. Via acid- or base-extraction 
it is derived from collagen, the most abundant protein in mammals. As the 
heat-denatured form of collagen, it retains its bioactive sequences, while the 
immunogenicity is limited [30, 31]. Gelatin is characterised by bioactive sequences 
that mediate cell functions such as proliferation, migration and differentiation, and 
furthermore, cell-mediated enzymatic degradation is enabled [31-33]. Gelatin is 
used in the clinics since several decades as plasma expander and as stabiliser in 
vaccines [34]. In Chapter 2 gelatin is discussed more in detail.

Design and development of novel hydrogels
In order to select or develop a suitable hydrogel for endothelial and MSC co-cultures, 
both base-material(s) and crosslinking mechanism are critical. 

For tissue engineering purposes, gelatin-based materials are very attractive due to 
the intrinsic biological activity of the material, the biodegradability and the limited 
immunogenicity as outlined above. Therefore, all studies of this thesis were based 
on gelatin as a base-material for the creation of different hydrogel platforms.

For the formation of the capillary network, soft hydrogels with an elastic modulus 
below 4 kPa are required [35-37]. In general, such soft gels can be achieved by 
applying low polymer, protein or peptide concentrations, but also by introducing 
a low number of crosslinks of the chains [36, 38]. However, as a consequence, soft 
hydrogels are prone to early degradation and low shape stability [37]. Ideally, the 
hydrogel degradation would be in balance with the matrix deposition of the residing 
cells [39]. In contrast to vasculogenesis, pronounced osteogenic differentiation can 
be stimulated in rather stiff matrices with E-moduli between 15 and 30 kPa [40, 
41]. While it was shown that osteogenic cell differentiation is improved when co-
cultured with endothelial cells [42], osteogenesis might be even further enhanced in 
soft hydrogels.

Next to the base material itself, also the crosslinking mechanism of a hydrogel 
critically determines the characteristics of a biomaterial. The crosslinking mechanism 
of a hydrogel contributes to the biological performance of a material. While 
radicals are generated during photo-crosslinking, enzymatic crosslinking such as 
by transglutaminases is mimicking the physiological way of crosslinking proteins. 
These are all considerations to take into account when selecting or developing a 
clinically-relevant hydrogel platform for engineering functional vascularised bone 
tissue analogues.

Fabrication approaches of hydrogel-based constructs
For 3D cell cultures, conventionally, millimetre to centimetre-scale disc-shaped 
hydrogels are used (see Chapter 2, Key Figure). Such model constructs allow for the 
study of cell-material interactions. Upscaling of such model constructs is required 
to fabricate clinically-relevant sized constructs. Biofabrication is a technique that 
emerged in recent years, which could help to scale-up. Bioprinting or robotic 
assembly of cell-laden modules are strategies to fabricate spatially defined, complex 
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tissue constructs, composed of multiple cell types and materials (e.g. hydrogels and 
thermoplastic materials) [43-47]. Also, moulding approaches are often combined 
with 3D bioprinting. Kolesky and co-workers suggest to divide the different 
components of a tissue analogue over multiple bioinks that are 3D printed, after 
which an ECM-like hydrogel is moulded around the biofabricated scaffold [48]. To 
generate channels that could serve as channels for the vascular system, fugitive/ 
sacrificial materials are used [48].

This thesis is focussing on the design of biologically active hydrogels that support 
cell differentiation and ultimately can support the formation of pre-vascularised 
bone tissue analogues. Therefore, co-cultures in mm-sized hydrogel discs of various 
materials are used to investigate the cell-material interactions and cell behaviour 
such as migration and differentiation during material development and selection. A 
next step could be the inclusion of the selected material in biofabrication approaches. 
The here investigated or developed hydrogel platforms could be fine-tuned for use 
in direct biofabrication processes or as moulding materials that are combined with 
biofabrication.

Research aims and thesis outline

The goal of this thesis is to develop hydrogel platforms that are suitable for 
engineering pre-vascularised bone-like tissue analogues. Suitability in this context 
means that the material allows for formation of vascular networks, stabilised by 
pericyte-like cells and osteogenic differentiation in vitro. Furthermore, the clinical 
relevance was a strong motivator for the choices of both the biomaterials and the cell 
sources to facilitate its translatability into putative clinical applications in the future. 
In table 1 the main aim of the thesis and the underlying specific research questions 
are summarised.

The work of this thesis takes advantage of previously established co-culture methods 
for ECFCs from umbilical cord blood and MSCs from bone marrow [49]. However, 
in order to sucessfully engineer a pre-vascularised bone-like tissue construct, it is of 
critical relevance to find a carrier material that can support this tissue development 
process.

First of all, the potential and limitations of an often used material, gelatin-
methacryloyl (gelMA), will be described in a literature review in Chapter 2. It 
particularly focusses on gelMA hydrogels for tissue engineering and biofabrication 
approaches. Specifically, the literature is evaluated regarding the use of gelMA as 
a matrix material for vascularised bone engineering and aspects towards clinical 
application of gelMA are reviewed. Due to the promising characteristics of gelMA, 
this material was used as a starting point in experimental studies. In Chapter 3, 
the potential cytotoxic concerns around the UV-initiated crosslinking of gelMA 
hydrogels will be addressed and a new photo-initiator set will be investigated that 
could be activated in the visible light spectrum. In particular, it will be investigated 
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whether a visible light crosslinking system could outperform UV light-mediated 
gelMA crosslinking in terms of biofunctionality of the encapsulated cells and light 
penetration depth to create up-scaled hydrogel constructs. For better comparison 
to existing literature chondrocytes were used, since gelMA hydrogels were mainly 
used for cartilage engineering. Next, the effects of crosslinking reactions that are 
mediated via enzymatic reactions, rather than by radicals, and that can occur under 
physiological conditions will be investigated. In Chapter 4, the focus is to explore the 
enzymatic crosslinking of gelatin by microbial transglutaminase and the additional 
option to immobilise native proteins in the hydrogel. More specifically, osteogenesis 
is enhanced in soft gelatin-transglutaminase hydrogels by the incorporation of 
tissue-specific laminins. In a next step, the objective is to overcome the premature 
degradation of low-concentration gelatin by incorporation of a synthetic component 
into a hydrogel platform. Furthermore, required characteristics of the novel material 
include the possibility of tissue-specific tailoring of the hydrogel with native, 
unmodified proteins and to allow for robust vascularisation and bone formation. 
Therefore, Chapter 5 describes a novel hydrogel platform based on clinically-relevant 
components including gelatin, PEG and factor XIIIa (a factor involved in the blood 
coagulation cascade) for crosslinking. Moreover, the hydrogel will be tailored with 
different proteins for the engineering of various tissue types.

As a subaim of this thesis, also a explorative study will be undertaken to estimate 
the feasibility of engineering complex vascularised bone-like constructs (Chapter 6). 
Importantly, clinically relevant cells will be used, which require cell differentiation 
during co-culture. An endothelial-lined channelled construct will be made which 
is soruounded by a co-culture in the bulk hydrogel. The potential strategies will be 
explored to achieve parallel divergent cellular differentiation, i.e. towards pericytes 
and osteogenic lineages, within a single biomaterial within the same culture 
medium. In Chapter 7, the most important differences between the employed 
hydrogel systems and their relevance for pre-vascularised bone tissue engineering 
is discussed. 
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Table 1. Overview of the research aims

Main aim: 
To design gelatin-based hydrogel platforms that are clinically relevant, support 
vasculogenesis and osteogenic differentiation, and can be utilised to stimulate the 
formation of pre-vascularised bone tissue analogues.  

Specific aims:

1. To investigate whether visible light-induced hydrogel crosslinking is superior 
to UV-light in terms of biofunctional performance of embedded cells and 
light penetration depth in up-scaled hydrogel constructs. (Chapter 3) 

2. To investigate the potential of enzymatically crosslinked gelatin hydrogels 
to fabricate pre-vascularised, osteogenically differentiated tissue analogues. 
(Chapter 4)

3. To develop a semi-synthetic platform that is tunable and stable at low 
polymer concentrations; has comparable biological functionality as the 
clinically not relevant material Matrigel; and the option to immobilise 
tissue-specific proteins that can guide tissue development. (Chapter 5) 

Subaim: 
4. Explorative feasibility study too engineer a complex bone tissue model with 

an endothelialised channel and capillary-like networks with osteogenically 
differentiated cells in the bulk hydrogel. (Chapter 6)
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Abstract

Research over the past decade on the cell–biomaterial interface has shifted to the 
third dimension. Besides mimicking the native extracellular environment by 3D cell 
culture, hydrogels offer the possibility to generate well-defined 3D biofabricated 
tissue analogs. In this context, gelatin-methacryloyl (gelMA) hydrogels have 
recently gained increased attention. This interest is sparked by the combination of 
the inherent bioactivity of gelatin and the physicochemical tailorability of photo-
crosslinkable hydrogels. GelMA is a versatile matrix that can be used to engineer 
tissue analogs ranging from vasculature to cartilage and bone. Convergence of 
biological and biofabrication approaches is neces- sary to progress from merely 
proving cell functionality or construct shape fidelity towards regenerating tissues. 
GelMA has a critical pioneering role in this pro- cess and could be used to accelerate 
the development of clinically relevant applications.

Trends
In gelMA hydrogels, the inherent bioactivity of gelatin is combined with the 
tailorability  of photo-crosslinking.

3D-generated tissue analogs need to be geometrically natural mimics that are 
biofunctionally and mechanically stable.

GelMA will accelerate the development of cell-laden biofabricated constructs and 
will have a pioneering role in their translation to clinically relevant applications.
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Hydrogels and the Paradigm Shift to the Third Dimension

Over the past decade, cell culture research has witnessed a paradigm shift into the 
third dimension. 3D cultured cells behave differently compared with those cultured 
in monolayers (2D) and their responses better resemble those in the native tissue 
[1]. In this shift from the second to the third dimension, hydrogel-based approaches 
are driving current biomaterial research in tissue engineering. In tissue engineering, 
hydrogels are used that ideally resemble the natural extracellular matrix (ECM) to 
stimulate cells to form functional tissue with mechanical integrity to ensure survival 
of the graft upon implantation. While current synthetic hydrogels are often still too 
reductionist compared with biopolymers and, therefore, lack important biological 
cues [2,3], biological materials generally lack the necessary strength and precise 
mechanical tunability. In present-day biomaterial research, there is a strong need 
for a merger of both biologically active and physicochemically tailorable hydrogels 
[3]. Gelatin modified by methacryloyl (methacrylamide and methacrylate) side 
groups (gelMA) has recently gained increasing attention, because it satisfies the 
requirements of biofunctionality and mechanical tunability to a reasonable extent, 
particularly compared with other available hydrogel-forming biomaterials [4–9]. By 
using this 3D cell culture platform, not only is the natural extracellular environment 
represented, but it also provides the possibility to generate well-defined 3D tissue 
constructs [10–12]. In this respect, conventional  3D  casting  techniques  for  cell-
laden hydrogels are replaced by advanced fabrication techniques. The emerging 
field of biofabrication (see Glossary) has as its aim the automated generation of 
biologically functional, hierarchical 3D constructs using living cells, bioactive 
molecules, biomaterials, cell aggregates, or hybrid cell- material and their subsequent 
maturation [13]. This advanced technology, which encompasses both bioassembly 
and bioprinting, allows for the generation of architecturally complex tissue analogs, 
which comprise a spatially organized assembly of various cell types potentially 
mimicking the native situation. This development of 3D tissue analogs reflects the 
evolutionary stages from cell culture in monolayers to 3D culture in disc-shaped 
hydrogels, to biofabricating 3D constructs undergoing biological maturation to 
ultimately repair a tissue defect in vivo (Figure 1, Key Figure).
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Figure 1 (A) 2D cell culture on plastic; (B) 3D cell culture inside hydrogel constructs; (C) bioprinting of 
3D constructs; (D) biological maturation of the 3D bioprinted construct forming a tissue analog; and (E) 
implantation and integration of the tissue analog into the defect site.

In this review, we provide an overview of the uses of gelMA as a cell-encapsulating 
hydrogel, serving as a base material for a multitude of tissue-engineering strategies. 
We provide a picture of the diverse modifications of gelatin and its crosslinking 
systems, detailing the trends in gelatin- based biomaterial research, and the place 
of gelMA therein. In particular, we describe the use of gelMA in state-of-the-art 
biofabrication approaches to obtain complex tissue analogs, and we highlight the 
functional aspects of these developments. By doing so, we put into perspective the 
usefulness of gelMA-based engineered constructs in terms of the translational aspect 
of regenerative medicine.

Gelatin-Based Hydrogels for Cell Encapsulation

Gelatin is widely used in applications ranging from the food industry [14] to medicine 
and pharmaceutical processing [15]. In tissue engineering and regenerative medicine, 
gelatin is an attractive base material for engineering ‘smart’ hydrogels for drug 
delivery (e.g., [16,17]). Increasing interest in the use of gelatin in these fields stems 
from its various desirable features, including biocompatibility, biodegradability, low 
cost, and ease of manipulation [18]. Additionally, gelatin is a material that is generally 
recognized as safe (GRAS) by the US Food and Drug Administration (FDA) for food 
processing. Furthermore, it is routinely used in the clinic as a plasma expander and 
as a stabilizer in several protein formulations, including vaccines [16]. Gelatin is 
a proteinaceous substance comprising denatured and partially hydrolyzed native 
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collagen, mainly type I [17] (Box 1). In contrast to collagen, gelatin exhibits limited 
antigenicity due to heat denaturation [19]. Importantly, the bioactive sequences of 
collagen [e.g., the arginine- glycine-aspartic acid (RGD) peptide] for cell attachment 
and matrix metalloproteinase (MMP)- sensitive degradation sites are retained in 
the gelatin backbone [20]. As such, essential cellular functions, such as migration, 
proliferation, and differentiation, can be facilitated via integrin- mediated cell 
adhesion and cell-mediated enzymatic degradation [21,22].

Box 1. Gelatin: A Versatile Biomaterial

Typically, for the extraction of gelatin, collagen is obtained from bovine or 
porcine skin or bone as a by-product of the meat-processing industry. Extracts 
from collagen compositions are commonly obtained under either acidic or basic 
conditions, which are referred to as type A or type B gelatin, respectively. These 
collected protein fragments form a gelatinous mixture. The Bloom strength, which 
typically ranges from 90 g to 300 g for porcine skin, is a measure of the strength 
of the physical gel that is formed upon cooling. This depends on species and 
molecular weight, among other factors. For example, fish gelatin is characterized 
by lower Bloom strength compared with porcine or bovine gelatin [68] and, 
therefore, is less suitable for biofabrication purposes, because these often make 
use of these gelation properties.

To use gelatin as a biomaterial, its instability at body temperature is overcome by 
covalent crosslinking methods [23]. Gelatin can be crosslinked either without prior 
modification or after functionalization of its side groups. Unmodified gelatin can 
be crosslinked in various ways to form a covalent network, such as by chemical or 
enzymatic crosslinking (Box 2). The application of gelatin-based hydrogels based on 
prior modification, such as gelMA, are the main focus of this review.
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Box 2. Covalent Crosslinking without Chemical Modification

Unmodified gelatin is crosslinkable without any prior modification, which 
is the strategy traditionally used to fabricate gelatin hydrogels. For instance, 
aldehydes are well-known crosslinking agents for proteins [69,70], but are 
typically not suitable for simultaneous cell encapsulation due to the cytotoxicity, 
immunogenicity, and inflammatory effects of their degradation products [71]. In 
addition, genipin, a natural crosslinking agent, which is considered less cytotoxic 
compared with aldehydes, must be used at a low dose when the hydrogel is 
employed to encapsulate cells [72]. Overall, most crosslinking agents that enable 
generation of gels with high mechanical stability exhibit considerable cytotoxicity 
[70]. By contrast, enzymatic crosslinking of gelatin under physiological conditions 
by means of transglutaminases or tyrosinases provides a more cell-friendly 
approach [73–75]. However, this crosslinking system exhibits limited tailorability 
in the design of the hydrogels. Major disadvantages of direct crosslinking methods 
(without prior modification of gelatin) include poor control over the crosslinking 
density and the resulting stiffness of the hydrogel. For these reasons, using 
functionalized gelatin has become a favored approach over the direct crosslinking 
of gelatin.

Covalent Crosslinking after Chemical Modification
The addition of functional groups to the gelatin backbone is a crosslinking strategy 
with a high degree of control over hydrogel design and properties, compared 
with direct crosslinking techniques. Crosslinking of functional groups can be 
initiated using various systems. However, only a few are suitable for simultaneous 
crosslinking and cell encapsulation [24] (Table 1). Both (photo)radical-initiating 
systems and enzymatic crosslinking of functionalized gelatin are frequently used. In 
contrast to indirect enzymatic crosslinking, photoinitiation provides good temporal 
and spatial control over the crosslinking process [25], which is essential for creating 
an architecturally complex tissue analog. For this, both ultraviolet light (UV) and 
visible light (VIS) are used for photoinitiation [10,26].
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Table 1 Modifications of Gelatin and Crosslinking Systems Used for Cell Encapsulationa

Functional Group Initiating System Biological Response after Cell Encapsulation Refs

Acrylamide Irgacure 2959
(UV-A, 365 nm) >90% viability after 1 day (HepG2) [76]

Ferulic acid Laccase + O2 >91% viability (fibroblasts, ECFCs), 
angiogenesis [77]

Furfurylamine Rose Bengal (VIS) 87% viability after 1 day (MSCs), used for 
osteochondral  tissue formation [26]

Methacryloyl

APS/TEMED >80% viability after 1 day (chondrocytes) [51]

Irgacure 2959
(UV-A, 365 nm)

70% to >90% viability depending on, e.g., 
crosslinking conditions, cell type, macromer 
concentration; various differentiations 
investigated

E.g., [3,4,6–8,
10,11,21,28,
33,35,37,38,
40,42–45,48,
50,52,55,58,

62,76,78]

VA-086
(UV-A, 365 nm)

MSC/HUVEC coculture, vascularization;
>97% viability after extrusion printing 
(HepG2)

[5,12]

LAP (VIS 430–490 
nm)

>96% viability after 1 day (MSCs), 
chondrogenic differentiation; cell 
proliferation increase of 23% over 2 weeks 
(MSC); adipocyte culture

[9,79,80]

G2CK or P2CK
(near-infrared 

femtosecond laser 
800 nm)

26% viability (MG63 cells) after two-photon 
polymerization [81]

Methacryloyl and 
acetylation Irgacure 2959 (UV) Chondrocyte encapsulation, used for inkjet 

printing [28]

Methacryloyl 
galactosylation Irgacure 2959 90% viability (HepG2), functional testing of 

hepatocytes [27]

Norborene DTT or LAP (UV 365 
nm) >91% viability (MSCs) [82]

Phenolation HRP + H2O2

>94% viability or not quantified; 
various differentiations investigated 
(e.g., neurogenesis, osteogenesis, and 
vascularization)

E.g., [83–89]

Styrenation Camphor-quinone 
(VIS 400–520 nm) 26% viability (chondrocytes) [90]

A variety of functional groups have been used for crosslinking in (photo)radical-
initiating or enzymatic-catalyzing systems (Table 1). Moreover, some double 
modifications have been used to improve cell behavior [27] or enhance processability 
[28]. Yet, most of the reported literature uses  gelMA  with  the  photoinitiator 
1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one, which 
is better known under its trade name Irgacure® 2959 from BASF (formerly Ciba 
Specialty Chemicals). This water-soluble initiator, which dissociates into a benzoyl 
and ketyl-free radical upon UV light irradiation through a cleavage reaction [29], has 
a relatively low cytotoxicity compared with other photoinitiators [30]. Interestingly, 
deviations from the gold standard of using gelMA with Irgacure 2959, except 
for the use of styrenated gelatin with camphorquinone (which showed low cell 
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viability), are all recent and one-off demonstrations. The introduction of acrylamide, 
furfurylamine, and norborene-substituted gelatin may have specific advantages 
compared with gelMA, although these await further research.

The use of VIS (with suitable initiators) has a strong rationale, since UV is known 
to have detrimental effects on biological components. Although cell viability is 
generally assessed 1 day after crosslinking, more subtle damage may be incurred 
by UV that could affect cell functionality and tissue formation in the longer term 
[31]. Moreover, the long-term effects of Irgacure 2959, albeit relatively cell friendly 
compared with other UV photoinitiators [32], have not yet been studied fully.

Box 3. GelMA Synthesis

GelMA is generally prepared by reacting gelatin with methacrylic anhydride in 
phosphate buffered saline (PBS) at pH 7.5. Methacrylic anhydride is added slowly 
to the gelatin solution under vigorous stirring at 50 8C. During the reaction, 
methacrylic acid is formed. After 1 h, the reaction is diluted with water. To remove 
unreacted methacrylic anhydride from the reaction mixture, it is dialyzed against 
distilled water. The obtained reaction product, gelMA, is freeze-dried to a white 
porous foam [33]. The DoF of the synthesized gelMA batch can be tailored by 
varying the methacrylic anhydride:gelatin ratio [21,33]. The DoF was characterized 
by van den Bulcke et al. as the percentage of functionalized primary amine groups 
over total primary amine groups [33] and is generally determined by the Habeeb 
method [91].

Gelatin-Methacryloyl Hydrogels for Cell Encapsulation

GelMA was first introduced in 2000 by Van den Bulcke and coworkers [33]. 
Subsequently, it gained considerable interest in the tissue-engineering community 
due to its inherent bioactivity and physicochemical tailorability [34]. The first 
step in the hydrogel design of gelMA is the selection of an appropriate degree of 
functionalization (DoF) of gelatin (Box 3). This is tailored by the amount of methacrylic 
anhydride that is used for the synthesis of gelMA macromers (Box 3). By using these 
macromers, hydrogels can be fabricated in the presence of a (light) initiator and an 
energy source. Via radical polymerization, gelatin chains are connected thorough 
short polymethacryloyl chains (Figure 2).
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Figure 2. Gelatin-Methacryloyl (GelMA) Synthesis and Hydrogel Formation. (A) Reaction of methacrylic 
anhydride with amine and hydroxyl groups on gelatin gives rise to gelMA macromers. (B) Upon 
generation of a free radical (e.g., by light exposure in the presence of a photoinitiator), the methacrylamide 
and methacrylate side groups on the gelMA chains polymerize via radical addition-type polymerization 
to yield a network of gelatin chains connected through short poly- methacryloyl chains.

The biomaterial can be further tailored to form specific tissues by designing the 
desired physicochemical properties. As an example, spreading of cartilage cells 
needs to be prevented within the gel. This can be achieved by using increased 
polymer concentrations (conventionally 10%) that may sterically prevent cells from 
spreading. In addition, highly functionalized gels with a DoF approaching 80% can 
hamper cell spreading, possibly by extensive crosslinks throughout the hydrogel. 
Typically, gelMA macromers with DoF of 20–80% are used to generate stable 
hydrogels [10,21,35], with increasing percentages of methacryloyl substitution 
leading to hydro- gels that are stiffer and more durable, with smaller pore sizes 
[35]. Typically, by varying the macromer concentration from 5% to 20%, hydrogels 
are generated with compressive moduli in the range of 5–180 kPa [10]. Next to the 
DoF of a synthesized gelMA batch and its macromer concentration, the parameters 
of photo-crosslinking critically influence the properties of the resulting hydrogel. 
These parameters include the light exposure time, light intensity, and initiator 
concentration. Over time, these parameters can be affected by degradation. The 
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gelMA network is susceptible to local degradation by enzymes, most notably by 
MMPs, which are secreted by the (embedded) cells [3,36].

All design parameters need to be carefully balanced for each specific application. 
These include the stiffness, degradation profile, and intended cellular behavior 
in the resulting hydrogel. For a detailed summary on the design parameters, the 
reader is referred to a recent review by Khademhosseini and colleagues [34]. Due 
to this tunability of gelMA properties, it is used in a variety of strategies in tissue 
engineering. Indeed, gelMA has been applied in approaches aiming to regenerate 
neural tissue, vascularization, cartilage, bone, skin, skeletal muscle, cardio, liver, 
and kidney [34].

Biofabrication Techniques

Conventionally, research on cell-encapsulating gelMA hydrogels is often based 
on casted or molded disk-shaped microtissues that serve as models to study cell–
material interactions. To obtain a tissue-like construct with a defined 3D structure, 
more advanced technologies have now emerged. The excellent spatial and temporal 
control over gelMA crosslinking, and its rheological behavior enable deposition by 
various biofabrication-related techniques (Figure 3).

Fabricating Cell-Laden Modules by Microfluidic  Strategies
Microfluidic strategies were developed to encapsulate cells in gelMA droplets 
(Figure 3A) for a bottom-up tissue-engineering approach, or as micromodule for 
advanced assembling strategies to build more complex tissues [37]. Furthermore, 
a microfluidic spinning technique was introduced to fabricate photo-crosslinkable 
gelMA fibers with encapsulated cells [38]. It was shown that engravement of gelMA 
fibers induced cell alignment on the surface of the fibers [38]. To enhance the 
potential of these cell-laden fibers, encapsulation within a bulk hydrogel may be 
beneficial. Such 3D patterns in the fibers can be used as templates for creating tissues 
that exhibit preferential cell orientations, such as blood vessels or muscle fibers. 
Recently, an alternative set-up was introduced to create highly viable cell-laden 
microfibers in a straightforward and high-throughput manner. Upon stretching of 
the loaded fibers, cell alignment within the constructs was achieved [39].
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(A)    Microfluidics (B)         Lithography (C)       Bioprinting

Figure 3. Categories of Gelatin-Methacryloyl (GelMA)-Based Biofabrication-Related Techniques and their 
Generated Constructs. (A) Preparation of cell-laden microspheres by microfluidics (scale bar = 30 mm). 
(B) Stereolithographic fabrication of pyramid-shaped scaff olds by spatially controlled light-initiated 
crosslinking of a gelMA macromer-cell mixture in a computer-controlled platform. By using this approach, 
cells are encapsulated while building the construct. Encapsulated cells stained for actin expression (scale 
bar = 100 mm). (C) Computer-controlled robotic dispensing of cell- laden gelMA to build a 3D construct, 
for instance, a bioprinted analog of the distal femur from a human knee. Reproduced, with permission, 
from [92] (A), [42] (B), and (upper picture) [93] and (lower picture) [45] (C). Abbreviation: UV, ultraviolet.

Using Soft- and Stereolithography for Cell Encapsulation
GelMA is also used in various soft lithography techniques to fabricate micropatt erned 
tissues that involve cell encapsulation. Construct features on the micrometer scale, 
down to 100 mm in resolution, were successfully fabricated, resulting in robust cell-
laden gelMA microtissues [21]. Such a micropatt erning procedure was also used in 
a ‘layer-by-layer’ bott om-up approach by means of masks to build an osteon-like 
hydrogel with microchannel networks based on gelMA [40,41]. These approaches 
demonstrate the localized deposition of cells to form the vasculogenic and osteogenic 
parts of bone tissue. However, when moving towards creating larger constructs for 
tissue repair strategies, such a mask-based approach in micromolding is limited due 
to high costs, its time-consuming nature, and lack of automation.

In contrast to micromolding, stereolithography circumvents these challenges since 
it can be performed as a maskless photopatt erning technique able to directly build 
up 3D structures. The design is processed by software and sliced into several layers. 
By a dynamic stereolithographic technique, 100–250 mm-thin slices with various 
shapes could be fabricated (Figure 2B) with high cell survival of approximately 80% 
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after 8 h of cell encapsulation [42]. Overall, stereolithography is a valuable means 
to create complex 3D architectures to guide cell alignment and behavior within a 
generated construct. However, stereolithography is limited to one resin-composition 
containing one biomaterial (mixture) and homogeneously distributed cells.

Bioprinting of Tissues with Cell-Containing GelMA-Based Inks
In addition to lithographic approaches, tissue analogs can be also generated in a 
layer-by-layer fashion with bioprinting. Tissue construction by 3D printing of cells 
by means of a hydrogel-based ink has recently become an attractive approach in 
tissue engineering [10,43]. By a direct-write bioprinting strategy, researchers showed 
that it was possible to build gelMA-based constructs with varying architectures [44]. 
To embrace the complexity of a tissue in a printed analog, a bioprinting approach 
was proposed that comprises heterogeneous subunits [43]. In this approach, a 
poloxamer gel was used as a sacrificial material to create the vascular luminal space 
for seeding of endothelial cells. Around the vascular bed, fibers were coprinted 
containing heterogeneous cell types with high cell viability and the bulk material 
was molded using gelMA [43]. Furthermore, for engineering bone, a microcarrier 
technology was combined with printing technology. Mesenchymal stromal cells 
(MSCs) were seeded on polylactide microspheres for extensive cell expansion and 
these multicellular aggregates were printed within a gelMA-gellan gum ink [8].

Several strategies were introduced to allow for the well-defined deposition of cell-
laden gelMA. To improve the rheological characteristics of gelMA for printing, 
viscosity-enhancing compo- nents were mixed into the bioink. For instance, 
adding gellan gum [11] or hyaluronic acid [10] to the gelMA-precursor solution 
optimized the ink rheological properties for dispensing. Another method for 
improving biofabrication of gelMA is codeposition with reinforcing biomaterials. 
Thermoplastics, such as polycaprolactone (PCL), can serve a dual role here. 
First, the deposition of gelMA is more defined because the PCL can delineate the 
boundaries of the gelMA compartment and, second, constructs can be generated 
with enhanced mechanical properties [10,45]. A third approach to improving the 
printability of cell-laden gelMA hydrogels relies on the inherent temperature-
dependent sol–gel transition of gelatin and not on viscosity- enhancing materials 
or codeposition techniques [12]. Cooling of the printed fibers on the collecting plate 
to 5 8C, immediately after deposition, enhanced physical crosslinking of gelMA 
and provided sufficient mechanical integrity to build up layers. However, the 
rapid change in temperature may affect the behavior of more fragile cell types. This 
approach was suitable for high gelMA concentrations between 10% and 20% and 
allowed encapsulation of a liver cell line (HepG2) with high viability.

To generate complex anatomically shaped constructs, sacrificial components, such 
as poly (vinylalcohol) (PVA) and alginate, have been codeposited with gelMA and 
PCL. These sacrificial materials, which were removed in aqueous solution after the 
fabrication process, were used as temporary structures for the support of overhanging 
geometries. By using this approach, porous constructs were obtained of clinically 
relevant sizes without affecting cell viability during the fabrication  process [45].
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GelMA Composite Structures for Enhanced  Tissue-Specific 
Functionality 

Analogous to the use of gelatin [46], gelMA is increasingly being used in combination 
with other materials. GelMA will not always be suitable on its own and may 
need further biologic stimuli for improved cell behavior or enhanced mechanical 
properties (Figure 4). 

(A) Mechanical reinforcement (B) Electrical conductivity (C) Native ECM-derived signals 

Figure 4. Examples of Combining Gelatin-Methacryloyl (GelMA) with Diff erent Materials to Obtain 
Tissue-Specifi c Functionalities. (A) Mechanical reinforcement of hydrogels by combination with 
electrospun box structures that form a macroscopic network structure (scale bar = 1 mm). (B) (i) Providing 
gelMA with electrical conductivity by the addition of carbon nanotubes to the bulk hydrogel. (ii) The 
cardiomyocyte-seeded composite showed improved contraction behavior, resulting in movement of the 
construct of about 2.5 mm. (C) Optimizing gelMA by addition of cartilage-derived matrix particles [1.5% 
(w/v)] to the hydrogel (scale bar = 500 µm). Mesenchymal stromal cells (MSCs) produced pronounced 
cartilage-specifi c matrix, of GAGs and collagen type II. compared with non-laden gelMA (scale bar = 200 
µm). Reproduced, with permission, from [51] (A), [55] (B, i), [58] (B, ii), and [50] (C). Abbreviation: ECM, 
extracellular matrix.

In composites, a synergistic eff ect of the materials can be achieved that enhances the 
(bio)functionality of gelMA-based hydrogels. For example, GelMA composites were 
developed with calcium phosphates [40], polysaccharides [47], hyaluronan [10,48], 
silk [49], and ECM particles [50]. Furthermore, synthetic polymers, such as PCL 
[45,51] and poly(ethylene glycol) (PEG) [52–54], and nanoparticles have also been 
combined with gelMA [55].
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Mechanical Reinforcement
The mechanical properties of gelMA can be tailorable, resulting in considerable 
strength and stiffness. However, this will not be sufficient for some applications, 
particularly when low stiffness is chosen for the sake of biofunctionality. In these 
cases, reinforcement strategies are available, including codeposition with reinforcing 
biomaterials (hybrid printing) [56], infusion of gelMA into 3D printed scaffolds 
followed by covalent binding between gel and scaffold [6], and reinforcement of 
cell-laden gels with 3D printed microfibers, leading to an increase in stiffness of up 
to 54 times compared with hydrogel or fiber mesh alone [51] (Figure 4A).

Engineering Vascular Networks in gelMA
A major hurdle in tissue engineering is the limited supply of oxygen and nutrients 
in generated tissue constructs. This limitation is addressed by introducing a 
minute vascular network in tissue-engineered constructs to prevent a necrotic core. 
The feasibility to engineer vascular-like networks in gelMA constructs has been 
investigated mainly by two approaches. First, by using a scaffold-based strategy, 
relatively large-diameter vascular beds are engineered that are seeded with 
endothelial cells after fabrication of the construct [57]. Second, smaller, capillary-
like structures are generated by encapsulation of endothelial cells within the bulk 
material [57]. The latter approach is based on the intrinsic capability of endothelial 
cells to self-assemble de novo into capillary-like structures.

Capillary-like structures have been formed by self-organization of MSCs and 
endothelial colony- forming cells (ECFCs) [7,35] or human umbilical vein endothelial 
cells (HUVECs) [5] that were combined within a gelMA bulk hydrogel. The next 
step in engineering vasculature-like structures within a tissue-engineered construct 
could be taken by offering appropriate (blood) flow conditions for improved cell 
maturation. Accordingly, a coculture of ECFCs and MSCs, embedded in a pure 
gelMA carrier, was implanted subcutaneously into immunodeficient mice [7,35]. 
After 7 days, an evenly distributed endothelial network was formed throughout the 
construct. This provided proof of concept of functional anastomoses of bioengineered 
vascular-like structures in gelMA [7].

Tissue-Specific Differentiation in gelMA
Next to general approaches for vascularizing cell-laden constructs, gelMA has been 
used in a broad spectrum of tissue-specific applications. For the engineering of 
cardiac patches, gelMA was combined with carbon nanotubes and graphene oxide 
microspheres for introducing electrical conductivity [55,58,59]. Functional assessment 
of neonatal rat cardiomyocytes on a 2D composite patch highlighted higher and 
more synchronous beating rates and a lower excitation threshold compared with a 
culture on pure gelMA [58]. These 2D patches are thought to be rolled up or folded 
to form 3D tissues [58]. For a direct 3D approach that encapsulates cells within 
the composite, a cell line (NIH-3T3 fibroblasts) was used that demonstrated good 
cellular function [59].



TOWARDS BIOFABRICATION-BASED TISSUE REPAIR 35

2

In liver tissue engineering, hepatocyte microaggregates were generated in a high-
throughput manner and encapsulated in gelMA [60]. Analysis confirmed that the 
encapsulation did not interfere with cell viability, and primary hepatocytes could be 
maintained with a stable phenotype for 21 days. Furthermore, gelMA containing the 
cell aggregates could serve as a bioink for 3D liver printing [60].

In bone tissue engineering, the combination of cells, minerals, and proteins, such 
as occurs in the native tissue, is increasingly used [46]. GelMA has been combined 
with calcium phosphates and human osteoblast-like cells (MG63) [40]. Although the 
addition of ceramics resulted in higher mechanical strength, no significant effect on 
osteogenicity has been shown so far.

In addition to the direct intramembranous route, bone can also be formed via 
an indirect endochondral route, with cartilage tissue as an intermediate stage. 
Endochondral ossification was shown in gelMA constructs in a subcutaneous rat 
model [50]. First, gelMA-encapsulated MSCs were cultured in vitro for 2 weeks 
to provide a cartilage template that was subsequently remodeled in vivo into 
mineralized bone tissue harboring bone marrow cavities. The gelMA hydrogel was 
almost completely degraded during this process, while the newly formed matrix 
assured construct integrity [50].

Cartilage is another load-bearing tissue that requires prolonged mechanical 
performance of tissue-engineered constructs, for which gelMA has been 
demonstrated useful. Although dedifferentiation of chondrocytes can occur within 
gelMA gel of low stiffness (1.5 kPa) [61], in stiffer gelMA gels (approximately 30 kPa) 
chondrogenic redifferentiation occurs, both in vitro [10] and in vivo [6]. Yet, hyaluronic 
acid has been shown to be a valuable additive to gelMA-based constructs for cartilage 
tissue engineering, because it directly influences chondrocyte differentiation in a 
concentration-dependent manner [10,48,62]. Moreover,  for cartilage engineering, 
a sophisticated construct was designed with high mechanical strength. In this 
approach, methacrylated PCL was 3D printed and covalently crosslinked with 
chondrocyte-laden gelMA [6]. It is vital that reinforcing strategies do not impede 
tissue formation. This broad application of gelMA for numerous tissue-engineering 
strategies underscores its versatility. However, it still remains to be determined 
which tissue analogs gelMA is most suitable for (see Outstanding Questions). This 
may largely depend on the potency of gelMA within composite structures that can 
give tissue-specific functionality to gelatin.

Tissue Architecture
The architecture of a tissue analog is mainly dictated by (bio)functional and 
mechanical aspects. Currently, the main challenge lies in up-scaling microtissues 
to clinically relevant-sized constructs. This cannot be achieved by simply applying 
the same methods and creating a larger tissue. The complexity of the construct is 
increased, together with the number of challenges. For example, up scaling of a 
construct comprises nutrient transfer throughout the construct and provision of the 
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required mechanical stability. Whereas gelMA has proven its potency in creating 
microtissues, in future research yet more focus is expected on up-scaling.

Furthermore, an essential aspect of tissue architecture is to embrace the complexity 
of a tissue in its engineered analog. For example, Kolesky and coworkers divided 
different tissue components (vasculature, ECM, and specific cells) over multiple 
bioinks [43]. However, this biofabrication approach, similar to most others, focused 
on short-term cell behavior rather than on long-term features, such as matrix 
remodeling and tissue maturation. Such long-term outcomes of biofabricated tissues 
will be of great value to determine the level of architectural complexity that will 
need to be imposed to obtain functional human tissue analogs.

GelMA from A (Pre-)Clinical Perspective

Promising results were obtained in a preclinical study, demonstrating the potential of 
gelMA for clinical application. The aforementioned endochondral bone regeneration 
[50] is an example of impressive balance between degradation of a biomaterial and 
replacement by neotissue, which is one of the key and most challenging goals in 
tissue engineering. GelMA degradability can be tailored to the remodeling rate of the 
target tissue within limits. Increasing the DoF will improve mechanical properties 
and extend the required degradation period [36,63].

For clinical translation, gelMA as a base material has to meet several requirements. 
First, the in vitro and in vivo biocompatibility of gelMA and its degradation 
products, particularly oligomethacrylates, has to be considered. An extensive in 
vitro study showed good biocompatibility for gelatin type B-based gelMA, while 
type A-based gelMA elicited inflammatory reactions [64], possibly caused by high 
levels of endotoxins in the latter material. So far, only one immunocompetent 
animal (mouse) model has been used to test gelMA biocompatibility. The absence 
of proinflammatory activity provided a first proof of immunocompatibility for type 
B-based gelMA [64]. While endotoxin- free gelatin was used (type B-based gelMA) 
in this study, most research is currently conducted with gelMA that is based on 
gelatin with high endotoxin levels. These endotoxins can cloud the observations by 
influencing cell behaviour (e.g., stimulation of osteogenesis [65]), or may elicit other 
undesired effects. This aspect is generally underestimated in the field.

Other challenges in clinical translation are in batch-to-batch variations and possible 
disease transfer associated with animal-derived materials. Nonetheless, clinical 
grade gelatin is now routinely used in the clinic, which indicates that the benefits 
are believed to outweigh the risks.
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Future Directions

The current major bottleneck in the translation of tissue-engineered constructs to 
the clinic is to convert a successful regenerative approach to procedures adhering 
to good manufacturing practice (GMP) while retaining the intended regenerative 
capacity. The conversion extends from the gelMA synthesis and bioprinting to the 
cell-culturing protocols. For example, the gold standard for gelMA crosslinking 
is now by Irgacure 2959 and UV light. However, to circumvent the associated 
drawbacks of UV light, alternative crosslinking systems, such as by VIS, may receive 
more attention for crosslinking gelMA. The incorporation of cells further complicates 
translation because tissue-engineering products need to conform to the legislation 
for advanced therapy medicinal products (ATMPs), which is still an underexplored 
field [66]. Thus, given its general potency, gelMA might not only be a pioneer for 
translating semisynthetic biomaterials to ATMPs, but could also act as a ‘transitional 
technology’ [67]. In this way, we could understand further how to accelerate the 
translation of the technology from bench to bedside. During this process, gelMA 
could serve as a stepping-stone for the design of next-generation tissue analogs.

Concluding Remarks

GelMA has become an attractive biomaterial in recent years for engineering 
various tissues since the gelatin backbone provides cells with biological cues and 
its functionalization enables one to tailor specific physicochemical properties. At 
present, research is either mainly focused on the generation of viable well-defined 
3D constructs or on long-term cell performance in nonbiofabricated constructs.

The greatest challenge is to scale up construct dimensions to clinically relevant sizes. 
Therefore, future research with gelMA should focus on converging biofabrication 
and tissue-engineering technologies to create large, well-defined, and functional 
tissue equivalents upon maturation. The design of smart geometries, combinations 
of various materials and tissue types, and maintenance of the complex tissues under 
ATMP guidelines will be next. In conclusion, gelMA has a valuable pioneering role 
and is likely to accelerate the clinical translation of biofabrication- based tissue repair.
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Abstract

In this study, we investigated the cyto-compatibility and cellular functionality 
of cell-laden gelatin-methacryloyl (Gel-MA) hydrogels fabricated using a set of 
photo-initiators which absorb in 400 – 450 nm of the visible light range. Gel-MA 
hydrogels crosslinked using this combination of visible light photo-initiators, 
which consisted of ruthenium (Ru) and sodium persulfate (SPS), were characterised 
to have comparable physico-mechanical properties (sol fraction, mass swelling 
ratio and compressive modulus) as Gel-MA gels photo-polymerised using more 
conventionally adopted photo-initiators, such as 1-[4-(2-hydroxyethoxy)-phenyl]-
2-hydroxy-2-methyl-1-propan-1-one (Irgacure® 2959) and lithium phenyl(2,4,6-
trimethylbenzoyl) phosphinate (LAP). We demonstrated that the Ru/SPS system 
had a less adverse effect on the viability and metabolic activity of human articular 
chondrocytes encapsulated in Gel-MA hydrogels for up to 35 days. Furthermore, 
cell-laden constructs crosslinked using the Ru/SPS system had significantly higher 
glycosaminoglycan (GAG) content, and re-differentiation capacity as compared 
to cells embedded in gels crosslinked using UV + I2959 and Vis + LAP. We also 
demonstrated that the Vis + Ru/SPS system offered significantly greater light 
penetration depth as compared to the UV + I2959 system, allowing thick (10mm) Gel-
MA hydrogels to be fabricated with homogenous crosslinking density throughout 
the construct. These results demonstrate the potential of these Ru/SPS visible light 
photo-initiators for use in fabricating cell-laden hydrogels, which offer considerable 
advantages over traditional UV polymerising systems in terms of clinical relevance 
and practicability for applications such as cell encapsulation, 3D constructs for tissue 
engineering, biofabrication and in situ crosslinking of injectable hydrogels.
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Introduction

In recent years, scaff old-based strategies adopting hydrogels as biomaterials for tissue 
engineering have received signifi cant att ention and off er a number of advantages 
due to their highly hydrated polymeric network and their structural similarity to 
native extracellular matrix [1] Among these, photo-polymerisable gelatin hydrogels 
are especially att ractive as they off er the ability for spatial and temporal control over 
the polymerisation process. Additionally, the reaction can be performed at room or 
physiological temperature, with fast curing rates and minimal heat generation [2,3]. 

In general, the photo-polymerisation process requires grafting of functional 
photo-labile moieties, such as methacryloyl (methacrylamides and methacrylates), 
tyramine, or styrene to gelatin [4–10] Amongst these diff erent photo-crosslinkable 
gelatin materials, gelatin-methacryloyl (Gel-MA) has emerged as a promising 
biomaterial, due to the tailorable physical properties (crosslinking density, swelling 
and stiff ness) depending on the degree of methacryloyl substitution and the initial 
macromer concentration, thereby making it a versatile platform for various tissue 
engineering applications [4,11] To date, the most commonly used photo-initiator to 
crosslink Gel-MA is 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propan-
1-one, which is also known as Irgacure® 2959 (I2959) [12,13]. When exposed to 
ultraviolet (UV) light, Gel-MA undergoes crosslinking through chain-growth radical 
polymerisation. Here, the I2959 molecules absorb photons of light and dissociate into 
radicals, which then propagate through the methacryloyl groups, forming covalent 
kinetic chains to hold the polymer chains together (Figure 1A) [13].

Figure 1. Schematic of the Gel-MA crosslinking process using A) UV light and I2959; B) Visible light and 
LAP; C) Visible light and Ru/SPS.
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However, one major drawback of using I2959 is that it requires ultraviolet (UV) light 
for photo-excitation, which can potentially cause cellular DNA and tissue damage 
[14–16]. For example, previous studies conducted by Dahle et al. demonstrated that 
both UVA (320 – 400 nm) and UVB (290 – 320 nm) radiation can induce chromosomal, 
as well as genetic instability in mammalian cells [17,18]. Furthermore, Lavker et al. 
reported that repetitive exposure of human skin to low dose of UVA resulted in 
dermal alternations such as inflammation and lysozyme deposition [19]. UV light 
can also react with oxygen in the environment, forming reactive oxygen species 
(ROS), such as the superoxide radical (O2˙˙), hydroxyl radical (OH˙), singlet oxygen 
(1O2) and ozone (O3), which have also been shown to cause oxidative damage to DNA 
[19,20]. Additionally, for in vivo injectable hydrogel applications, UV light has been 
previously reported to have limited light penetration depth and can be attenuated 
by the native tissue [21,22] Elisseeff et al. showed that transmittance of UVA through 
human skin was significantly reduced, where visible light photo-initiating systems 
were more efficient for transdermal polymerisation [23]. Therefore, the development 
and cell-related characterisation of alternative photo-polymerisation systems that 
operate in the visible light (400-700 nm) spectrum may offer significant advantages 
for tissue engineering applications such as cell delivery or as space-fillers post 
augmentation, compared to more common UV photo-polymerisation.

To date, a number of visible light photo-initiating systems have been investigated 
to fabricate cell-laden Gel-MA hydrogels, and include: camphorquinone 
[24,25], fluorescein [24], rose bengal [26],  riboflavin [24], lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) [27,28], and eosin Y [29]. In particular, LAP 
behaves very similarly to I2959, both being type 1 photo-initiators that undergo 
unimolecular bond cleavage to generate free radicals to facilitate polymerisation 
(Figure 1B) [14,27]. However, LAP has limited molar absorptivity in a narrow visible 
light range (ε ~ 30 M-1cm-1 at 405 nm), resulting in the need of using high concentrations 
to fabricate hydrogels [14,27]. On the other hand, although eosin-Y has a much higher 
molar absorptivity (ε ~100,000 M-1cm-1 at 525 nm), it often requires the presence of 
both a co-initiator (triethanoloamine) and a co-monomer (N-vinylpyrrolidinone or 
N-vinylcaprolactam) to facilitate methacryloyl based photo-polymerisation [30–33]
facilitate cellular adhesion or stimulate signaling pathways. Poly(ethylene glycol. In 
contrast, another emerging visible light initiating system, consisting of a ruthenium 
(Ru)-based transition metal complex (ε ~ 14600 M-1cm-1 at 450 nm) and sodium 
persulfate (SPS), has shown potential for tissue engineering applications [34–37] 
When irradiated with visible light, the photo-excited Ru2+ oxidises into Ru3+ by 
donating electrons to SPS (Figure 1B). After accepting electrons, SPS dissociates into 
sulphate anions and sulphate radicals (Figure 1B). These radicals are subsequently 
able to crosslink Gel-MA by propagating through the methacryloyl groups [38], [39]. 
However, the cellular functionality such as cell differentiation and tissue formation 
in cell-laden constructs photo-crosslinked using this Ru/SPS visible light system has 
not been investigated. Moreover, the feasibility of this visible light photo-initiating 
system to allow fabrication of large and thick constructs for in situ photo-curing has 
also not been demonstrated.
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Therefore, the aim of this study was to assess cyto-compatibility and cell 
functionality of cell-laden Gel-MA hydrogels fabricated using the Ru/SPS visible 
light photo-initiating system. We describe herein the systematic characterisation 
of physical properties of the visible light cross-linked Gel-MA hydrogels over a 
range of photo-initiator concentrations and irradiation conditions, compared to 
the two conventional and most commonly adopted systems,  UV + I2959 and Vis 
+ LAP. With clinical translation of this system in mind, we also evaluated the light 
penetration depth of the Ru/SPS system to assess the feasibility of developing thick, 
fully-crosslinked tissue engineered constructs while maximising cell viability. Given 
that one of the potential applications of cell-encapsulated visible light cross-linked 
Gel-MA hydrogels is in cartilage tissue engineering, we investigated the in vitro re-
differentiation capacity of expanded human articular chondrocytes as a clinically 
relevant cell source for further characterisation of the Ru/SPS system.

Materials and methods

Materials
Gelatin (porcine skin, type A, 300g Bloom strength), phosphate buffered saline (PBS), 
methacrylic anhydride, cellulose dialysis membrane (14 kDa molecular weight cut-
off), L-ascorbic acid-2-phosphate (AsAp), tris(2,2-bipyridyl)dichlororuthenium(II) 
hexahydrate (Ru), sodium persulfate (SPS), calcein-AM, Propidium Iodide (PI), 
proteinase K, dimethyl-methylene blue (DMMB), ethylenediaminetetraacetic acid 
disodium salt dihydrate (Di-sodium-EDTA), sodium chloride (NaCl), hyaluronidase, 
ITS+1, dexamethasone, , hydrochloric acid (37%), sodium hydroxide (NaOH), 
chondroitin sulphate A (CS-A) and L-proline were purchased from Sigma-Aldrich 
(Missouri, USA). 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propan-1-
one (Irgacure® 2959) was a gift from BASF (Ludwigshafen, Germany). Collagenase 
type II was purchased from Worthington biochemical corporation (Lakewood, USA). 
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was purchased from Toyo 
Chemical Industry (Tokyo, Japan). Dulbecco’s Modified Eagle’s Medium (DMEM) 
high glucose, 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES), Gibco 
non-essential amino acids (NEAA), foetal calf serum (FCS), 0.25% trypsin/EDTA, 
and penicillin-streptomycin (PS, 10,000 U/mL), AlamarBlue® reagent, bovine serum 
albumin (BSA), goat-anti-mouse secondary antibody (Alexa Fluor 488), F-actin 
rhodamine phalloidin (Alexa Fluor® 594 Phalloidin), 4,6-diamidino-2-phenylindole 
(D1306, DAPI), and the CyQUANT® cell proliferation assay kit were purchased 
from ThermoFisher Scientific (Auckland, New Zealand). Medical grade silicone 
sheets were obtained from BioPlexus (Ventura, USA). Cell strainers (100 µm) were 
purchased from BD Biosciences (Auckland, New Zealand). Di-sodium hydrogen 
phosphate (Na2HPO4) and acetic acid (glacial, 100%) was ordered from Merck 
Millipore (Darmstadt, Germany). Optimal cutting temperature compound (OCT) 
was obtained from VWR International (Auckland, New Zealand). Transforming 
growth factor β 1 (TGFβ-1) was purchased from R&D systems, Minneapolis, USA. 
Primary antibodies collagen II (II-II6B3-C) were purchased from DSHB (Iowa City, 
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USA). Primary antibodies for collagen I (Ab34710) and aggrecan (Ab3773) were 
obtained from Abcam (Melbourne, Australia). 

Synthesis of gelatin-methacryloyl (Gel-MA)
Gelatin was dissolved in PBS at a 10wt% concentration, with 0.6 g of methacrylic 
anhydride per gram of gelatin added to the solution, and left to react for 1 h at 
50˚C under constant stirring 4. This was followed by dialysis against deionised water 
to remove unreacted methacrylic anhydride. The purified Gel-MA solution was 
filtered through a 0.22 µm sterile filter, then lyophilised under sterile conditions. The 
degree of methacryloyl substitution was quantified to be 60% (data not shown) using 
1H-proton nuclear magnetic resonance spectroscopy (Bruker Avance 400 MHz).

Fabrication of Gel-MA hydrogels
Dried sterile Gel-MA (10wt%) was dissolved in PBS at 37˚C and left to cool overnight 
at RT. Prior to crosslinking, the Gel-MA solution was heated to 37˚C, then Ru and SPS 
were added, scooped into the silicon moulds (5 mm diameter x 1 mm thickness) on 
a glass slide and sandwiched with a cover slip. The samples were then irradiated (20 
cm distance from light source for all experiments) under light (OmniCure® S1500, 
Excelitas Technologies). The light was irradiated through a light filter (Rosco IR/UV 
filter) where only light of the wavelength 400 – 450 nm and final intensity of 30 mW/
cm2 was allowed to pass through. A variety of initiator concentrations (0.1/1, 0.2/2 
and 0.3/3 of Ru/SPS (mM/mM)) and exposure times (0.5, 1, 3, 5, 10 and 15 minutes) 
were studied to optimise the irradiation conditions. Gel-MA hydrogels fabricated 
using Vis (intensity = 30 mW/cm2, 400 - 450 nm) + 0.05wt% LAP, UV (intensity = 30 
mW/cm2, 300 - 400 nm) + 0.05wt% I2959, and a variety of exposure times (0.5, 1, 3, 5, 
10 and 15 minutes) were used as controls. 

Swelling and mass loss analysis
All samples were weighed for the initial wet mass (minitial, t0) after crosslinking, and 
three samples were lyophilised immediately to obtain their dry weights (mdry, t0). The 
actual macromer fraction was calculated based on the equation below:
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15 minutes) were studied to optimise the irradiation conditions. Gel-MA 
hydrogels fabricated using Vis (intensity = 30 mW/cm 2, 400 - 450 nm) + 
0.05wt% LAP, UV (intensity = 30 mW/cm2, 300 - 400 nm) + 0.05wt% I2959, 
and a variety of exposure times (0.5, 1, 3, 5, 10 and 15 minutes) were used as 
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Swelling and mass loss analysis  
All samples were weighed for the initial wet mass (m initial, t0) after 
crosslinking, and three samples were lyophilised immediately to obtain 
their dry weights (mdry, t0). The actual macromer fraction was calculated 

based on the equation below: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  𝑚𝑚𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  𝑓𝑓𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝑓𝑓𝑚𝑚𝑓𝑓 = 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑,   𝑡𝑡=0 
𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 ,   𝑡𝑡=0

     (1) 

         

These samples were then submerged in a bath of PBS and incubated at 37°C. 
Samples were removed from the incubator after 1 day, blotted dry  and 
weighed (mswollen). The swollen samples were then freeze-dried and weighed 
again (mdry). The sol fraction and mass swelling ratio (q) were calculated as 

follows:  

𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  𝑥𝑥 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  𝑚𝑚𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  𝑓𝑓𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝑓𝑓𝑚𝑚𝑓𝑓   (2) 

         

𝑆𝑆𝑚𝑚𝐴𝐴 𝑓𝑓𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝑓𝑓𝑚𝑚𝑓𝑓 =  𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖,𝑑𝑑𝑑𝑑𝑑𝑑− 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖,𝑑𝑑𝑑𝑑𝑑𝑑

 𝑥𝑥 100%     (3) 
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𝑞𝑞 =  𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

       (4) 

         

Compression testing  
The stiffness of the fabricated hydrogels was measured at room temperature 
using a dynamic mechanical analyser (TA instruments, DMA 2980). 

 (4)
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Compression testing
The stiffness of the fabricated hydrogels was measured at room temperature using a 
dynamic mechanical analyser (TA instruments, DMA 2980). Unconfined compression 
testing was performed at 30% strain/min (5 mm diameter x 2 mm thickness) and 
the corresponding force was measured at a sampling frequency of 1.67 Hz. Sample 
diameter was measured using vernier callipers, and the compressive modulus was 
calculated from the slope of the linear region (10-15% strain range) of the stress-
strain curves as previously reported 7. 

Cartilage excision, chondrocyte isolation and expansion
Healthy human articular cartilage was harvested following ethics approval (New 
Zealand Health and Disability Ethics Committee - URB/07/04/014) from a consenting 
28 year old female patient undergoing ligament reconstruction of the knee. The 
cartilage was diced into 1 to 2 mm3 cubes and digested overnight at 37˚C with 0.15% 
w/v collagenase type II in basic chondrocyte medium (DMEM high glucose medium 
supplemented with 10% FCS, 10 mM HEPES, 0.2 mM L-ascorbic acid-2-phosphate, 
0.4 mM L-proline and 1% Penicillin/Streptomycin). The resulting suspension 
was filtered through a 100-µm cell strainer to exclude the undigested tissue and 
centrifuged at 700g for 4 min. Isolated human articular chondrocytes (HACs) were 
cultured in basic chondrocyte medium and expanded at 37°C in a humidified 5% 
CO2/95% air incubator. Media was refreshed twice per week. 

HAC encapsulation in Gel-MA hydrogels
Expanded HACs at P2 were trypsinised and suspended in basic chondrocyte 
medium. The cell suspension was added to the macromer solution containing 
sterile filtered initiators to give a final concentration of 5 x 106 HACs/ml. The cell-
laden gels were then fabricated as outlined previously in section 2.3. Samples 
were then irradiated for 15 minutes at an intensity of 30 mW/cm2 for both UV and 
visible light, where initiator concentrations were kept at 0.05wt% I2959, 0.05wt% 
LAP or 0.2/2 (mM/mM) Ru/SPS respective to the light source. Constructs were 
cultured in chondrogenic differentiation media (Dulbecco’s DMEM high glucose 
supplemented with 0.4 mM L-proline, 10 mM HEPES, 0.1 mM NEAA, 100 U/mL 
penicillin, 0.1 mg/mL streptomycin, 0.2 mM AsAp, 1 x ITS+1 premix, 1.25 mg/mL 
BSA, 10 nM dexamethasone and 10 ng/mL TGFβ-1). Live/dead, AlamarBlue®, 
glycosaminoglycan (GAG) and DNA assays were performed on the samples after 1, 
21, 35 days in culture as described below.
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Live/dead assay
Harvested samples were washed with PBS, then stained with 1 µg/ml of Calcein-AM 
and 1 µg/ml of PI for 10 minutes. Live cells stained green whereas dead cell nuclei 
stained red. After staining, the gels were washed with PBS for three times before 
imaging them, using a fluorescence microscope (Zeiss Axio Imager Z1). The number 
of live and dead cells were quantified using the ImageJ software (Bio-Formats 
plugin) and the cell viability was calculated using the equation below:

on the samples after 1, 21, 35 days in culture as described below.   

Live/dead assay    
Harvested samples were washed with PBS, then stained with 1 µg/ml of 
Calcein-AM and 1 µg/ml of PI for 10 minutes. Live cells stained green 
whereas dead cell nuclei stained red. After staining, the gels were washed 
with PBS for three times before imaging them, using a fluorescence 
microscope (Zeiss Axio Imager Z1). The number of live and dead cells were 
quantified using the ImageJ software (Bio-Formats plugin) and the cell 

viability was calculated using the equation below: 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  (%) =  𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  𝑜𝑜𝑜𝑜  𝑙𝑙𝑙𝑙𝑙𝑙𝑛𝑛  𝑐𝑐𝑛𝑛𝑙𝑙𝑙𝑙𝑐𝑐
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙𝑛𝑛  𝑐𝑐𝑛𝑛𝑙𝑙𝑙𝑙𝑐𝑐+𝑑𝑑𝑛𝑛𝑑𝑑𝑑𝑑 𝑐𝑐𝑛𝑛𝑙𝑙𝑙𝑙𝑐𝑐

 𝑥𝑥 100%   (5) 

         

AlamarBlue® assay  
An AlamarBlue assay was performed to determine the metabolic activity of 
cells according to the manufacturer’s protocol. Samples were incubated in 
basic chondrocyte medium containing 10% (v/v) AlamarBlue® reagent for 24 
hours. The AlamarBlue® reagent is reduced from blue to red/pink colour by 
metabolically active cells. The reduction in AlamarBlue® reagent was 
calculated after measuring the absorbance at 570 nm, using 600 nm as a 

reference wavelength (Fluostar Galaxy BMG Labtechnology). 

Glycosaminoglycan (GAG) and DNA assay  
Glycosaminoglycan (GAG) and DNA content  were measured as described 
previously [3,40]. Briefly, cell-laden Gel-MA samples were digested 
overnight in 200 µL of 1 mg/ml proteinase-K solution at 56 ˚C. In order to 
quantify the amount of GAG retained in the gel, the digested samples were 

 (5)

AlamarBlue® assay
An AlamarBlue assay was performed to determine the metabolic activity of 
cells according to the manufacturer’s protocol. Samples were incubated in basic 
chondrocyte medium containing 10% (v/v) AlamarBlue® reagent for 24 hours. The 
AlamarBlue® reagent is reduced from blue to red/pink colour by metabolically 
active cells. The reduction in AlamarBlue® reagent was calculated after measuring 
the absorbance at 570 nm, using 600 nm as a reference wavelength (Fluostar Galaxy 
BMG Labtechnology).

Glycosaminoglycan (GAG) and DNA assay
Glycosaminoglycan (GAG) and DNA content were measured as described previously 
[3,40]. Briefly, cell-laden Gel-MA samples were digested overnight in 200 µL of 1 mg/
ml proteinase-K solution at 56 ˚C. In order to quantify the amount of GAG retained 
in the gel, the digested samples were reacted with DMMB dye. The absorbance was 
then measured on a plate reader at 520 nm (Fluostar Galaxy BMG Labtechnology). 
GAG content was calculated from a standard curve constructed using known 
concentrations of chondroitin sulphate-A. The DNA content in the gels was measured 
using a CyQUANT kit. Following digestion, cells were lysed and RNA degraded 
using the provided lysis buffer with RNase A (1.35 KU/ml) added for 1 hour at RT. 
GR-dye solution was then added to the samples, incubated at RT for 15 minutes, then 
the fluorescence was measured (Fluostar Galaxy BMG Labtechnology). A standard 
curve was constructed using the DNA provided in the kit.

Immunofluorescence histological examination
The cell-laden constructs were fixed in 10% formalin for 1 hour at RT and washed 
in PBS supplemented with 0.1 M glycine. For histological evaluation, the samples 
were embedded in OCT then cryo-sectioned (30 µm thick sections) 8, 32Weinheim 
Multicomponent gelatin-methacryloyl (GelMA. Sections were incubated in 0.1 wt.-
% hyaluronidase for 30 min at RT, washed with PBS and blocked with 2 wt.%  bovine 
serum albumin (BSA) in PBS for 1 hour at RT. Primary antibodies for collagen type 
I (1:200, rabbit), collagen type II (1:200, mouse)  or aggrecan (1:300, mouse), were 
diluted in blocking buffer and applied overnight at 4 ºC. Samples were washed three 
times in blocking buffer for 10 min each followed by incubation with a goat-anti-
mouse (Alexa Fluor® 488) and donkey-anti-rabbit (Alexa Fluor® 594) secondary 
antibodies, diluted in blocking buffer (1:400), in the dark for 1 hour at RT. For the last 
10 min of the incubation, 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI, 
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1:1000 dilution) was added. Lastly, constructs were washed three times in PBS and 
visualised using the Zeiss Axioimager Z1 microscope.

Gene expression
Samples cultured for 1 week were collected, digested in 10mg/ml proteinase 
K solution at 55°C for 30 min, incubated with 1ml TRIzol regent for 5 min at RT 
followed by RNA isolation in accordance with the manufacturer’s guidelines. In 
brief, 200 µl of chloroform was vigorously mixed with the samples, followed with 
3 min RT incubation and 15 min centrifugation at 12000 g. The aqueous phase 
containing the RNA was transferred to tubes containing 500 µl isopropanol then 
incubated at RT for 20 min followed by centrifugation for 10 min at 12000 g. The 
RNA pellet was washed twice in cold 70% ethanol and re-suspended in RNase free 
water. Ambion® DNA-free™ DNase Treatment was further used to remove any 
contaminating DNA according to manufacturer’s instructions. Total RNA yield was 
determined using a spectrophotometer (Thermo Scientific, NanoDrop 8000) and the 
integrity was validated electrophoretically (Agilent Technologies, 2200 TapeStation). 
300 ng total RNA per sample was reverse transcribed into complementary DNA 
(cDNA) using TaqManTM first strand synthesis. Polymerase chain reaction (PCR) 
was then performed using an iCycler quantitative real-time PCR (qRT-PCR) 
machine (Roche, LightCycler®480 II), SYBRGreen™ and primers (Sigma Aldrich, 
KiCqStart® SYBR® Green Primers. The specific genes of interest were collagen type 
IA1 (GenBank accession no NM_000088), collagen type IIA1 (GenBank accession no 
NM_001844) and aggrecan (GenBank accession no NM_001135). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, Sigma Aldrich, GenBank accession no 
NM_002046) was selected as housekeeping gene. Each sample was run in duplicate 
and the threshold cycle and primer efficiency were analysed, where the geometric 
mean of the reference gene (GAPDH) was used to calculate the normalised mRNA 
expression of each target gene.

Light penetration depth study
10wt% Gel-MA macromers were prepared as outlined above in section 2.3. Prior to 
crosslinking, Ru and SPS were added to the Gel-MA solution for a final concentration 
of 0.2/2 (mM/mM) Ru/SPS, pipetted into silicon moulds (5 mm diameter x 10 mm 
thickness) on a glass slide and sandwiched with a cover slip. The samples were then 
irradiated under light (OmniCure® S1500, Excelitas Technologies) for 15 minutes 
through a light filter (Rosco IR/UV filter) where only light of 400 – 450 nm wavelength 
and final intensity of 30 mW/cm2 was allowed to pass through. Gel-MA hydrogels 
fabricated using UV light (intensity = 30 mW/cm2, 300 – 400 nm), 0.05wt% I2959 and 
15 minutes of exposure time were used as controls. The fabricated hydrogels were 
then carefully removed from the mould and sliced into five 2mm thick sections and 
marked as regions (i to v) relative to the depth from the irradiation source. The sections 
were then subjected to mass loss and swelling studies as outlined in section 2.3.1. A 
similar setup was also adopted to fabricate HAC-laden constructs, with subsequent 
live/dead analysis (section 2.7) performed to evaluate cell viability within each of the 
five regions (i to v) relative to the depth from the irradiation source.
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Transdermal polymerisation and in vivo subcutaneous implantation
Gel-MA hydrogels fabricated using either UV + I2959 or Vis + Ru/SPS were implanted 
subcutaneously in BALB/C mice as per ethics approval C3/16. All hydrogel macromer 
components were sterile filtered prior to usage, the samples were crosslinked sterilely 
in a laminar flow hood, and incubated in sterile PBS overnight prior to implantation. 
Female BALB/C mice were anaesthetised using inhalational isofluorane. After 
shaving and disinfection, subcutaneous pockets of approximately 10mm deep were 
made by blunt dissection in a ventral direction from the incision down the side of 
the mouse in both directions. The pre-fabricated sterile Gel-MA hydrogels were then 
inserted into the base of the subcutaneous pocket, and the incision was closed using 
sutures and surgical glue. After 14 days, the mice were sacrificed and the implants 
with surrounding tissue and underlying muscle were carefully dissected from the 
subcutaneous site and fixed in 4% (v/v) phosphate buffered formalin for at least 
1 day at 4 °C. The harvested samples were then cryo-sectioned (30 µm sections) 
and stained with haematoxylin (H) and eosin (E). For imitation of transdermal 
polymerisation, the mice were shaven after sacrificed, the skin from the dorsal region 
was harvested, and tissue hydration was maintained in a saline bath. 10wt% Gel-
MA macromer solution with either 0.2/2 (mM/mM) Ru/SPS or 0.05wt% I2959 were 
pipetted into silicon moulds (5 mm diameter x 10 mm thickness) on a glass slide and 
sandwiched with a cover slip. The harvested skin sample were then placed on top of 
the samples, and light (OmniCure® S1500, Excelitas Technologies) was allowed to 
irradiate through the skin for 15 minutes to crosslink the samples. A final intensity of 
30 mW/cm2 was used for both the UV and visible light systems. Hydrogels fabricated 
with the same conditions without being covered by skin were used as controls. The 
fabricated hydrogels were then carefully removed from the mould and subjected to 
mass loss analysis as outlined in section 2.3.1.

Statistical analysis
All results were analysed using a two-way ANOVA with post-hoc Tukey’s multiple 
comparisons tests unless stated. Data for mass loss and swelling studies were 
analysed using a one-way ANOVA. The models were constructed using GraphPad 
Prism (GraphPad Software, version 6). Samples in each study were all prepared in 
triplicate, and all studies were repeated 3 times (n=3). A p<0.05 was considered as 
statistically significant.
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Results 

Fabrication of Gel-MA hydrogels

Optimisation of initiator concentrations
Gel-MA hydrogels were successfully fabricated using the Ru/SPS photo-initiator 
system in the 400 - 450nm visible light range. Optimisation of the irradiation 
conditions required to fabricate Gel-MA hydrogels was investigated by examining 
a range of initiator concentrations whilst keeping the light intensity constant at 30 
mW/cm2. This was based on previously reported data indicating this light intensity 
as optimal for protein-protein crosslinking [42,43]. The crosslinking efficiency 
was measured by the sol fraction (eq 3), which is defined as the weight fraction of 
polymer chains that are not covalently bound to the hydrogel network after photo-
polymerisation [1,44,45] It was observed that at 0.1/1 Ru/SPS (mM/mM), a minimum 
of 5 minutes exposure time was required to fabricate stable hydrogels, with 
resultant sol fraction of approximately 35 - 42% (Figure 2A). Increasing the initiator 
concentration to 0.2/2 Ru/SPS (mM/mM) significantly increased the polymerisation 
rate (p<0.05), resulting in the fabrication of hydrogels with sol fraction less than 30% 
within 0.5 min. The sol fraction values decreased as the exposure time increased, 
and plateaued at approximately 15%.  This minimal sol fraction value achieved was 
also comparable to gels crosslinked using Vis + 0.05wt% LAP and UV + 0.05wt% 
I2959 (Fig 2A). Furthermore, increasing the initiator concentration to 0.3/3 Ru/SPS 
(mM/mM) resulted in identical sol fraction profiles as 0.2/2 Ru/SPS (mM/mM). This 
result indicates that complete crosslinking of the Gel-MA macromers was achieved 
using 0.2/2 Ru/SPS (mM/mM). One major observation was that gels crosslinked 
using UV + 0.05wt% I2959 had a faster polymerisation rate, where the sol fraction 
value plateaued after 0.5 min of UV exposure.
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Figure 2. Physico-chemical properties of Gel-MA hydrogels fabricated using diff erent concentrations of 
Ru/SPS as a function of exposure time: A) Sol fraction; B) Mass swelling ratio, q. Gel-MA gels crosslinked 
using UV + 0.05wt% I2959 and Vis + 0.05wt% LAP were used as controls. Light intensities for both UV and 
visible (Vis) light were kept constant at 30 mW/cm2 for 15 minutes. Sol fraction values of 100% indicate 
no hydrogel formation.

Results obtained for the mass swelling ratio (q) complemented the sol-gel analysis, 
where a decrease in q was observed for longer exposure times (Figure 2B). 
Furthermore, samples with higher sol fraction possessed higher mass swelling 
ratios. Once again, increasing the initiator concentration from 0.2/2 Ru/SPS (mM/
mM) to 0.3/3 Ru/SPS (mM/mM) did not show any signifi cant diff erences in the mass 
swelling ratio (p = 0.9680), demonstrating that 0.2/2 Ru/SPS (mM/mM) was suffi  cient 
to completely crosslink the macromers. 
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Mechanical testing of Gel-MA hydrogels
It was observed that after 15 minutes of exposure at 30 mW/cm2, Gel-MA hydrogels 
fabricated using 0.1/1 Ru/SPS (mM/mM) had a compressive modulus of 12.8 ± 1.7 
kPa (Figure 3). Increasing the initiator concentration to 0.2/2 Ru/SPS (mM/mM) 
resulted in hydrogels of significantly greater compressive modulus (31.6 ± 0.8 kPa, 
p < 0.0001), which were comparable to Gel-MA hydrogels fabricated using the 
conventional Vis + 0.05wt% LAP (33.5 ± 1.6 kPa, p = 0.5356) and UV + 0.05wt% I2959 
(33.6 ± 2.1 kPa, p = 0.4740). However, no significant difference was observed when 
the initiator concentration was further increased to 0.3/3 Ru/SPS (mM/mM) (29.4 ± 
1.9 kPa, p = 0.3626). Again, this result indicated that 0.2/2 Ru/SPS (mM/mM) was 
sufficient to completely crosslink the Gel-MA macromers, which led to the selection 
of this concentration for all further studies described herein.

Figure 3. Compressive modulus of Gel-MA hydrogels fabricated using different concentrations of Ru/
SPS. Light intensity and irradiation time were kept at 30 mW/cm2 and 15 minutes, respectively. Gel-MA 
gels crosslinked using UV + 0.05wt% I2959 and Vis + 0.05wt% LAP were used as controls. *Indicates 
significant difference to other columns (p < 0.05).

HAC encapsulation in Gel-MA hydrogels

As the overall goal was to investigate the potential for the visible light cross-linking 
system to be used for 3D cell encapsulation in tissue engineering applications, 
expanded (passage 2) HACs were encapsulated into the 3D Gel-MA hydrogels. 
Live-dead fluorescence images following short (1 day) and long-term (35 days) in 
vitro culture showed that the cell-laden gels fabricated using the UV + I2959, Vis 
+ LAP and Vis + Ru/SPS system demonstrated good viability and an abundance 
of live cells (Figure S1). In a 3D environment, chondrocytes typically exhibit a 
rounded morphology as an indication of their chondrogenic phenotype [41]scaffold 



58 CHAPTER 3

architecture could potentially restrict cell-cell communication and diff erentiation. 
This is particularly important when choosing the appropriate culture platform 
as well as scaff old-based strategy for clinical translation, that is, hydrogel or 
microtissues, for investigating diff erentiation of chondroprogenitor cells in cartilage 
tissue engineering. We, therefore, studied the infl uence of gap junction-mediated 
cell-cell communication on chondrogenesis of bone marrow-derived mesenchymal 
stromal cells (BM-MSCs. For all time points, it was observed that in all the UV + 
I2959, Vis + LAP and Vis + Ru/SPS system, the encapsulated cells were not only 
homogenously distributed, but also remained rounded (Figure S2).

Figure 4. Encapsulation of HACs in Gel-MA hydrogels using UV + I2959, Vis + LAP, and Vis + Ru/SPS, at 
1, 21 and 35 days in culture. A) Cell viability (%); B) Metabolic activity reported as percentage reduction 
of Alamarblue reagent; C) GAG retained per dry weight (µg/mg); D) DNA per dry weight (µg/mg); C) 
GAG/DNA normalised to cell viability. *Signifi cant diff erences between columns below each end of lines 
(p < 0.05). 
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Total live/dead cell counts were used to evaluate viability of the encapsulated 
HACs. All systems demonstrated good cell viability over the 35-day culture period 
(>80%). Both the Vis + LAP and Vis + Ru/SPS system showed significantly higher cell 
viability than the UV + I2959 system for all three examined time points (Figure 4A). 
We also observed no significant differences between the two systems utilising visible 
light photo-initiation in terms of cell viability across all time points. After longer-
term culture for 35 days, HACs encapsulated using the UV + I2959 system showed 
a reduction in viability, whereas cell viability in both the Vis + LAP and Vis + Ru/
SPS samples remained greater than 85%. These results suggests that the visible light 
photo-initiator system presents a more cyto-compatible environment as compared 
to the UV crosslinking system. 

Furthermore, metabolic activity of each of the samples was examined in order to 
evaluate the biological function of encapsulated cells. It was observed that the Vis + 
Ru/SPS samples had significantly higher metabolic activity at 1 (p = 0.0016), 21 (p = 
0.0001) and 35 days (p < 0.0001) compared to UV + I2959 (Figure 4B). Similarly, the Vis 
+ LAP samples also showed statistically higher metabolic activity compared to gels 
crosslinked using UV + I2959 at 21 (p = 0.0146) and 35 days (p < 0.0001). These results 
indicate that although cells encapsulated in Gel-MA using the conventional UV + 
I2959 system exhibit favourable cell viability and metabolic activity throughout the 
culture period, the visible light system showed an improvement on both measures, 
which was likely due to the lower overall photo-toxicity, radical toxicity and 
oxidative stress exerted on the cells.

To determine the ability of all UV + I2959, Vis + LAP and Vis + Ru/SPS Gel-MA 
hydrogels to support biological function and extracellular matrix formation, 
the chondrogenic differentiation capacity of the HACs post encapsulation was 
examined in vitro. Figure 4D demonstrates that the encapsulated HACs were able 
to proliferate within the gels, regardless of which photo-initiation system was used, 
where an increase in DNA content was observed from 1 day to 35 days. However, 
no significant differences were observed across all three systems at every examined 
time point. In terms of tissue formation, there was a clear increase in total GAG 
content from 1 to 35 days in the UV + I2959 (p < 0.0001), Vis + LAP (p < 0.001) and 
Vis + Ru/SPS (p < 0.0001) constructs (Figure 4C). Both visible light systems resulted 
in significantly higher GAG content of samples, compared to those crosslinked with 
the UV + I2959 system at 21 and 35 days. In addition, HACs encapsulated using Vis 
+ Ru/SPS secreted more GAGs in the hydrogels at 21 (p = 0.0033) and 35 days (p < 
0.0001) after encapsulation, compared to the Vis + LAP crosslinked samples.

If we consider the re-differentiation capacity of cell encapsulated Gel-MA constructs, 
GAG/DNA in the UV + I2959, Vis + LAP and Vis + Ru/SPS samples increased 
significantly from 1 to 35 days, indicating that these Gel-MA hydrogels are able 
to support chondrogenic differentiation of HACs (Figure 4E). However, most 
importantly, we observed that after 35 days in culture, constructs encapsulated 
using Vis + Ru/SPS had significantly higher GAG/DNA (14.2 ± 0.7 µg/µg) than in the 
Vis + LAP (12.5 ± 0.9 µg/µg, p < 0.0001) and UV + I2959 system (12.4 ± 0.4 µg/µg, p < 
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0.0001). Immunofl uorescence analysis confi rms that the encapsulated HACs secreted 
collagen type I, collagen type II and aggrecan in the GelMA hydrogels, regardless of 
the applied photo-encapsulation system. Further quantitative analysis showed that 
there are no signifi cant diff erences in terms of collagen type I and collagen type II 
production within the gels among all three photo-polymerisation systems (Figure 
5J and K). However, the total coverage area for aggrecan was signifi cantly higher in 
the Vis + Ru/SPS as compared to the UV + I2959 and Vis + LAP systems (Figure 5L) 
where a higher expression of aggrecan was stained in the pericellular regions of the 
HACs at day 35 in the Vis + Ru/SPS constructs (Figure 5G-I). Chondrogenic gene 
expressions at early culture time point (day 7) were evaluated to further study the 
eff ect of oxidative stress that is exerted on the cells during the photo-encapsulated 
process. We did observe that the gene expressions for collagen type II and aggrecan 
are indeed higher in the Vis + Ru/SPS systems (Figure 5M, N & O), further confi rming 
our other observations that this photo-crosslinking system is more cell friendly, and 
exerts less damage to the cells during the encapsulation process.

Figure 5. Immunofl uorescence staining of HAC encapsulated in Gel-MA hydrogels using UV + I2959, Vis 
+ LAP, or Vis + Ru/SPS after 35 days in culture:  collagen type I (A-C); collagen type II  (D-F); aggrecan 
(G-I). Pixel coverage area per panel for collagen I (J), collagen II (K) and aggrecan (L). Early relative gene 
expression after 7 days in culture: collagen I (M), collagen II (N) and aggrecan (O). Scale bar = 100 µm. 
*Signifi cant diff erences between columns below each end of lines (p < 0.05).
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Light penetration depth study

As the photo-polymerisation processes can be applied to fabricate in vivo injectable 
hydrogels for tissue engineering applications, we further compared the eff ectiveness of 
the photo-polymerisation systems for fabrication of thick hydrogel constructs (10mm). 
One of the major advantage of using visible light is the bett er light penetration depth 
over UV that will be a benefi cial for transdermal polymerisation or in situ crosslinking. 
As our cell encapsulation data suggested that the Vis + Ru/SPS is more superior 
over the Vis + LAP system in terms of HAC metabolic activity and re-diff erentiation 
capacity, we chose to only compare the Vis + Ru/SPS to the more conventional UV 
+ I2959 for subsequent experiments. The UV + I2959 system demonstrated a limited 
penetration depth (6 - 8mm), whereas Vis + Ru/SPS system was able to penetrate 
through and completely polymerise the entire 10mm thick construct (Figure 6B). 
This observation was confi rmed by mass loss data, where the Vis + Ru/SPS gels of 
diff erent irradiation depths (i to v) had no signifi cant diff erence in sol fraction values 
(p > 0.98). In contrast, for the UV + I2959 crosslinked samples, regions of the hydrogel 
farthest away from the irradiation source exhibited an increased sol fraction, with 
samples beyond 6mm (regions iv - v) completely dissolving after 1 day (sol fraction = 
100%). A similar trend was observed for the mass swelling ratios, where no signifi cant 
diff erence was observed for the Vis + Ru/SPS crosslinked samples across all regions (i 
to v). However, gels crosslinked using the UV + I2959 had distinctly diff erent swelling 
ratios at diff erent depths from the irradiation source (Figure 6D). These results further 
indicated that UV light has limited penetration depth as well as being att enuated 
through the z-axis during photo-crosslinking, resulting in varying crosslinking density 
with depth within the hydrogel. 

Figure 6. Fabrication of thick hydrogel constructs using both UV + I2959 and Vis + Ru/SPS systems: A) 
Schematic of light penetration depth setup; B) Macroscopic images of Gel-MA constructs post photo-
polymerisation, scale bar =  1 mm; C) Sol fraction values; and D) Mass swelling ratios of samples as per 
depth from irradiation spot.



62 CHAPTER 3

We further extended our studies to evaluate cell viability within the samples at 
diff erent depths from the irradiation source (Figure 7). Interestingly, we observed 
an increase in cell viability at increasing depths for the UV crosslinked samples, 
where cells in the middle regions (iii, 4 – 6 mm from the irradiation source) had 
signifi cantly higher viability (p < 0.0001) than those cells closer to the light source (i, < 
2 mm from irradiation source). This data concurs with our previous mass loss results 
(Figure 6C), where UV light was likely being att enuated through the z-axis, with 
cells at diff erent irradiation depths being subjected to diff erent UV light intensity. 
In contrast, no signifi cant diff erences in cell viability were observed for the Vis + Ru/
SPS samples throughout the full 10mm depth of the construct (regions i-v)

Figure 7. Fabrication of thick cell-laden constructs using both UV + I2959 and Vis + Ru/SPS systems: A) 
Schematic of light penetration depth setup; B) Cell viability at diff erent depths from the light irradiation 
spot. Live dead images of UV + I2959 crosslinked samples (C - G) for diff erent irradiation depths i, ii, iii, 
iv and v respectively, scale bar = 100 µm. Images F and G were not available due to the gels completely 
dissolved after 1 day in culture. Live dead images of Vis + Ru/SPS crosslinked samples (H - L) for diff erent 
irradiation depths i, ii, iii, iv and v respectively, scale bar = 100 µm.
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Transdermal polymerisation study and in vivo subcutaneous 
implantation 

One of the major advantages of having a greater light penetration depth is the 
potential use of this visible light photo-crosslinking system for transdermal 
polymerisation. We evaluated the possibility to fabricate hydrogels transdermally 
using murine skin (0.5 mm) as a model (Figure 8A), and observed that UV light had 
limited transmission through skin resulting in the formation of a weak gel that was 
completely dissolved after 1day (100% sol fraction, Figure 8B). In contrast, hydrogels 
were successfully crosslinked using visible light transmitt ed through the murine skin, 
with no statistically diff erence in sol fraction and swelling ratio to the control (Figure 
8B). In vivo studies showed that after 14 days of subcutaneous implantation, there 
was limited cell infi ltration into the hydrogels fabricated using both the UV + I2959 
and Vis + Ru/SPS system. No signifi cant diff erences were observed in terms of the 
host response to the gels fabricated using both these systems, again suggesting that 
there were no distinct diff erences in physico-chemical and mechanical properties of 
hydrogels crosslinked using either UV + I2959 or Vis + Ru/SPS, and is in agreement 
with our in vitro data.

Figure 8. Transdermal polymerisation of Gel-MA constructs using both UV + I2959 and Vis + Ru/SPS 
systems: Schematic (A) and sol fraction (B) of Gel-MA hydrogels photo-crosslinked using light transmitt ed 
through murine skin; Immunohistochemical staining (H&E) of Gel-MA hydrogels fabricated using UV + 
I2959 (C & D) and Vis + Ru/SPS (E & F) post 14 days implanted subcutaneously. White arrows pointing 
to hydrogel and tissue interface. Scale bar = 100 µm. 
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Discussion

In this study, we demonstrated that the optimal irradiation conditions to fabricate 
Gel-MA hydrogels consisted of a visible light intensity of 30 mW/cm2, photo-initiator 
concentration of 0.2/2 Ru/SPS (mM) and at least 3 minutes of exposure time. However 
more importantly, it should be recognised that the Ru/SPS concentration required to 
fully photo-crosslink Gel-MA hydrogels in this study was 10 times lower than the 
initiator concentrations reported to date in the literature to crosslink other polymers 
via their phenol moieties [4,46,47]such chemical modification processes can cause 
protein degradation, denaturation or loss of biological activity due to side chain 
disruption. This study exploited the observation that native tyrosine rich proteins 
could be crosslinked via radical initiated bi-phenol bond formation without any 
chemical modification of the protein. A new, tyramine functionalised poly(vinyl 
alcohol. This difference in initiator concentrations between Gel-MA and the other 
phenolated polymers such as gelatin, fibrinogen, resilin and tyraminated PVA, may 
likely be due to the reactivity of different functional groups, as well as different initiator 
components that are responsible for crosslinking. During the photo-polymerisation 
process, Ru2+ is photo-excited to Ru3+ by donating electrons to SPS [35,48] For other 
phenolated polymeric systems, Ru3+ is responsible for the crosslink formation. 
However in our case, the sulphate radicals which are products from the dissociation of 
SPS are responsible for reacting with methacryloyl groups on Gel-MA to form covalent 
crosslinks. As the reaction between the sulphate radicals and the methacryloyl groups 
is more effective than the reaction between the Ru3+ and phenol groups, less Ru/SPS 
is therefore required to crosslink the Gel-MA hydrogels. On the other hand, however, 
the Ru3+ component may contribute to crosslinking the phenol groups present in the 
gelatin backbone concurrently.

The sol fraction (10 – 15%), mass swelling ratio q (9 – 10) and compressive moduli (~20 
kPa) obtained for Vis + 0.2/2 Ru/SPS (mM/mM) Gel-MA hydrogels in this study are 
comparable to properties obtained for Gel-MA gels fabricated using the UV + I2959 and 
Vis + LAP systems [49,50] This result indicates that the visible light system is capable 
of fabricating Gel-MA hydrogels of equivalent physico-mechanical properties to the 
other more conventional and widely adopted photo-initiated polymerisation system. 
Although we did observe that the UV + I2959 system had a faster crosslinking rate 
compared to both the Vis + LAP and Vis + Ru/SPS systems, the mass loss and swelling 
studies were conducted in an ideal environment without taking oxygen inhibition 
and light penetration depth into account, where the macromer was irradiated while 
sandwiched between a glass slide and cover slip, and is not an accurate representation 
of the downstream application. Moreover, in addition to Gel-MA hydrogels alone, 
we have successfully employed this visible light system to other polymers including 
heparin, hyaluronic acid, poly(vinyl alcohol) and gellan gum, all of which were 
functionalised with unsaturated vinyl moieties, such as methacryloyl or allyl groups 
[36,38,51]. Taking these factors into account, our work suggests that both synthetic 
and biological polymers modified with functional vinyl moieties can be crosslinked 
through different chemistries such as chain-growth methacryloyl or step-growth 
thiol-ene photo-click polymerisation, using Vis + Ru/SPS.
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As expected, encapsulated cells had high cell viability (>80%) after 1 day for both 
photoinitiator systems. This result is comparable to a previous study reported by 
Schuurman et al. where after 1 day, the viability of equine articular chondrocytes 
encapsulated in 10wt% Gel-MA gels crosslinked using UV + I2959 was approximately 
83% [52]. Nichol et al. also showed that fibroblasts encapsulated in 10wt% Gel-MA 
gels had viability of 82% after UV polymerisation [49]. In this study, applying either 
the Vis + LAP or Vis + Ru/SPS system resulted in cell-laden hydrogel constructs with 
an improved cell viability and significantly higher metabolic activity than UV gels. 
We believe that this result might be due to the negative effect of UV irradiation to the 
cells, which has been shown to cause genomic instability of cells [38,53,54] Previous 
work from Greene et al. describes that hepatocytes photo-encapsulated in gelatin-
norbornene gels using visible light + eosin-Y had significantly higher metabolic activity 
compared to their UV counterparts [14]. Caliari et al. also showed that UV irradiation 
significantly reduced the cell viability of hepatic stellate cells when compared to 
visible light for encapsulation in methacrylated hyaluronic acid hydrogels [55]. 
Furthermore, UV is known to react with oxygen in the environment, forming reactive 
oxygen species (ROS) such as superoxide radical (O2˙˙), hydroxyl radical (OH˙), singlet 
oxygen (1O2) and ozone (O3), which can oxidise the lipid bilayer of cells [54,56,57] 
This lipid peroxidation may disrupt the cell membrane integrity and permeability, 
which can lead to upregulation of tissue degrading enzymes, and generation of toxic 
products [54,57] The chondrogenic differentiation study showed that GAG content 
and re-differentiation capacity (GAG/DNA) of HACs were significantly higher in the 
Vis + Ru/SPS samples than their Vis + LAP and UV + I2959 counterparts after long-
term 35 day culture. As both LAP and Ru/SPS require visible light for photo-initiation, 
the difference observed in cell viability, metabolic activity and re-differentiation 
capacity, might be due to the diverse radical generation mechanism. We hypothesise 
that the Ru + SPS system has a slower but more sustained radical generation rate 
being a non-cleavage type 2 photoinitiator that undergoes a self-recycling mechanism 
(Figure 1) [35,39,48,58] It has been previously reported that this ability to re-initiate 
polymerisation allows type 2 photoinitiators to be less affected by oxygen inhibition 
[58]. Further covalent incorporation of chondrogenic factors or growth factor-binding 
peptides within Vis + Ru/SPS Gel-MA hydrogels (such as TGF-ß1, hyaluronic acid, 
heparin) would likely further enhance this chondrogenic niche [12,59].

The clinical relevance of these visible light initiating systems are particularly 
appealing for cell delivery or as space-fillers post augmentation, where in situ photo-
curing typically requires high light intensity to minimise both oxygen inhibition and 
light attenuation. We demonstrated that the UV + I2959 system has a limited light 
penetration depth and can be attenuated during photo-crosslinking of constructs 
greater than 2 mm in thickness. Although a maximum penetration depth of 6 mm 
could be achieved with UV, variations in physical properties (sol fraction and mass 
swelling ratio) and cell viability were detected, indicating an inhomogeneous and 
sub-optimal crosslinking density throughout the construct. Our findings correlate to 
previous studies which also highlighted the limited penetration depth of UV light in 
either photo-curing of dental resin [60]have been used routinely as a filling material 
for both anterior and posterior teeth. The early RBCs were either chemically cured 
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two component materials or photo-initiated materials that used UV initiators in the 
beginning and then transitioned to visible light initiators such as camphorquinine 
which was introduced in 1978. The first report of a light curing material was of 
an ultraviolet (UV, photo-responsive polymers  [61,62] or transdermal photo-
polymerisation [23]. The Vis + Ru/SPS system showed an added advantage in having 
enhanced penetration depth with homogenous crosslinking density and cell viability 
throughout a 10 mm thick construct. Furthermore, we have also reported that the 
Vis + Ru/SPS system is less susceptible to oxygen inhibition compared to the UV + 
I2959 system, allowing fabrication of large 3D bioprinted constructs with good shape 
fidelity [39]. In a transdermal polymerisation setup, we observed that a visible light 
intensity of 30 mW/cm2 was enough to transmit through the murine skin and enable 
photo-crosslinking of the Gel-MA + 0.2/2 (mM/mM) Ru/SPS macromer. In contrast, 
using the same UV intensity and 0.05wt% I2959 did not result in successful hydrogel 
fabrication, highlighting the limited skin penetration and transmittance of light in the 
UV range. Lin et al. previously showed that a combination of higher UV intensity (40 
mW/cm2) and I2959 concentration (0.5wt%) was indeed able to facilitate transdermal 
polymerisation of Gel-MA hydrogels [63]. However, we showed that the Vis + Ru/
SPS system is significantly more efficient where lower visible light intensity and Ru/
SPS concentrations were sufficient to transdermally fabricate hydrogels of similar 
quality to the controls. Although the murine skin model (0.5 mm) used in this study is 
thinner, it does consist of three distinctive layers (epidermis, dermis and hypodermis) 
similarly to human skin (1 – 2 mm). The cytotoxicity of the transition metal Ru might 
raise some concerns for use in clinical applications. Therefore, we conducted a cell 
growth inhibition assay to assess the toxicity of Ru in accordance to the ISO10993 
standard. We observed that the concentration of Ru (0.2 mM) used in this study is 
below the accepted cytotoxicity threshold (<30%, Fig S1). This result is in agreement 
with a previous study conducted by Elvin et al., where even a concentration as high 
as 1 mM of Ru was not cytotoxic [10]. In the same study, Elvin et al. also showed that 
gelatin-tyramines were fabricated into tissue sealants using 1/20 Ru/SPS (mM/mM) and 
showed minimal inflammatory response and no adverse cytotoxic reactions based on 
histological analysis [10]. Similarly, our in vivo subcutaneous study also displayed that 
the Gel-MA hydrogels fabricated using Vis + Ru/SPS showed no significant difference 
in host tissue reaction in comparison to the UV + I2959 counterparts (Figure 8C-F).

We believe that adopting the Vis + Ru/SPS system offers advantages over the UV 
irradiation system with respect to not only promoting cell viability and function 
within in situ photo-cured hydrogels or 3D constructs, but importantly to host cells 
in surrounding healthy issue that would also be exposed to high light intensity, 
particularly during the photo-polymerisation of thick or large constructs. Furthermore, 
we purport that the applicability of the Vis + Ru/SPS system may be of particular 
benefit over Vis + LAP and  UV + I2959 systems in the field of biofabrication or 3D 
bioprinting of thick, cell-laden constructs, where again, high light intensity or high 
photo-initiator concentration are generally necessary to maintain shape fidelity of 
biofabricated constructs as well as obtain maximum cell survival [39].
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Conclusions

We have demonstrated and optimised the use of the visible light photo-initiators 
(Ru/SPS) to fabricate Gel-MA hydrogels. The fabricated gels offered similar 
physico-chemical and mechanical properties compared to those crosslinked using 
conventionally adopted UV + I2959 photo-initiator system. HACs encapsulated in 
visible light polymerised gels demonstrated superior cell viability and metabolic 
activity, as well as greater GAG content and re-differentiation capacity (GAG/DNA) 
as compared to UV crosslinked Gel-MA hydrogels. Furthermore, the enhanced 
penetration depth observed for the visible light system offers added benefits for 
in situ photo-curing applications and fabrication of thick hydrogel constructs. This 
study highlights the potential of this Vis + Ru/SPS system for fabrication of Gel-MA 
gels for not only cartilage engineering, but also other tissue engineering applications 
including cell delivery and in-situ photo-curing.
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Abstract

Engineering of clinically-relevant sized bone tissue constructs remains challenging 
due to the required vascular supply throughout the construct. This can be achieved 
with co-culture of endothelial and multipotent mesenchymal stromal cells (MSCs). 
To guide the cell differentiation processes, gelatin-based hydrogels are a promising 
matrix. For the crosslinking of gelatin, currently mainly chemical-based  reactions 
are used which rely on radical-mediated reactions of a photoinitiator and a visible or 
UV light source. Moreover, gelatin needs to be chemically modified to enable these 
crosslinking reactions into stable hydrogels for cell culture. Crosslinking under 
physiological conditions by e.g., transglutaminases (TGs), might be more clinically 
relevant. Furthermore, this enzymatic crosslinking mechanism offers the possibility 
to also covalently incorporate other relevant proteins into the 3D matrix to guide cell 
differentiation without the need of any (biological or chemical) modification.

In the present study, crosslinking of gelatin by microbial TG was characterised by a 
fast gelation process with high cell compatibility. Both for MSCs and for endothelial-
colony-forming cells (ECFCs), TG concentrations up to 3 % did not negatively affect 
cell viability. Under osteogenic culture conditions for 2 weeks, MSCs and ECFCs 
formed pre-vascularised, osteogenically differentiated tissue-like constructs. To 
overcome the fabrication dilemma of needing soft hydrogels for vascularisation 
and relatively stiff materials for osteogenesis, we propose to add osteogenesis-
enhancing proteins to soft, vasculogenesis-supporting hydrogels. Thus, proteins 
laminin 111 and 211 were incorporated upon hydrogel crosslinking to potentially 
enhance cellular differentiation. Addition of the two different laminin isoforms 
resulted in unaltered osteogenic, vasculogenic and pericyte-like cell differentiations 
demonstrating the feasibility of their incorporation. Consequently, gelatin-TG 
hydrogels support early vascularised bone tissue engineering with the option of 
incorporating native proteins. 
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Introduction

Tissue engineering of bone constructs of clinically-relevant sizes requires the 
simultaneous development of a dense vascular network. Such a pre-vascularisation 
approach of an engineered tissue construct was shown to support a faster anastomosis 
to the host tissue after implantation and thereby leading to an improved implant 
survival [1, 2]. To simultaneously engineer both the vasculature and a bone-like 
tissue within a single construct, the use of co-cultures of endothelial cells (ECs) 
and multipotent mesenchymal stromal cells (MSCs) was proposed [3]. In these 
co-cultures, endothelial cells undergo self-assembly into capillary-like structures, 
stabilised by pericyte-like cells, which originate from MSCs [4]. Another fraction of 
these MSCs in the co-culture can undergo osteogenic differentiation [5-7].

Gelatin-based hydrogels are a promising matrix for tissue engineering approaches 
and are among the biomaterials most frequently used for tissue engineering 
purposes due to their inherent bioactivity and favourable properties in terms of 
biocompatibility [8, 9]. In order to create a matrix for MSC-EC co-cultures, which 
is stable at a physiological temperature, crosslinking of gelatin is needed. To 
stabilise gelatin-based hydrogels, conventionally, chemical crosslinking agents have 
been used [10, 11]. For various tissue engineering strategies, recently crosslinking 
of gelatin was mainly done by radical-mediated polymerisation of chemically 
modified gelatin [8]. Modification with methacryloyl groups, but also with phenols 
or norbornene are often used strategies to fabricate hydrogels [8, 12, 13]. To 
circumvent their potential cytotoxic nature and also immunological reactions to 
residual amounts of crosslinking agent in a hydrogel, enzymatic crosslinking with 
microbial transglutaminase (TG) was introduced [14]. While chemical modification 
and subsequent photo crosslinking is considered more tuneable for different 
applications [8], enzymatic crosslinking requires less processing of the material and 
occurs under physiological conditions. Especially, when considering future clinical 
applications, it might be beneficial to exploit the body’s own crosslinking mechanism 
of proteins instead of radical-mediated chemical crosslinking methods. Moreover, it 
is an advantage of using unmodified gelatin since no chemical reactants are needed 
which therefore also does not need to be purified after the modification process 
to obtain a clinically-relevant product. Furthermore, using unmodified proteins is 
timesaving and it can be prevented to potentially introduce immunogenic or non-
degradable chemical chains.

Tissue transglutaminase is the enzyme in the human body that is responsible for 
protein crosslinking during tissue formation. This enzyme catalyses the reaction 
of the acyl-transfer between the g-carboxamide group of a glutamine residue and 
the ε-amino group of a lysine residue and thereby leading to a covalent isopeptide 
bond between proteins [15]. Furthermore, it is suggested that TGs can crosslink 
native proteins of interest into a hydrogel. Native lysine or glutamine amino acids 
are commonly present in a majority of proteins, hence varying proteins can be 
incorporated into a hydrogel via TG-mediated crosslinking.
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It has been shown that the use of relatively stiff hydrogels with compressive moduli 
in the range of 15-30 kPa lead to enhanced osteogenesis [16, 17]. However, to allow 
for vascular sprouting and formation of a vascular network by endothelial cells 
within a hydrogel, one is limited to relatively soft materials with a compressive 
modulus of under 4 kPa [18, 19]. Consequently, the development of a vascular 
network within a bone-like tissue can only be achieved by using a relatively soft 
material [5]. To compensate for the less favourable matrix stiffness for osteogenesis 
in the benefit of vasculogenesis, we suggest to add osteogenesis-stimulating 
extracellular matrix (ECM)-derived proteins into the matrix, such as laminins.   
In the present study, gelatin-based TG-crosslinked hydrogels were tailored for 
vascularised bone tissue engineering. Firstly, the physico-chemical and mechanical 
properties of the hydrogels were characterised. Secondly, to establish the window 
for TG-mediated crosslinking, the effect of different TG concentrations was assessed 
on the viability of endothelial colony forming cells (ECFCs) and MSCs. Moreover, 
ECFCs and MSCs were co-cultured in gelatin-TG (gelTG) hydrogels to engineer 
pre-vascularised bone constructs. Additionally, the possibility of the simultaneous 
incorporation of other lysine and/or glutamine containing proteins, osteogenesis-
enhancing proteins, was explored. To accomplish this, different isoforms of laminin 
(LN111 and LN211), an abundant ECM-derived protein, were covalently crosslinked 
into gelTG hydrogels and investigated upon their effect on vasculogenesis and 
osteogenesis in an ECFC-MSC co-culture model. 

Materials and Methods

Materials and mould preparations
Type A gelatin from porcine skin was used (MedellaPro, Gelita, Eberbach, 
Germany). Before use, the pH of gelatin dissolved in PBS was set to 7.5, followed 
by dialysis against demi water (cellulose membrane, 14 kDa cut-off, Sigma Aldrich), 
sterile filtration and freeze drying to a porous foam. For compressive testing, disc-
shaped moulds were prepared from silicone sheets of 1 mm height (BioPlexus 
Corporation, Ventura, Ca, USA) and 8 mm diameter. For hydrogel crosslinking 
microbial transglutaminase (TG; Activa TI ®, Ajinomoto) was used without further 
purification. 

Hydrogel preparation
Gelatin was dissolved at 10% [w/v] in PBS and heated to 50 °C for 15 min and stored 
at 4 °C until used (maximum of 7 d). TG was dissolved at a concentration of 10 % 
[w/v] at 50 °C for 10 min, stored on ice and was used within 2 h after preparation. 
Gelatin at 3 % [w/v] was mixed with TG concentrations ranging from 1 to 3 % [w/v] 
of TG, supplemented with 20 % of culture medium in PBS and pipetted into either 
silicone moulds, or as droplets in the centre of culture wells. The mixture was left 
to crosslink for 1 h at 37 °C in a humidified incubator before medium was added to 
the hydrogels. 
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Rheological analysis of hydrogel formation
The crosslinking of 3 % gelatin hydrogels was recorded in the presence of 1, 2, or 3 
% [w/v] TG (n = 3) using an AR G-2 rheometer (TA Instruments, The Netherlands), 
equipped with the software TA Instruments Trios V4.3.0.38388. The crosslinking 
analysis was performed at 0.1 % strain and 1 Hz continuous oscillation at 37 °C under 
humidified atmosphere. The point of gelation was determined by recording the time 
when there was a peak in tan δ = G’’/ G’, followed by a logarithmic increase of the 
shear storage modulus (G’) compared to the shear loss modulus (G’’). Furthermore, 
after 1 h of crosslinking, the reached G’ was recorded. 

Compressive testing of swollen hydrogels
Disc-shaped gelTG hydrogels were prepared in silicone moulds (1 x 8 mm; V= 50 µL). 
After 1 h crosslinking, MSC culture medium (as described in following paragraph) 
was added to the hydrogels, that were subsequently incubated for 24 h at 37 °C. 
Following, the elastic modulus was determined by means of a dynamic mechanical 
analyser (DMA, Q800, TA Instruments, New Castle, DE, USA). Compression was 
applied between – 20 %/ min and – 30 %/ min at room temperature (RT). The elastic 
modulus was calculated based on the slope from the linear region of stress-strain 
curves in a strain range between 5 and 10 %.

MSC isolation, culture and characterisation
Bone marrow aspirates were obtained from the iliac crest of patients after informed 
consent (procedure was approved by the local ethics committee of the University 
Medical Center Utrecht under 08-001-K). Via density gradient centrifugation on 
Ficoll-Paque PLUS (1.077 g/mL; GE Healthcare) the white mononuclear cell (MNC) 
fraction was collected. The cell fraction was cultured in MSC expansion medium 
at 37 °C/5.0 % CO2. For expansion of MSCs the medium was composed of alpha 
modification minimum essential medium (α-MEM; Gibco), 10 % heat-inactivated 
foetal bovine serum (FBS; Lonza), 100 U/mL penicillin, 10 mg/mL streptomycin 
(Gibco), 0.2 mM L-ascorbic acid-2-phosphate (ASAP; Sigma-Aldrich) and 1 ng/
mL fibroblast growth factor-2 (FGF-2; 233-FB, R&D Systems). The differentiation 
potential of the collected cells was tested into the osteo-, adipo- and chondrogenic 
lineage. Further characterisation of MSCs took place by fluorescence-activated cell 
sorting (FACS) where cells were negative for the markers CD14 [RPA-M1, fluorescein 
isothiocyanate (FITC)-conjugated, Abcam], CD34 [4H11, allophycocyanin (APC)-
conjugated, Abcam], CD45 [MEM-28, phycoerythrin (PE)-conjugated, Abcam] and 
CD79a (HM47, PE-conjugated, Abcam) and positive for the established MSC markers 
CD90 (5E10, FITC-conjugated, Abcam), CD105 (MEM-226, APC-conjugated, Abcam) 
and CD73 (AD2, PE-conjugated, Abcam). For the co-culture experiments, MSCs up 
to passage 4 were used.
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ECFC isolation, culture and characterisation
Human umbilical cord blood was obtained after approval by the local ethics 
committee (01-230/K, University Medical Center Utrecht, the Netherlands). The 
blood was obtained after caesarean section and informed consent from the patient. 
The blood was diluted at least 1 : 1 with PBS 2 mM EDTA to isolate MNCs by density 
gradient centrifugation on Ficoll-Paque PLUS. The collected cells were cultured on 
rat tail collagen I (Corning) coating at a seeding density of 10-20 × 106 cells/cm² in 
EGM-2. For ECFC culture, endothelial growth medium-2 (EGM-2) was used, which 
was composed of endothelial basal medium-2 (EBM; Lonza), 10 % FBS, 100 U/mL 
penicillin, 10 mg/ mL streptomycin and EGM-2 SingleQuot (Lonza). During the first 
7 days after plating, the culture medium was refreshed daily. Following, the medium 
was refreshed every 3-4 days. After about 2-3 weeks, colonies with a cobblestone-
like morphology were picked and replated for further expansion. Characterisation 
of ECFCs was done by flow cytometry and were positive for CD105 and CD31 (TLD-
3A12, FITC-conjugated, Abcam), partially positive for CD34 and CD309 (VEGFR/
KDR, PE-conjugated, MACS, Miltenyi Biotech) and negative for CD45, CD14 and 
CD133 (AC133-VioBright, FITC-conjugated, Miltenyi Biotech). For co-cultures, 
ECFCs were used up to passage 10.

Live/dead staining of MSCs and ECFCs
MSCs or ECFCs were encapsulated at a concentration of 5 x 106 cells/mL in 3.5 % 
gelatin hydrogels crosslinked by 1, 2, or 3 % w/v TG. 20 µl droplets were added 
on round coverslips in a well-plate and left to crosslink for 1 h. Subsequently, the 
hydrogels were cultured for 24 h in either MSC expansion medium or EGM-2, 
respectively. 3 gels were prepared per condition for N = 3 donors of each cell type. Live 
and dead cells were stained with 0.5 ug/mL calcein-AM (ThermoFisher Scientific) 
and 1 ug/mL ethidium homodimer (ThermoFisher Scientific). RGB fluorescence 
images of the live/dead stainings were taken at the centre of the hydrogel droplets 
using an upright fluorescence microscope (BX51, Olympus). Images were merged 
to manually count live and dead cells in 9 fields of view per condition (N = 3, n = 3; 
1 image per hydrogel droplet). The percentage of dead cells was corrected for the 
initial cell death after trypsinisation right before encapsulation.

Incorporation of laminins in gelTG hydrogels
To assess the incorporation of laminins in the gelTG polymer network, LN521 
(BioLamina, Sweden) was used. LN521 was added at a concentration of 10 µg/ mL to 
the reaction mixture of 3 % gelatin and 3 % TG. Hydrogels without laminin-addition 
served as a control. Per condition n = 5 hydrogel discs (1 x 5 Ø mm; V= 20 µL) were 
incubated for 24 h in PBS at 37 °C to remove all laminins which were not covalently 
bound in the hydrogel network. After fixation, hydrogels were stained with a 
primary anti-laminin α5 antibody (1:260, clone 4C7, MAB1924, Merck), followed 
by a goat-anti-mouse antibody Alexa Fluor 546 (4 µg/mL, A-11003, ThermoFisher). 
Imaging of stained hydrogels was performed with a fluorescence microscope (BX51, 
Olympus). 
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Co-cultures in gelTG hydrogels
1.25 x 106 ECFCs and 5 x 106 MSCs were co-cultured in 3 % gelatin hydrogels 
crosslinked by 3 % TG. Where indicated, 10 µg/mL LN111 or LN211 (BioLamina, 
Sweden) were mixed with the cell-gelatin suspension to form covalently crosslinked 
hydrogels. Hydrogel droplets of 75 µl were placed in the centre of well-plates, left 
to crosslink for 1 h before addition of osteogenic differentiation medium (ODM). 
ODM was based on α-MEM which was supplemented with 10 % FBS, 100 U/mL 
penicillin, 10 mg/mL streptomycin, 10 mM β-glycerophosphate (Sigma-Aldrich) and 
10 nm dexamethasone (Sigma- Aldrich). The constructs were cultured for 2 weeks. 
3 different donor combinations of MSCs and ECFCs were used. Per experiment 
3 hydrogels were used for mRNA isolation and 3 hydrogels were fixed in 4% 
formaldehyde and cut into 4 pieces for subsequent stainings (N = 3, n = 3).

Whole mount (immuno)staining and quantification of pre-vascular networks
After fixation of the samples, one quarter of each construct was stained for ALP 
activity, an early osteogenic marker, using Fuchsin + Substrate-Chromogen System 
(K0624, Dako). For fluorescent immunostainings, the hydrogels were permeabilised 
with 0.2 % Triton-X PBS for 30 min, followed by blocking with 5 % bovine serum 
albumin (BSA)/PBS for 30 min. To stain capillary-like structures, an anti- CD31 
antibody (5.1 µg/mL; M0823, Dako) was combined with a secondary sheep anti-
mouse biotinylated antibody (1 : 200; RPN1001v1, GE Healthcare) and a tertiary 
streptavidin Alexa Fluor 488 conjugated antibody (5.0 µg/mL; S32354, Invitrogen). 
To detect the stabilising structures of capillary-like networks, a mouse monoclonal 
Cy3-conjugated α-smooth muscle actin (αSMA) antibody (1 : 300; Clone 1A4, 
C6198, Sigma- Aldrich) was used. 4, 6-diamidino-2-phenylindole (DAPI; 100 ng/mL; 
Sigma-Aldrich) was used to stain the cell nuclei. Imaging occurred with a confocal 
microscope (SP8x Leica, DMi8, Leica). 

To quantify the extent of pre-vascular structure formation, hydrogels of co-cultures 
were imaged in the centre of the hydrogel and 100 µm z-stacks were made (one 
location per hydrogel, n = 9). Projections of these z-stacks were individually adapted 
in brightness and contrast in ImageJ 1.51a to obtain comparable images for batch-
processing using Angioquant software [20] to determine the total and mean vessel-
like structure length per projection.

Immunohistochemistry on paraffin sections
The fixed hydrogel constructs were dehydrated in graded ethanol series, cleared in 
xylene and the hydrogel constructs were embedded in paraffin blocks and sectioned 
at 5 µm. Osteogenic differentiation of the cells embedded in the hydrogels was 
assessed by staining for osteonectin. Sections were deparaffinised, hydrated and 
endogenous peroxidase was blocked in 0.3 % H2O2. Antigens were retrieved in citrate 
buffer at 80 °C for 20 min. The primary antibody for osteonectin, AON-1,  [4.2 µg/mL; 
deposited to the Developmental Studies Hybridoma Bank (DSHB) by J.D. Termine 
[21]] was incubated for 1 h, followed by a horseradish peroxidase-conjugated anti-
mouse antibody (EnVision + System- HRP Labelled Polymer, K4000, Dako). Staining 
of osteonectin was developed by conversion of 3,3’-diaminobenzidine (DAB) 



80 CHAPTER 4

solution (SK-4100, Vector, Burlingame, CA, USA) and nuclei were counterstained 
with haematoxylin (Merck). Isotype controls were performed using concentration-
matched mouse IgG1 monoclonal antibody (ThermoFisher Scientific).

mRNA isolation, cDNA synthesis and qPCR
After 2 weeks of co-culture of MSCs and ECFCs, the hydrogels were digested in 
2 mg/mL collagenase A (Roche) for 10 min at 37 °C. Following, the hydrogel-cell 
pellet was resuspended in TRIzol reagent (ThermoFisher Scientific, USA) and 
messenger RNA (mRNA) was isolated according to the manufacturer’s instructions. 
DNAse treatment (Turbo DNAse; Thermo Fisher) was used to remove any DNA 
contaminations and the extracted mRNA was quantified with a NanoDrop ND-1000 
spectrophotometer (ThermoFisher) at 260/280 nm. Complementary DNA (cDNA) 
was synthesised from 1 µg mRNA using the iScript cDNA Synthesis Kit (Bio Rad, 
Hercules, USA). qPCR analysis was done with a Bio-Rad CFX96 Real-Time PCR 
Detection System using FastStart SYBR Green Master mix (Sigma Aldrich) and 
an input of 20 ng cDNA per reaction. The used primers are presented in table 1 
and the amplification efficiencies of all of the primers were between 0.9 and 1.1. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a housekeeping 
gene and the relative expression was determined by the 2-ΔCT formula.

Table 1. Primers 

Human gene (protein) Forward primer Reverse primer

PECAM1 (CD31) GCAGTGGTTATCATCGGAGTG TCGTTGTTGGAGTTCAGAAGTG

CDH5 (VE-cadherin) AAGCAGGCCAGGTATGAGAT TGTGTACTTGGTCTGGGTGAAG

CSPG4 (NG2) GAAGGAGGACGGACCTCAAG GATCAGCTGCTCTTCCACCATT

ACTA2 (αSMA) ATGCCATCATGCGTCTGGAT ACGCTCAGCAGTAGTAACGA

BGLAP (osteocalcin) CCTCACACTCCTCGCCCTAT GCTTGGACACAAAGGCTGCAC

SPP1 (osteopontin) GCCGAGGTGATAGTGTGGTT GTGGGTTTCAGCACTCTGGT
RUNX2 (Runt-related 
transcription factor 2)

TTACAGTAGATGGACCTCGGGA AGGAATGCGCCCTAAATCACT

GAPDH (Glyceraldehyde 
3-phosphate dehydrogenase)

CAACGGATTTGGTCGTATTGGG TGCCATGGGTGGAATCATATTGG

Statistical analysis
Differences in physico-chemical properties and cell viabilities were determined by 
one-way ANOVA and subsequent Tukey honest significant difference (HSD) post-
hoc analysis using GraphPad Prism 7.02. For analysis of qPCR and vessel network 
length, MS Excel 2010 was used for calculations and PASW Statistics 22.0 (SPSS Inc. 
Chicago, USA) for statistical analysis. A mixed linear model, after log transformation 
for PCR data, was used to take into account the variations between donors and a 
Bonferroni’s post hoc comparison test to compare the gene expression levels 
between the different hydrogel compositions. In the used model, the cell donors 
were considered as random factors and the hydrogel composition as a fixed factor. 
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Diff erences were considered statistically signifi cant for p < 0.05. Asterisks represent 
statistical signifi cances according to p-values (*p < 0.05; **p < 0.01; ***p < 0.001).

Results

Physico-chemical characterisation of gelatin-transglutaminase hydrogels
The formation of 3% [w/v] gelatin-transglutaminase (gelTG) hydrogels was recorded 
over time by measuring the rheological properties of the crosslinking mixture 
(Figure 1a). The point of gelation of the hydrogels occurred within minutes and the 
crosslinking was accelerated by higher TG concentrations (Figure 1b). Although the 
crosslinking reaction did not plateau within the incubation time of 1 h (Figure 1a), 
addition of 3 % TG over 2 % did not result in an increased compressive modulus 
of the swollen hydrogels (Figure 1c). However, when only 1 % TG was used for 
hydrogel fabrication, they failed to gelate consistently.

b

c

a

Figure 1. Physico-chemical and mechanical characterisation of gelTG hydrogels. a Representative 
rheological profi le of 3 % (w/v) gelatin crosslinked by 3 % TG (w/v). b Point of gelation of 3 % (w/v) 
gelatin hydrogels for diff erent TG concentrations (independent experiments with n = 3). c Compressive 
moduli of 24 h swollen gelTG hydrogels for diff erent TG concentrations (n = 9).

Formation of pre-vascularised bone-like tissue in gelTG
The eff ect of the concentration of TG for hydrogel crosslinking on the viability of 
ECFCs and MSCs was investigated 1 day after encapsulation. Live cells were stained 
in green (calcein) and nuclei of dead cells in red (ethidiumhomodimer) as shown in a 
representative image of encapsulated MSCs (Figure 2a). Both ECFCs and MSCs were 
equally viable at about 90 %, independent of the applied TG concentration (Figure 
2b,c). Co-cultures of MSCs and ECFCs for 14 d in osteogenic medium resulted in 
osteogenic commitment as indicated by positive ALP staining and slightly positive 
osteonectin staining (Figure 2d,e). Furthermore, the same cultures formed capillary-
like structures which were stabilised by αSMA positive cells (Figure 2f-g).
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Figure 2. ECFC and MSC cell viability in gelTG hydrogels and formation of a pre-vascularised bone-like 
tissue. a Representative image of a live/dead staining of MSCs 1 d after encapsulation in gelTG hydrogels. 
b ECFC viability in gelTG hydrogels versus TG concentration (w/v). c MSC viability in gelTG hydrogels 
versus TG concentration. d ALP expression in a quarter, whole mount hydrogel construct. e Osteonectin 
staining on paraffi  n sections of the hydrogel. f,g 100 µm z-projection of stabilised capillary-like networks 
with g a magnifi cation of the rectangle in f (CD31 in green and αSMA in red). N = 3 donors, n = 3 hydrogels)

Eff ect of incorporated laminins on MSC-ECFC co-cultures
The successful coupling of LN521 into gelTG hydrogels was confi rmed by an 
immunofl uorescence staining against the α5 subunit of LN521, which was 
incorporated into 3 % hydrogels using 3 % TG. Compared to the empty hydrogel 
control (insert in Figure 3b), the laminin-containing hydrogel stained homogenously 
for α5 (Figure 3b).

LN111 and LN211 were incorporated in gelTG hydrogels with the aim to enhance 
the osteogenic diff erentiation in soft hydrogels. After 2 weeks of culture time, 
intense ALP activity was present in gelTG constructs that were enriched with LN111 
or LN211 (Figure 3c,g). Osteonectin, a more mature marker than ALP, was not yet 
clearly present in the diff erent hydrogels (Figure 3d,h). αSMA-stabilised capillary-
like networks were present throughout 100 µm projections in both types of laminin-
laden gelTG hydrogels (Figure 3e,i). Quantifi cation of the vascular-like structures, 
compared to the gelTG hydrogels, indicated no eff ect on total or mean capillary-like 
network length (Figure 3f,j). All examined conditions were demonstrated to support 
formation of pre-vasculature and osteogenic diff erentiation. 
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Figure 3. Eff ect of laminins on osteogenic, vasculogenic and pericyte-like diff erentiation in gelTG 
hydrogels after 2 weeks in osteogenic diff erentiation medium. a For cell cultures, gelTG hydrogels were 
either pure, or enriched with either LN111 or LN211. b Immunostaining against the α5 subunit of LN521 
showing laminin retention in gelTG hydrogels 24 h after hydrogel fabrication (n = 5). c,g ALP expression 
in quarters of whole mount hydrogel constructs. d,h Osteonectin staining on paraffi  n sections of the 
diff erent hydrogel compositions and of the isotype control (insert). e,i stabilised capillary-like networks 
in 100 µm z-projections. f Total, and j mean capillary-like network length in the diff erent hydrogels. N = 
3, n = 3

Gene expression levels for osteogenic, vasculogenic and pericyte-like markers were 
analysed, to detect the cellular diff erentiation potential when embedded in pure 
gelTG hydrogels and when laminins were added. For the osteogenic markers, BGLAP, 
SPP1, and RUNX2 no statistical diff erences in expression levels were observed 
between the diff erent groups (Figure 4a-c). Furthermore, on vasculogenesis-related 
genes CDH5 and PECAM1 no eff ect was seen by the added laminins (Figure 4d,e). 
Also on the pericyte-related genes CSPG4 and ACT2, the addition of laminins did 
not have any infl uence (Figure 4f,g). 
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Figure 4. Osteogenic, vasculogenic and pericyte-like gene expression levels in different gelTG hydrogels 
after 14 d of co-culture in osteogenic differentiation medium. a-c Osteogenic gene expression levels 
for BGLAP, SPP1 and RUNX2 indicated no significant difference between the different hydrogel 
compositions. d, e Vasculogenic gene expression levels for CDH5 and PECAM1 were similar in all 
hydrogels. f, g Pericyte-like gene expression levels CSPG4 and ACT2 resulted in no significant differences 
between the different hydrogel compositions. N = 3, n = 3
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Discussion

In the present study, we characterised and enriched gelTG hydrogels for pre-
vascularised bone tissue engineering. These hydrogels were designed to have a fast 
enzymatic crosslinking process, high cyto-compatibility and to enable formation of 
capillary-like structures and simultaneous osteogenic differentiation. Furthermore, 
it was possible to incorporate unmodified laminins into the hydrogel network. 

Physico-chemical and mechanical properties of gelatin-transglutaminase 
hydrogels
The rate of the crosslinking reaction between gelatin and TG was highly dependent 
on the TG concentration, where it was observed that a higher TG concentration led 
to faster gelatin hydrogel formation. This is in line with the observations of Irvine et 
al., who also observed that the TG concentration had a clear effect on the crosslinking 
time of gelatin-based hydrogels when using 0.5, 1.5 and 3 % TG [22]. In our study, 
we observed that at 2 % TG there was a saturation point, where further increasing 
the TG concentration did not accelerate the crosslinking process any further. 
Sterical hindrance by relatively high enzyme and maltodextrin concentrations when 
crosslinking gelatin might be a plausible explanation. The used TG also contains 
maltodextrin and purification of the enzyme before use [16, 23, 24], might improve 
the consistency of the speed of crosslinking. While 1 % unpurified TG appeared too 
low to robustly crosslink 3 % gelatin hydrogels in the tested crosslinking regime, 2 
and 3 % TG led to identical compressive moduli of the swollen hydrogels. 

Gelatin crosslinking via TG is based on lysine and glutamine residues which are 
naturally present at approximately 3 and 8 % in the gelatin backbone, respectively 
[25]. Therefore, this TG-mediated crosslinking is simpler and more efficient 
compared to other enzyme mediated crosslinking systems for gelatin. To illustrate, 
the crosslinking reaction of TG and gelatin, which leads to a point of gelation 
within minutes after initiation, is much faster than those for other enzymes, such 
as laccase and tyrosinase [26]. Laccase-mediated crosslinking requires extensive 
crosslinking times of several hours [26]. Such long crosslinking times are impractical 
for cell incorporation and for clinical use. Horseradish peroxidase (HRP)-mediated 
crosslinking is characterised by an almost instantaneous reaction. However, gelatin 
needs to be modified first before it can be crosslinked using HRP and H2O2 [27, 
28]. HRP and laccase-mediated crosslinking occurs through tyrosine crosslinking 
which is also naturally present on gelatin but at low concentrations. This would then 
necessitate the grafting of more tyrosines for stable crosslinking into a hydrogel. For 
crosslinking systems, as presented by gelatin and TG, potential applications lie in 
molding of constructs and 3D bioprinting purposes. 
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Engineering pre-vascularised bone-like tissues in gelTG hydrogels
In order to evaluate possible cell-dependent effects due to TG-mediated crosslinking, 
materials were evaluated with the relevant primary cell types MSCs and ECFCs. 
Approximately 90 % of both cell types were viable after 1 day. Moreover, there was 
also no TG concentration-dependent effect up to 3 % on the viability of the tested 
cells, highlighting the high cell biocompatibility of the crosslinking process. This 
high cell biocompatibility was also previously confirmed by others, who found cell 
viabilities higher than 90 % for MSCs or NIH 3T3 cells [24, 29].

In gelTG hydrogels, ECFCs formed interconnected capillary-like structures, which 
were stabilised by αSMA-expressing cells. Simultaneously, a fraction of MSCs 
differentiated towards the osteogenic lineage. While stiffer matrices proofed to 
be more beneficial for inducing osteogenesis, it was also shown previously that 
osteogenic differentiation can also occur in relatively soft matrices under 4 kPa [16, 
30-32], corroborating the outcome of the present study. Osteogenic differentiation 
in this culture model was assessed after a culture period of 14 d, which is early for 
bone formation. While there are studies showing osteogenic differentiation after 2 
weeks [32], conventionally, osteogenesis is evaluated after 3-4 week culture periods 
[33] and this may explain the relatively weak staining for osteonectin.

Effect of incorporated laminins on MSC-ECFC co-cultures
Microbial transglutaminase crosslinks lysine and/or glutamine containing proteins, 
which enables coupling of various (unmodified) ECM-derived proteins, such as 
laminins, into the gelatin hydrogel network [34]. This direct coupling of unmodified 
proteins into a polymer network is advantageous over other approaches that require 
chemical modification of the protein. 

Laminins are heterotrimeric proteins that contain an α-chain, a β-chain and a γ-chain 
and the resulting different isoforms of laminin are named according to their chain 
composition. They are high molecular weight proteins and as an integral part of the 
basement membrane they influence cell adhesion, migration and differentiation [35]. 
For osteogenic purposes, laminins were explored as coatings of calcium phosphates 
or titanium implants and showed promising results in-vitro and in-vivo in terms of 
osteogenic differentiation [36]. For LN111 and for LN211, osteogenesis-enhancing 
effects were described that might be beneficial for ECFC-MSC co-cultures. 

Specifically, LN111-derived peptides were shown to stimulate ALP activity in in-
vitro cell cultures, as an early osteogenic marker [37]. Furthermore, LN111 increased 
the precipitation of calcium phosphates in-vitro [38, 39]. In-vivo it was shown that 
coating of implant surfaces with LN111 led to significantly higher bone area [40] and 
bone-related gene expression than in the control groups [41], but only during early 
bone formation within 2 weeks [42]. Similarly, LN211 was also found to enhance 
bone cell function in-vitro and in-vivo [43-45]. 
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In the present study, successful coupling and homogenous distribution of laminin 
in gelTG was shown. To investigate whether LN111 and LN211 can promote 
osteogenesis in soft gelatin-based hydrogels, we incorporated these proteins in 
gelTG. However, addition of these laminins on short term did not result in any 
added effect on early osteogenic differentiation, neither on the protein nor on the 
gene expression level. In contrast to the other studies where osteogenesis was 
stimulated with laminins, the short term of our experiment may have caused this 
lack of effect. The incorporation of laminins by crosslinking via microbial TG might 
have led to a transient protein inactivation. Further, the incorporated proteins may 
have remained inactive while retained in the matrix because on the applied time 
scale, insufficient degradation and remodelling of the matrix could have taken place 
by the cells to release the active site of the proteins. It was indeed shown before that, 
enzymatic crosslinking of bioactive proteins into gelatin can lead to such a reversible 
inactivation of the protein [23].

Gelatin by itself is a biologically active matrix, and it could also be possible that 
addition of laminins does not further affect the osteogenic differentiation of our 
encapsulated cells. It was reported in other studies that laminins have an effect on 
osteogenesis when incorporated in a (semi) synthetic hydrogel [32, 46]. Another 
explanation that the laminins did not have an effect in our gelTG hydrogels on 
the encapsulated cells, might be attributed to the presence of growth factors in 
the osteogenic culture medium that might have overruled the effect of the added 
laminins. 

Overall, it was demonstrated that it is possible to successfully incorporate laminins 
into gelTG hydrogels. At short term, laminins in the gelTG hydrogels did not affect 
cell behaviour towards osteogenesis. It is likely, that the activity of the incorporated 
laminins was (temporarily) impaired and therefore did not significantly enhance 
the formation of pre-vascularised bone using the MSC-ECFC co-cultures. However, 
even though laminins did not have an effect in these hydrogels in-vitro, it might still 
be possible that in-vivo, where a faster degradation and remodelling of the hydrogel 
takes place, the laminins might be released and stimulate osteogenesis. Nevertheless, 
we demonstrated that the gelTG hydrogels, with or without laminins, were able to 
support pre-vascular structure formation and osteogenesis simultaneously.
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Conclusion

GelTG hydrogels crosslinked by mTG are an easily available and biocompatible 
biomaterial for cell culture. Via mTG-mediated crosslinking, laminins can be 
incorporated into these hydrogels to steer cell behaviour. These hydrogels enabled 
formation of capillary-like structures and early osteogenesis in pure and laminin-
enriched gelTG hydrogels using an ECFC-MSC co-culture model. Incorporation 
of LN111 or LN211 in gelTG hydrogels supported the development of pre-
vascularised bone-like microtissues, however, did not further affect the extent of 
tissue differentiation compared to gelTG hydrogels. 
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Abstract

For creating functional tissue analogues in tissue engineering, stem cells require very 
specific 3D microenvironments to thrive and mature. Demanding (stem) cell types 
that are used nowadays, can find such an environment in a heterogeneous protein 
mixture with the trade name Matrigel. Several variations of synthetic hydrogel 
platforms composed of poly(ethylene glycol) (PEG), which were spiked with 
peptides, were recently developed and showed equivalence to Matrigel for stem cell 
differentiation. Here we present a clinically relevant hydrogel platform, based on PEG 
and gelatin, which even outperformed Matrigel when targeting 3D pre-vascularised 
bone and liver organoid tissue engineering models. The hybrid hydrogel with 
natural and synthetic components stimulated efficient cell differentiation, superior 
to Matrigel models. Furthermore, the strength of this hydrogel lies in the option to 
covalently incorporate unmodified proteins. Our results demonstrate how a hybrid 
hydrogel platform with intermediate biological complexity, when compared to 
existing biological materials and synthetic PEG-peptide approaches, can efficiently 
support tissue development from human primary cells.
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Introduction

Shortcomings of autologous tissue transplants and the shortage of donor organs are 
a major clinical burden to society. Tissue engineering and regenerative medicine 
are considered as a potential solution to overcome this problem. Considerable 
advancements over the course of almost 30 years, resulted in therapeutic applications 
with successes for thin or avascular tissues and organs such as skin [1], cartilage [2] 
and bladder [3]. For biologically complex tissue analogues and for up-scaling of 
constructs to clinically relevant size, a major bottleneck for advancement to the 
clinical setting lies in the lack of vascularization [4]. Furthermore, there is a need for 
clinically relevant, degradable biomaterials that stimulate cell differentiation, matrix 
secretion and ultimately, functional tissue development [5].

Hydrogels play an important role in tissue engineering approaches, since their 
three-dimensional (3D) polymer network, characterized by a high water content, 
can closely resemble the native extracellular matrix in the (developing) tissues. In 
fundamental stem cell culture, the most commonly used biomaterial is isolated from 
a mouse tumor (Engelbreth-Holm-Swarm), which is rich in extracellular matrix 
proteins with the trade name Matrigel (or Cultrex) [6]. The composition of Matrigel is 
heterogeneous with more than 1,500 different proteins in its makeup, with the most 
prevalent proteins being laminin, collagen type IV and entactin [7]. This material 
is especially required for biologically demanding cell cultures, such as organoids 
[5, 8] and vasculogenesis assays [9]. Its unique biological composition attributes its 
value for cell culture to the derivation from the basement membrane and allows 
cells to proliferate and differentiate. The basement membrane forms a specialized 
extracellular habitat of multiple organ and tissue systems throughout the body, 
making it an interesting target matrix for recapitulation.

Furthermore, even though Matrigel might appear as an ideal biomaterial from a 
biological perspective, there are numerous disadvantages that render it unsuitable 
for clinical application [10]. High variability in composition and also stiffness, limits 
the batch reproducibility massively [11], with a lot-to-lot similarity of only 53% [7]. The 
murine origin of Matrigel will furthermore complicate clinical translation due to 
immunogenic effects [12].

To advance the translation of human tissue analogues to the clinics, new matrices 
with biological equivalence to the basement membranes are of high relevance. Recent 
approaches to create these were based on completely defined synthetic hydrogel 
platforms, coupled with biological components in the form of peptides improving 
cell adhesion such as RGDs (arginylglycylaspartic acid) [13]. In the present study, 
laminins were chosen for incorporation because these represent the major protein 
present in Matrigel. Synthetic polymers are advantageous since they are biologically 
inert and they have highly defined material and mechanical properties. To impart 
biological characteristics, inert synthetic polymers such as poly(ethylene glycol) 
(PEG), poly(vinyl alcohol) (PVA), poly-N-isopropylacrylamide (PNIPAAM) require 
addition of bioactive peptide sequences. For example, in a vascular toxicity screen, 
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a 2D platform based on poly(ethylene glycol) (PEG) and peptides mimicking the 
functional groups of large ECM molecules (RGDs) outperformed Matrigel in terms 
of reproducibility and sensitivity [13b]. The screening assay typically involves cell 
culture periods for up to 24 hours. Also, for stem cell expansion, the tailored PEG-
based system with peptides maintained human embryonic stem cell pluripotency 
during the initial 4 days [13b]. Further, another group presented an elegant approach 
to expand and differentiate intestinal stem cells and organoids in a mechanically 
dynamic PEG-peptide-based hydrogel to foster fibronectin-based adhesion peptides 
and compared it to Matrigel [13a]. During culture over 4 days, intestinal stem cells 
survived and proliferated in the PEG-peptide hydrogels. Another variant of PEG 
hydrogels, spiked with RGDs and protease-degradable peptides even allowed 
for 14-day cell differentiation protocols, which resulted in comparable levels of 
differentiation as cultures in Matrigel [13c].

These recent hydrogel developments are great achievements towards finding a 
clinically relevant replacement for Matrigel by showing biological equivalence. 
The next step lies in the further development of a tissue-specific tailorable material, 
which allows for enhanced cell differentiation compared to Matrigel in order to 
more closely mimic the function of a native tissue. However, due to the low number 
of biologically active sites in synthetic matrices with spiked peptides, they have 
a reduced cell-driven remodeling capacity when compared to natural materials. 
Stimulating remodeling of the engineered matrix into a mature biologically 
functional tissue analogue implies successful long-term performance of encapsulated 
cells [8]. The native extracellular matrix (ECM) is a dynamic material, which provides 
residing cells with specific physical and chemical cues via binding sites [14]. The ECM 
is ascribed a crucial role in regulating the development, function and homeostasis of 
residing cells [15]. Hence, an ideal scaffold material for engineering of tissues outside 
the human body, will be one that mimics the natural architecture of the targeted 
tissue, which remains a significant challenge with the current technology [14, 16].

To bridge the gap between minimalistic approaches of synthetic, defined matrices 
and biological materials, novel hydrogels that provide a matrix with intermediate 
biological complexity are needed for tissue engineering purposes. Gelatin can serve 
this purpose, as it is derived from the most abundant protein in the human body, 
collagen type I, which is highly conserved among species. It is associated with 
less immunogenicity than collagen while retaining bioactive signals of its native 
progenitor. Furthermore, gelatin is used, despite its animal origin, routinely in the 
clinics since several decades [17].

In this study, we developed a gelPEG hydrogel platform aimed at recapitulating 
the biological functionality of the basement membranes, while maintaining the 
simplicity, tailorability and reproducibility of synthetic hydrogels. This hybrid 
semi-synthetic gelPEG platform uniquely combines its inherent support of cell 
performance, tailorability of physicochemical characteristics and highly versatile 
application by incorporation of natural (unmodified) tissue-specific proteins. A 
systematic material characterization is presented and tailored towards physico-
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chemical parameters favoring multi-tissue differentiation. The biological 
performance of the novel hydrogel is compared to that of Matrigel. Vasculogenesis, 
a hallmark process for tissue engineering, is evaluated in gelPEG hydrogels and 
assessed regarding extent and maturity of the developed vascular network in 3D. To 
demonstrate the enhanced cell-instructive capacity of the new basement membrane-
inspired material, it was applied in engineering of pre-vascularised bone and liver-
like tissue analogues.

Results 

Systematic evaluation of gelPEG hybrid hydrogels
Hydrogels were fabricated by forming covalent crosslinks between gelatin and PEG 
via an enzymatic reaction with coagulation factor XIII (FXIIIa). To do so, the specific 
amino acid substrate sequence (NQEQVSPL) of the enzyme was conjugated to 8-arm 
PEG (PEG-Gln), which can be crosslinked with the native lysine residues on gelatin 
(Figure 1). Moreover, in the same reaction step, other lysine-containing proteins 
may be coupled into the gelPEG hydrogel network to create a tissue-specific ECM-
like environment. Before crosslinking, cells were resuspended in the gelatin-PEG 
solution to form a 3D polymer network around the cells.

Figure 1. Enzymatic crosslinking reaction between PEG and gelatin. The FXIIIa-specific amino acid 
sequence for glutamine (gln), NQEQVSPL, was conjugated to 8-arm PEG (PEG-Gln), which can be 
crosslinked with lysine (lys) residues that are naturally occurring on gelatin. The reaction takes place 
under physiological conditions and cells can be encapsulated in the same step. It is also possible to 
immobilize other lysine-containing proteins in the hydrogel network for enhanced tissue specificity (see 
Supplementary Figure 2).

The optimal crosslinking conditions between gelatin and PEG were established by 
mixing the two components in molar ratios between 1:1 to 6:1 (gelatin)Lys/(PEG)Gln 
at a constant overall polymer concentration of 3% w/v (Figure 2). Hydrogels with the 
lowest swelling ratio, indicating efficient crosslinking and therefore the best fabrication 
window, was from 1:1 to 4:1 gelatin/PEG combination (Figure 2a). Since gelatin can 
be degraded and remodeled by cells, 4:1 gelatin/PEG was preferred over 2:1 and 1:1 
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and chosen to proceed within further experiments.  The swelling ratio decreased with 
increasing polymer concentration (Figure 2b). A polymer concentration of 1% w/v 
gelPEG resulted in mechanically unstable hydrogels that could not be manipulated 
without destruction. The compressive moduli were 2.6 kPa ± 0.6 for 2% and 6.8 kPa 
± 2 for 3% w/v gelPEG hydrogels with signifi cant diff erences (p= 0.0026) (Figure 2C). 
Rheological measurements indicated for 2% gelPEG at 4:1 molar ratio a point of 
gelation after 2 ± 1.5 minutes and the hydrogel was completely crosslinked after about 
15 minutes (Supplementary Figure 1). Furthermore, coupling of lysine-containing 
proteins of interest into the gelPEG network was demonstrated. To do so, laminin 
(LN) 521 was successfully incorporated in gelPEG hydrogels as indicated by anti-α5-
LN staining in whole mount constructs (Supplementary Figure 2b). 

a b ca b c

Figure 2. Physical fi ne-tuning and characterization of gelPEG hydrogels. a Hydrogels with the lowest 
swelling ratio were obtained at a molar ratio (gelatin)Lys/(PEG)Gln of 2:1 for 3% w/v gelPEG. b Decreasing 
gelPEG concentration resulted in higher swelling ratios. c Compressive moduli were signifi cantly 
increased from 2 to 3% gelPEG. n.d., not determined; lys: lysine; gln: glutamine; data is depicted as mean 
+ SD; n= 5

Vasculogenesis in gelPEG hydrogels compared to Matrigel
The biological functionality of the novel developed gelPEG hydrogel for 3D 
vasculogenesis was assessed and compared to Matrigel, the gold standard for 
vasculogenesis. Low polymer content or crosslink densities resulting in soft hydrogels 
are needed to allow for cell migration [18] and enabling capillary network formation [19]. 
For this reason, we chose for this application the 2% w/v gelPEG hydrogel formulation, 
which is relatively stable (compared to 1%) and still relatively soft.
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Figure 3. Vasculogenesis in gelPEG and Matrigel characterized by stabilized capillary-like structures with 
lumen. Human GFP-ECFCs and MSCs were co-cultured for 10 days in EGM-2. a, e Projections of 150 µm 
confocal stacks through a hydrogel. b, f Stabilization of vascular networks by pericyte-like cells (red). c, g
Capillary-like structures were composed of multiple fused endothelial cells indicated by cell-cell contact 
by VE-cadherin junctions. d, h Capillary-like structures in gelPEG and Matrigel were characterized by 
lumenization (dott ed lines indicate cutt ing sections). i Capillary-like structures with fi lopodia at a site of 
active angiogenesis, here in a gelPEG hydrogel. j, k Total vessel length and average vessel thickness in 
gelPEG hydrogels and Matrigel. Data is depicted as mean + SD; N= 3, n= 3

Interconnected endothelial cell networks from healthy human endothelial colony 
forming cells (ECFCs) were observed in Matrigel after 3 days, whereas similar 
capillary-like network took longer to be formed in gelPEG hydrogels and was 
observed after 6 days (Supplementary Figure 3). After a 10-day co-culture of healthy 
human ECFCs and MSCs, highly interconnected vascular-like structures were 
present throughout all hydrogels (N=3 donor combinations, Figure 3 a, e; Suppl. 
Figure 3 c, f). Quantifi cation of total vessel length and average vessel thickness of 150 
µm z-projections revealed comparable network formation in gelPEG and in Matrigel 
(Figure 3 j, k). Also, in both matrices, vascular networks were stabilized by pericyte-
like cells as indicated by αSMA staining (Figure 3 b, f). Moreover, staining of VE-
cadherin junctions in the capillary-like structures highlighted the cell-cell contacts 
of single endothelial cells, which had fused and remodeled into a further matured 
vessel (Figure 3 c, g) containing lumen (Figure 3 d, h). A close-up of the capillaries, 
showed fi lopodial extensions indicating active angiogenesis at various sites in the 
hydrogels (here in gelPEG hydrogel) (Figure 3 i).
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Development of pre-vascularised bone-like tissue analogues
To further demonstrate the versatility and performance of the novel gelPEG 
hydrogels, pre-vascularised bone-like tissue analogues were cultured with human 
MSCs and ECFCs in the novel material and compared to Matrigel. Pre-vascularised 
tissues can be engineered by using endothelial cells that self-assemble into vascular-
like networks [20]. Furthermore, in a vascularised bone engineering approach, MSCs 
play a dual role. Firstly, a part of these multipotent cells will diff erentiate into 
pericyte-like cells, which are needed for stabilization and maturation of capillary 
networks. Secondly, another fraction of MSCs will undergo osteogenesis towards 
the formation of bone tissue [19c, 21].
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Figure 4. Development of pre-vascularised bone-like tissue analogues in Matrigel and gelPEG-based 
hydrogels. ECFC-MSC co-cultures were cultured for 2 weeks under osteogenic culture conditions in the 
different hydrogels before analysis of osteogenesis, vasculogenesis and presence of pericyte-like cells. 
Expression of BGLAP and SPP1 as osteogenic markers, CDH5 and PECAM1 were measured as endothelial 
markers and CSPG4 and ACTA2 as pericyte markers. a, e, i Von Kossa staining was positive for gelPEG 
and gelPEG+LN111 hydrogels highlighting mineralization. b, f, j Sections of hydrogels highlighted the 
presence of the osteogenic marker osteonectin in all groups. c, g, k 100 µm z-projections of vascular-like 
networks (green) in the centre of the hydrogels. d, h, l Vascular-like structures, stabilized by αSMA-
positive pericyte-like cells (red). m Total vessel length was equal in Matrigel and gelPEG+LN111, and 
significantly longer than in gelPEG hydrogels. n, o mRNA expression for osteogenic genes encoding for 
osteocalcin and osteopontin were comparably expressed in Matrigel, gelPEG and gelPEG+LN111. p, q 
Vasculogenesis-associated genes encoding for CD31 and VE-cadherin were expressed in all hydrogels, 
with highest VE-cadherin expression in Matrigel, followed by gelPEG and gelPEG+LN111. r, s Pericyte-
associated genes encoding for αSMA and NG2 were equally expressed in all hydrogels. Data is depicted 
as mean + SD; N= 3, n= 3

To increase gelPEG’s biological resemblance to Matrigel, one of its major components, 
laminin 111 (LN111) [6b], was immobilized in the gelPEG networks and taken along 
in the comparison. After a culture period of 2 weeks under osteogenic conditions, 
ECFC-MSC co-cultures were analyzed for markers indicating pre-vascularization and 
osteogenesis. From a macroscopic point of view, gelPEG hydrogels became opaque 
during the culture period, whereas Matrigel remained rather transparent (Figure 
4). Matrigel cultures were negative for von Kossa staining, while interestingly, 
all gelPEG hydrogels were mineralized (Figure 4a, e). Also, gelPEG hydrogels 
with LN111 showed mineralization in 7 out of 9 constructs, which appeared more 
homogeneously distributed throughout the hydrogel when compared to pure 
gelPEG hydrogels (Figure 4i). The majority of cells in co-cultures of all hydrogels 
were positive for the osteogenic marker osteonectin (Figure 4b, f, j). Late osteogenesis-
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related genes encoding for osteocalcin and osteopontin were expressed comparably 
in all hydrogel systems (Figure 4n, o). Moreover, vasculogenesis was present in all 
hydrogel compositions as shown in projections of 100 µm in the z-direction (Figure 
4c, g, k). The total length of the capillary-like network was comparable between 
Matrigel and gelPEG+LN111, whereas gelPEG hydrogels had a significantly shorter 
vascular-like network (Figure 4m). The gene expression levels encoding for CD31 
were comparable between all conditions (Figure 3n). However, the gene expression 
for VE-cadherin was significantly lower in gelPEG and gelPEG+LN111 compared to 
Matrigel (Figure 4q). The capillary-like networks were supported by αSMA positive 
pericyte-like cells (Figure 4d, h, l) and pericyte-related genes encoding for αSMA and 
NG2 had comparable expression levels in all hydrogel compositions (Figure 4r, s).

Notably, Matrigel constructs lost thickness when compared to gelPEG-based 
constructs as also apparent in paraffin cross-sections of the constructs (Figure 4 a, b, 
e, f, i, j). At the same time, the diameter of all of the constructs stayed approximately 
the same (Figure 4, first column). 

Development of liver-like tissue analogues
To further assess the biological performance of gelPEG hydrogels for biologically 
demanding cell cultures, liver organoids were encapsulated in tailored hydrogels 
and compared to a conventional culture protocol in Matrigel. Since the Matrigel 
used for this application, typically has a high protein concentration and thus, higher 
stiffness, in analogy, also gelPEG was used at 3% w/v, to achieve stiffer hydrogels. 
These hydrogels were further supplemented with LN111, to better resemble 
Matrigel’s composition, or with LN521, since this LN is associated with improved 
hepatocyte performance [22].

H&E staining of liver organoids in the different matrices highlighted cell structures 
with similar morphology. However, in gelPEG-based hydrogels, the cell nuclei were 
located more towards the luminal side of the organoid structures (Figure 5a-d).
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Figure 5. Development of liver-like tissue analogues in Matrigel (MG) and gelPEG-based hydrogels. 
A functional read-out of protein levels and enzyme activities was performed after 9 day culture 
of liver organoids. H&E staining of liver organoids in a Matrigel, b gelPEG, c gelPEG+LN111 and d
gelPEG+LN521. e Albumin protein levels in cultured organoid cell lysates. f, g ALAT an ASAT enzyme 
activities of liver organoid cell lysates. h,i LDH and GLDH enzyme levels of liver organoid cell lysates. 
Data is depicted as mean + SD; N= 3, n= 3 

Functional readout of the liver-like tissue analogues was performed to investigate 
the quality of the engineered tissue. In terms of albumin production, liver organoids 
in gelPEG with added laminins performed best, with levels about 2-3 times higher 
than in Matrigel (Figure 5e). The liver-like tissues in gelPEG produced signifi cantly 
higher enzyme levels of alanine aminotransferase (ALAT) and aspartate transaminase 
(ASAT) compared to Matrigel (Figure 5f, g). Lactate dehydrogenase (LDH) and the 
more liver-specifi c glutamate dehydrogenase (GLDH) indicate metabolic activity of 
hepatocytes in the diff erent hydrogels. The same trend as observed for the enzyme 
levels of ALAT and ASAT could be seen for LDH and GLDH. Again, in Matrigel 
the levels were lowest compared to gelPEG-based hydrogels (Figure 5h, i). Overall, 
addition of LN111 or LN521 resulted in intermediate enzyme levels, being higher 
than in Matrigel (Figure 5). Compared to pure gelPEG hydrogels, overall, the 
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addition of LN111 did not further enhance the enzyme levels, whereas LN521 had a 
slightly negative effect.

The metabolic activity as assessed by Alamar Blue (resazurin to resorufin) conversion 
by hepatocytes was monitored over culture time showing a steep increase from day 
1 to day 3. After a culture period of 9 days, the activity was increased by 50% in 
Matrigel and gelPEG hydrogels, whereas in LN111 and LN521 containing hydrogels, 
the activity was doubled when compared to day 1 (Supplementary Figure 4).

Furthermore, gene expression levels were quantified on day 9. In contrast to the 
outcomes on protein level, albumin expression levels were highest in Matrigel and 
gelPEG and lower in gelPEG when LNs were added (Supplementary Figure 5b). 
KRT7 (CK7), a cytokeratin that is specifically expressed in simple epithelia and can 
be used to detect bile ducts in the liver [23], was equally expressed in all hydrogels 
(Suppl. Figure 5a). The cytochrome family of enzymes CYP2B6, CYP2C19, and 
CYP3A4, involved in drug metabolism e.g., showed comparable expression levels in 
Matrigel and gelPEG, whereas with the addition of laminins overall lower expression 
levels were detected (Suppl. Figure 5d-f). SLC10A1, which is encoding for a liver-
specific sodium/bile acid cotransporter, was comparably expressed in all hydrogels 
(Supplementary Figure 5c).

Discussion

In this study, we present a novel, hybrid hydrogel of gelatin and PEG that is 
easily customized with (native) lysine-containing proteins. The presented tailored 
hydrogel platform performed as good as Matrigel in terms of 3D vasculogenesis and 
even outperformed Matrigel when employed for engineering of pre-vascularised 
bone- or liver-like tissue analogues.

Crosslinking of gelatin and PEG by FXIIIa
The crosslinking strategy that was chosen in the present study was compared to 
a Matrigel control. The main reason for this was that a direct comparison of the 
biosynthetic gelPEG platform to pure crosslinked gelatins, such as via microbial 
transglutaminase or UV crosslinked gelatin methacryloyl (gelMA), is inappropriate. 
The significant differences in the gelatin concentration, hydrogel stiffness and/or 
crosslinking density between these systems also affects cell behavior in these materials.

The composition of the herein presented hydrogel-platform is based on a 
transglutaminase-catalyzed crosslinking mechanism (factor XIIIa), which was 
adopted from the blood coagulation cascade. The elegant strategy to make use of 
the recognition sequences of this enzyme for immobilizing instructive peptides in 
hydrogels was developed by Hubbell and colleagues at the end of the 1990s [24]. 
Subsequently, this mechanism was exploited for crosslinking entirely synthetic PEG 
hydrogels under physiological conditions [25]. In this approach, two PEG precursors, 



VERSATILE BIO-SYNTHETIC HYDROGEL PLATFORM 105

5

one with a glutamine-containing sequence and one with a lysine-containing 
sequence, served as substrates for factor XIIIa to be coupled.

In the present work, we replaced PEG-Lys with gelatin, which natively contains 
lysine residues that can serve as a donor substrate without any further modifications. 
We hypothesized that by using a material with inherent cell-responsive elements, a 
close mimic of the natural environment of cells could be created. In fact, gelatin is a 
denatured form of collagen, the most abundant protein in the human body.

The crosslinking agent FXIIIa is an FDA- approved drug for treating patients with 
a blood coagulation disorder (trade names are Cluvot, CSL Behring; NovoThirteen, 
Novo Nordisk). These drug formulations of the enzyme are designed for injection 
into the blood stream. When applied in the gelPEG system, any potentially remaining 
activity of FXIIIa could be inactivated by plasmin prior to use for implantation 
purposes [26]. Combined, this convincingly highlights the safety of FXIII for hydrogel 
crosslinking. While PEG is a synthetic polymer, which is on the market for medicinal 
products [27], its conjugated derivatives containing peptides remain to be translated 
towards the clinics. Furthermore, the incorporated laminins are recombinant and 
xenogen-free.

Modular approach to integrate non-modified proteins in hydrogels
Hybrid hydrogels that integrate synthetic and biologic materials such as ECM-
derived materials, are a promising way for synthesizing next generation hydrogels 
[28]. Therefore, the approach of immobilizing ECM-derived proteins in synthetic 
materials was undertaken by several groups [29]. Such systems present a merger 
of both, biological complexity in a physico-chemically controllable matrix. These 
previous modules of PEG platforms could only accommodate incorporation of 
ECM molecules of interest after their chemical or biological modification. While 
being elegant, it can be a laborious approach to modify all proteins of interest [30]. 
Therefore, the here taken approach of immobilizing unmodified proteins for tissue 
specificity presents a simpler hydrogel-platform. Laminins were chosen in this 
study  as model proteins to demonstrate retention of bioactivity after incorporation 
in gelPEG. Additionally, laminins represent the most abundant protein in Matrigel. 
The successful incorporation illustrates the flexibility of the platform as tissue-
specific isoforms can be used for tailoring the platform’s accommodation of various 
cell types.

Characteristics of gelPEG hydrogels
Optimization of the hydrogel composition revealed the best ratio between gelatin 
and PEG to be between 2:1 and 4:1 to form most effective hydrogels with low 
swelling ratio and sol fraction. Increasing the gelatin over PEG concentration still 
led to reasonable hydrogel formation, an increase of PEG immediately impaired 
hydrogel formation. This indicates that the availability of lysine residues is the 
limiting factor in the reaction.
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For this study we chose a 4:1 ratio, for which a relatively higher gelatin to PEG 
concentration ratio was the most ideal. By doing so, less steric hindrance from PEG is 
expected, which, in contrast to gelatin, cannot be further broken down and replaced 
by secreted ECM from encapsulated cells. However, the ratio might be further fine-
tuned towards a 1:1 Gln:Lys molar ratio, to match the degradation of the hydrogel 
with the speed of matrix deposition of a specific tissue type of interest. In fact, it was 
shown previously that degradation of hybrid hydrogels can be further slowed down 
by the addition of a synthetic polymer [31]. While for vasculogenic and osteogenic co-
cultures, gelPEG hydrogels roughly retained their initial volume over culture time, 
this was not the case for Matrigel-based co-cultures. Also, Matrigel constructs of 
liver organoid cultures appeared very instable after a culture period of 9 days, which 
was less apparent in gelPEG hydrogels. For further fine-tuning towards up-scaled, 
clinically relevant approaches for liver organoids, it might be therefore suggested to 
slightly increase either the total polymer or PEG-Gln concentration. 

Matrigel has a low and highly variable elastic modulus, ranging from approximately 
0.4 to 3 kPa [32]. The 2% gelPEG hydrogels with a compressive modulus of 2.6 kPa ± 0.6 
were the closest possible (low protein content) Matrigel mimics from a mechanical 
point of view that could be created. This comparable stiffness of the materials rules 
out its potential role as effector of the observed cell behavior.

Vasculogenesis in gelPEG matrices
Clinically relevant-sized tissue analogues generally require a pre-vascular network 
before implantation. The presence of such an engineered capillary-like network 
throughout the construct can accelerate the connection with the patients’ own 
vasculature, which is critical for implant survival [33]. Especially Matrigel is known 
for its proangiogenic properties that allow for the fast formation of a vascular-
like network. Due to this reason it is an often used, highly potent material for 
vasculogenesis/angiogenesis-related assays [11, 34].

Pre-vascular network development over time by human ECFCs was initially 
favoured in Matrigel compared to gelPEG. A thickening of capillary-like structures 
might indicate further maturation (i.e., arteriogenesis) [35]. In the current study, 
maturity of the networks was shown by the presence of stabilized capillary-like 
structures and by the presence of lumen. The initial difference in performance 
between Matrigel and gelPEG might be explained by the proangiogenic properties 
of Matrigel, which are mediated by proteins such as collagen type IV and LN111 
[9, 36] that might enable faster vasculogenesis. This assumption is supported by the 
present work where addition of LN111 to osteogenic cultures resulted in improved 
vascular structure formation. All in all, the gelPEG hydrogel performed equally well 
as the gold standard Matrigel in terms of long-term pre-vascularization, both in 
extent and in maturity. 
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Engineering pre-vascularised bone-like tissue analogues
Following, a bone-like construct was engineered as a model tissue, which requires 
simultaneous development of a pre-vascular network during bone forming. Early 
osteogenic differentiation on the protein level of all hydrogel constructs was shown 
by the presence of osteonectin. Comparable gene expression levels for osteopontin 
and osteocalcin indicated a comparable extent of osteogenic differentiation in all 
conditions. However, mineralization, a late phenomenon during osteogenesis, 
was only present in gelPEG-based hydrogels. While it is known from literature 
that osteogenesis is supported by Matrigel [37], the  presence of mineralization 
becomes generally prevalent after 21 days of culture [38]. Therefore, the absence of 
mineralization in MG after 14 day culture is in agreement with literature. Whereas 
9 out of 9 gelPEG hydrogels were characterized by mineralization after only 14 
days, 7 out of 9 gelPEG+LN111 hydrogels were positive for von Kossa staining. 
Pure gelPEG hydrogels strongly supported early matrix mineralization, which 
can be explained by the gelatin extraction method. Gelatin is characterized by 
nucleation sites. Especially, anionic gelatin (obtained by alkaline extraction) enables 
pronounced calcium binding of the matrix due to its negative charge at physiological 
pH [39]. Therefore, due to the nature of the gelatin in gelPEG hydrogels, the matrix is 
especially favorable as a template for bone development. 

The addition of LN111 to gelPEG hydrogels led to an enhanced and more homogenous 
distribution of minerals throughout the matrix. At the same time, vasculogenesis 
was stimulated as indicated by a significantly longer vascular network length. 
LN111 was shown to enhance vasculogenesis, which corresponds to literature [9]. 
The influence of LN111 on osteogenesis, especially on mineralization via inducing 
calcium phosphate precipitation, was established in previous studies [40]. Together, 
gelPEG hydrogels appeared as suitable templates for bone development, in which 
bioactives can enhance tissue development. Specifically, LN111 can be a potent 
stimulator of vasculogenesis in these constructs. Further fine-tuning of the LN111 
concentration, all or not combined with additional factors, might help to optimize 
the balance between enhanced vasculogenesis and robust mineralization of all 
hydrogel constructs.

VE-cadherin is an endothelial cell-cell contact marker [41] and has a key role in 
endothelial barrier function and angiogenesis [42]. While the highest VE-cadherin 
expression is apparent in Matrigel, it might be plausible that downregulation of VE-
cadherin in both gelPEG groups was a result of a more complete maturation status 
of the cells in the pre-vascular structures, supported by the apparent staining of 
CD31 and αSMA.

In contrast to purely vasculogenic cultures, vasculo-osteogenic cultures resulted in 
significantly lower vascular network length in pure gelPEG hydrogels compared to 
Matrigel. This difference can be explained by the added medium. For the osteogenic 
differentiation with simultaneous vasculogenesis, osteogenic medium was used 
instead of vasculogenic medium. Thus, in this condition, ECFCs obtain vasculogenic 
signals from the embedded MSCs [43] and not from the medium. Therefore, when 
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the vasculogenic stimulation is not induced by the culture medium, adequate 
vascularization can be achieved by incorporation of LN111 in the hydrogel.

The novel gelPEG hydrogel platform allowed for the successful engineering of pre-
vascularised bone-like tissue analogues. Due to the faster osteogenic differentiation 
while maintaining simultaneous vasculogenesis, gelPEG hydrogels even 
outperformed Matrigel for engineering of pre-vascularised bone-like constructs. 

Engineering liver-like tissue analogues
GelPEG was tested with hepatic organoids [44] to evaluate the potential in 
comparison to the gold standard, Matrigel. Overall, the addition of LN111 or LN521 
did not show a beneficial effect over pure gelPEG hydrogels, apart from albumin 
expression. However, compared to Matrigel, gelPEG with added laminins improved 
liver organoid differentiation as shown by elevated albumin expression and both 
ALAT and ASAT activity levels. This positive effect of LN521 [22] and in a mix with 
LN111, was described previously where efficient hepatocyte differentiation and 
self-organization occurred on laminin-coated surfaces on pluripotent stem cells [22a]. 
Especially with respect to metabolic function and self-organization of hepatocytes, 
LN coatings outperformed a Matrigel control. The minor negative effect of the 
addition of LN521 on hepatic enzymes and CYP-expression compared to gelPEG 
alone is in contrast with reports by others [22]. Since the addition of the LN521 in 
the pluripotent stem cells is already at the endodermal differentiation stage, this 
indicates that the effect is not as profound on hepatic organoids which are considered 
a more mature stem cell type [45].

Furthermore, hepatocyte metabolic activity was strongly affected in the different 
hydrogel compositions. From day 1 until day 3 the cell activity doubled in Matrigel 
and gelPEG hydrogels, and increased 3.5 and 6 times in hydrogels laden with 
LN111 and LN521, respectively. This increase in metabolic activity might correlate 
with cell proliferation. It has been shown that laminins are supporting survival 
and proliferation of multiple cell types. This strong increase in metabolic activity 
in gelPEG hydrogels compared to Matrigel in the beginning of the culture period 
might be due to enhanced proliferation, stimulated by the comparably stiff gelPEG 
hydrogels. It was shown by Gjorevski et al, that a higher matrix stiffness in PEG 
hydrogels was associated with intestinal stem cell proliferation, whereas softer 
hydrogels were needed for cell differentiation [13a]. The authors also demonstrated 
that matrix-metalloproteinase (MMP)-sensitive PEG hydrogels (with RDG-sites) 
could not be degraded fast enough by the cells to allow for organoid differentiation 
after an initial proliferation phase. Consequently, they added a hydrolytically 
degradable polymer to the PEG platform to speed up the degradation process after 
an initial proliferation phase. In the present hydrogel system, combining gelatin and 
PEG, this cell-mediated degradation and remodeling of the matrix might naturally 
occur. After reaching a higher cell number during the initial proliferation phase, 
secreted MMPs might speed up the degradation process, resulting in a softer 
hydrogel, suitable for cell differentiation. This assumption can be supported by 
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the fact that after the initial 3 days the metabolic activity gradually dropped in all 
hydrogel compositions, which might indicate a phase of cell differentiation.

Furthermore, it was shown recently that natural matrices were characterized by fast 
stress relaxation properties, a feature that synthetic hydrogels are typically missing 
and which appeared to be critical in guiding cell differentiation [46]. By using hybrid 
hydrogels as presented here, this natural characteristic of the extracellular matrix 
might be present and could have contributed to the permission of multiple cell 
differentiation into the vasculogenic, osteogenic and hepatocyte lineages.

The use of gelPEG hydrogels was demonstrated here for the biological suitability as 
extracellular matrix of multiple tissue engineering approaches. In the future, gelPEG 
might also be used as a “bioink” for biofabrication processes due to its fast crosslinking 
[47]. In combination with reinforcing materials, such as offered by thermoplastics [48], 
complex and multi-tissue type tissue analogues might be realized. Furthermore, 
these complex biofabricated tissue constructs might be characterized by a multiscale 
vascular tree consisting of engineered macrovessels and self-assembled capillary-
like structures [21b] throughout the construct. 

Outlook
This research demonstrates that a simple hydrogel composed of gelatin and PEG can 
replace and even outperform Matrigel for complex, long-term tissue engineering 
approaches. With this, a clinically-relevant, degradable biomaterial was developed, 
which can efficiently support cell differentiation and matrix secretion towards the 
development of functional tissue analogues. Moreover, this novel gelPEG platform 
is easily tailorable with (combinations of) lysine-containing proteins to establish 
a tissue-specific matrix; illustrated here by addition of tissue-specific laminins. 
Additional ECM-mimicking cues can prove valuable to create spatial resolution in a 
hydrogel when aiming at multiple tissue types within one biomaterial, sharing one 
culture medium.

The presented hybrid hydrogel can be readily applied to other tissue engineering 
approaches by fine-tuning the ratio between gelatin and PEG, the total polymer 
concentration and by covalently immobilizing relevant proteins to further stimulate 
tissue development. Taken together, we suggest that such hybrid hydrogels 
consisting of PEG-Gln and a relevant biologic material, catalyzed by FXIIIa, will 
help to overcome the biomaterial-associated bottleneck of implementing complex 
tissue engineering in the clinics.
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Experimental Section

Materials
Alkaline treated porcine skin gelatin (beMatrixTM LS-H high bloom, Nitta Gelatin 
NA Inc) with an endotoxin count less than 10 endotoxin units (EU) g-1 was used. 
The gelatin was set to a pH of 7.5, sterile filtered and freeze dried. The peptide was 
purchased from NeoMPS (Strasbourg, France). Eight-arm PEG-vinyl sulfone (8-PEG-
VS, mol wt. 40kDa) was obtained from NOF Europe (Grobbendonk, Belgium). 

Synthesis of PEG-Gln macromeres
PEG-Gln was synthesized and characterized as described previously [25, 49]. In brief, 
a glutamine acceptor substrate (H-NQEQVSPL-ERCG-NH2, TG-Gln) was used. 
The NQEQVSPL cassette corresponds to a substrate site of FXIII in a α2-plasmin 
inhibitor [24b] and the ERCG cassette contains a cysteine that can react with VS [50]. 
This TG-Gln substrate was coupled to 8-PEG-VS via Michael-type addition at a 1.2-
fold molar excess of TG-Gln to PEG-VS in 0.3 M triethanolamine (pH 8.0) at 37°C for 
2 h. The reaction product was dialyzed, freeze dried and PEG-Gln conjugation was 
confirmed by 1 H NMR. 

Formation of gelatin-PEG hydrogels
Factor XIII (200 U mL-1, Cluvot, CSL Behring) was activated with 20 U mL-1 thrombin 
(Baxter) in the presence of 2.5 mM CaCl2 for 15 minutes at 37˚C and stored at -80˚C 
in small aliquots (FXIIIa). Hydrogel formulations consisting of different ratios of 
PEG-Gln and gelatin were formulated in tris-buffered saline (TBS, pH 7.6, 40 mM) 
containing 50 mM calcium chloride. Hydrogel cross-linking was initiated upon 
addition of 10 U mL-1 factor XIIIa. For biomaterial characterizations, disc-shaped 
hydrogels with 8 mm diameter were prepared in a silicone sheet with 1 mm height 
(BioPlexus Corporation). The reaction mixture was left to crosslink for 1 h in a 
humidified incubator when covalent crosslinks were formed between native lysines 
of gelatin or extracellular matrix-derived proteins and the Gln-conjugates on PEG 
(Figure 1).

Hydrogel mass loss and swelling analysis
GelPEG hydrogels were prepared in various lysine (Lys) and Gln molar ratios 
(Lys:Gln) ranging from 1:1 to 6:1 for a 3% w/v total polymer concentration and 
swelling analysis was performed. Furthermore, gelPEG hydrogels were prepared 
at a polymer concentration of 1 and 2% w/v at a ratio of 4:1. All hydrogels were 
characterized by means of swelling and mass loss studies, as described previously 
[51] for n= 5 technical replicates. In brief, immediately after crosslinking, the wet 
weight of the hydrogels was measured (minitial, t=0). Per experimental group, 10 gels 
were prepared, from which 5 were directly frozen, lyophilized and weighed (mdry, 
t=0) and the other 5 were incubated in TBS for 24 h at 37˚C before the wet weight 
(mswollen) and the dry weight were determined (mdry, t=1). The sol fraction describes the 
polymer concentration that is not crosslinked into the network and is therefore lost 
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during hydrogel swelling. The hydrogel swelling ratio (q) and the sol fraction were 
calculated according to the following equations (1-4) [52]: 
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Rheological analysis of hydrogel formation
The crosslinking of gelPEG hydrogels at 2% w/v and 4:1 ratio by 10 U mL-1 FXIIIa 
was investigated (n= 3). An AR G-2 rheometer (TA-Instruments, The Netherlands) 
was used with the software TA Instruments Trios V4.3.0.38388. The testing was 
performed at 0.1% strain and 1 Hz continuous oscillation at 37˚C for 30 minutes 
under a humidified atmosphere. The point of gelation of the reactions was measured 
by recording the time when the shear storage modulus (G’) was equal to the shear 
loss modulus (G’’) by analyzing tan δ = G’’/ G’. n= 3 independent measurements 
were performed.

Mechanical properties of swollen hydrogels
The elastic modulus of the hydrogels was determined after equilibration for 24 
h in PBS at 37°C. By means of a Dynamic mechanical analyzer (DMA 2980, TA 
instruments), compression was applied between -20%/min and -30% at room 
temperature (RT). The Elastic modulus was based on the slope from the linear region 
of the stress-strain curve of a strain range between 5-10% (n= 5 technical replicates). 

Coupling of laminins into gelPEG hydrogels
To investigate the coupling of lysine containing proteins into the gelPEG hydrogel 
network, laminin 521 (Biolamina, Sweden) served as a model protein. Laminin 
521 (LN) was added at a concentration of 10 µg mL-1 to the reaction mixture of 3% 
w/v 4:1 gelPEG in TBS (n=5 technical replicates). Hydrogels without LN served as 
a control (n=5 technical replicates). Hydrogel discs (~1x 5 mm) of 20 µL volume 
were incubated for 24 h at 37°C in TBS. All hydrogels were washed and fixed in 
4% formalin and stained with a primary anti-LN α5 antibody (1:260, clone 4C7, 
MAB1924, Merck), followed by a goat-anti-mouse antibody Alexa Fluor 546 (4 µg 
mL-1, A-11003, Thermofisher). Imaging of control and LN-laden hydrogels occurred 
with a fluorescence microscope (BX51, Olympus). 

Cell isolation, culture and characterization
Multipotent mesenchymal stromal cells (MSCs) were derived from human bone 
marrow aspirates from the iliac crest of 3 patients after ethical approval and informed 
consent (University Medical Center Utrecht, 08-001-K). The white mononuclear cell 
(MNC) fraction was separated via density gradient centrifugation on Ficoll-paqueTM 
PLUS (1.077 g mL-1, GE healthcare). The collected cells were expanded in expansion 
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medium, composed of α-MEM (Gibco), 10% v/v heat-inactivated fetal bovine serum 
(FBS, Lonza), 100 U mL-1 penicillin, 10 mg  mL-1 streptomycin (Gibco), 0.2 mM 
L-ascorbic acid-2-phosphate (ASAP, Sigma) and 1 ng mL-1 basic fibroblast growth 
factor (bFGF, 233-FB R&D Systems), at 37°C/ 5.0 % CO2. MSCs were identified by their 
capacity to undergo differentiation towards the osteo-, adipo-, and chondrogenic 
lineages. Furthermore, FACS characterization of the MSCs was performed showing 
absence of the hematopoietic markers CD14 (RPA-M1, FITC-conjugated, Abcam), 
CD34 (4H11, AP-conjugated, Abcam), CD45 (MEM-28, PE-conjugated, Abcam) and 
CD79a (HM47, PE-conjugated, Abcam) and presence of the established MSC-like 
markers CD90 (5E10, FITC-conjugated, Abcam), CD105 (MEM-226, AP-conjugated, 
Abcam) and CD73 (AD2, PE-conjugated, Abcam). Cells were used up to passage 4.

Human endothelial colony forming cells (ECFCs) were derived from 3 human umbilical 
cord blood donors after caesarean sections according to the local ethical guidelines 
(University Medical Center Utrecht, METC 01-230/K). The obtained cord blood was 
diluted 1:1 with PBS 2mM EDTA before density gradient centrifugation on Ficoll-
paque. The harvested cells were cultured on rat collagen type I (Corning) at a seeding 
density of 10-20 x106 cells cm-². Endothelial growth medium-2 (EGM-2) was composed 
of endothelial basal medium-2 (EBM, Lonza), 10% v/v FBS, 100 U mL-1 penicillin, 10 
mg mL-1 streptomycin and EGM-2 singlequots (Lonza). During the first 7 days after 
isolation, the medium was refreshed daily. Colonies with cobblestone-like morphology 
were picked after 14-21 days and were further expanded. ECFCs were characterized 
by FACS where they were positive for CD105 and CD31 (TLD-3A12, FITC-conjugated, 
Abcam), partially positive for CD34 and CD309 (VEGFR/KDR, PE-conjugated, MACS 
Miltenyi Biotech) and negative for CD45, CD14, and CD133 (AC133-VioBright, FITC-
conjugated, Miltenyi Biotech). ECFCs were used up to passage 10. Furthermore, ECFCs 
were transduced with green fluorescent protein (GFP) in a pHAGE-2 vector with a 
human EF-1α promotor as described previously [21b].

Human liver organoid cultures were generated from three donors from 
surplus material of donor livers used for liver transplantations performed 
at the Erasmus Medical Centre Rotterdam (courtesy of Dr. Luc van der 
Laan, approved by the Medical Ethical Council of the Erasmus MC) [45]. 
The organoids were grown in Matrigel in Expansion Medium (EM), as previously 
described by Huch et al. [45]. 7 to 5 days prior to differentiation towards hepatocyte-
like cells the EM was supplemented with 25 ng mL-1 BMP-7 (Peprotech, London, 
UK). At day 0, the organoids were passaged with a split rate of 1:1 and reseeded in 
3% w/v 4:1 gelPEG or Matrigel (Corning, 354230, Growth Factor Reduced Basement 
Membrane Matrix). Differentiation medium (DM) containing advanced DMEM/F12 
(Gibco, Dublin, Ireland) supplemented with 1% v/v Penicillin-Streptomycin (Thermo 
Fisher Scientific, Waltham, MA, USA), 1% v/v N2, 1% v/v B27, 10 mM HEPES, 1% v/v 
Glutamax, 50 ng mL-1 EGF (all from Invitrogen, Carlsbad, CA, USA), 1.25 mM N-acetyl 
cysteine (Sigma-Aldrich, St Louis, MO, USA), 5 µM A83-01 (Tocris Bioscience, Bristol, 
UK), 25 ng  mL-1 HGF, 10 nM Gastrin, 25 ng mL-1 BMP7 (all from Peprotech), 10 µM 
DAPT (γ-secretase inhibitor, Selleckchem, Houston, TX, USA), 100 ng mL-1 FGF19 
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(R&D Systems, Minneapolis, MN, USA) and 30 µM dexamethasone (Sigma-Aldrich) 
was added freshly every other day until the samples were collected (day 9). 

MSC-ECFC co-culture in hydrogels
MSCs and ECFCs were co-encapsulated in gelPEG (2% w/v 1:4) hydrogels or 
Matrigel (Corning, 354230, Growth Factor Reduced Basement Membrane Matrix) 
reaching a final seeding density of 5 x 106 MSCs and 1.25 x 106 ECFCs per ml gel. 
Besides CaCl2, TBS and FXIIIa, the reaction mixture contained 20% of cell culture 
medium. Furthermore, co-cultures were encapsulated in Matrigel  which was 1:1 
diluted with TBS including 20% of cell culture medium.

For vasculogenic cultures, GFP-labelled ECFCs were used. For each condition, 3 
hydrogel droplets of 75 µL each were placed in the center of wells in a 12-well plate. 
To track formation of capillary-like structures over culture time, hydrogels were 
imaged on days 2 and 6 using an inverted fluorescence microscope (IX53 Inverted 
Fluorescence Microscope, Olympus). Hydrogels were cultured in EGM-2 for 10 days, 
fixed in formalin and cut in 3 pieces for different stainings. MSCs from 3 different 
donors were combined with GFP-ECFCs from 1 donor (N= 3 different donors, n= 3 
technical replicates).

To induce osteogenesis and simultaneous vasculogenesis, hydrogels were prepared 
as for vasculogenic cultures. MSC-ECFC co-cultures in gelPEG and in gelPEG 
combined with 10 µg mL-1 laminin 111 were compared to cultures in Matrigel. 
The co-cultures were cultured in osteogenic differentiation medium (ODM) for 2 
weeks. ODM was composed of α-MEM, 10% FBS, 100 U mL-1 penicillin, 10 mg mL-1 
streptomycin, 10 mM β-Glycerolphosphate (Sigma) and 10 nM dexamethasone 
(Sigma). 6 hydrogels per condition were prepared, of which 3 were used for 
qPCR analysis and 3 were fixed, cut and used for paraffin embedding and whole 
mount fluorescent stainings. All experiments were performed with 3 MSC-ECFC 
combinations from different donors (N= 3, n= 3). 

Liver organoid culture in hydrogels
Liver organoids from three different donors were encapsulated in Growth factor 
reduced Matrigel (456231, Corning, New York, NY, USA), 3% w/v 1:4 gelPEG, gelPEG 
with 10 µg/ml LN111 or gelPEG with 10 µg/ml LN521. The gelPEG-cell mixture 
contained 20% medium, whereas Matrigel was used undiluted. Hydrogel droplets 
with a volume of 40 µL were placed in the center of culture wells and DM media 
was added. On day 1, 3, 6, and 9 of differentiation the viability of the organoids 
was measured with an Alamar Blue assay according to the manufacturer’s guide 
(Invitrogen). 9 days after differentiation samples were collected for gene-expression 
profiling and enzyme measurements. For gene-expression profiling, organoids were 
lysed with 350 µl RLT (Qiagen, Hilden, Germany) and stored at -20oC until further 
analysis. For enzyme measurements, organoids were lysed in Milli-Q water (Merck 
Millipore) at -20oC until analysis. ALAT, ASAT, LDH, GLDH, albumin and total 
protein were measured using the AU680 Beckman (Beckman Coulter, Brea, CA, USA) 
standard protocols, and values were corrected for total protein levels (N=3, n=3).
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mRNA isolation, cDNA synthesis and qPCR analysis
After culture, cell-containing hydrogels were digested using 2 mg mL-1 collagenase 
A (Roche) for 10 minutes at 37˚C. The MSC-ECFC-containing pellet was then 
homogenized in TRIzol reagent (Thermo Fisher Scientific) and messenger RNA 
(mRNA) was isolated from the aqueous phase. Potential DNA contamination was 
removed by a DNAse treatment (Turbo DNAse; Thermo Fisher) according to the 
manufacturer’s instructions. The organoids were lysed with 350 µl RLT (Qiagen, 
Hilden, Germany) complemented with 1% v/v 2-Mercaptoethanol (Sigma-Aldrich), 
and mRNA was isolated using the RNeasy micro-kit (Qiagen), following the 
manufacturer’s guide. The total extracted amount of mRNA was quantified with a 
NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific) at 260/280 nm. 
Complementary DNA (cDNA) was synthesized from 1 µg mRNA using the iScript 
cDNA Synthesis Kit (BioRad, Hercules, USA) according to the manufacturer’s 
instructions. qPCR analysis was executed with a Bio-Rad CFX96 Real-Time PCR 
Detection System (BioRad) using FastStart SYBR Green Master mix (SigmaAldrich) 
and an input of 20 ng cDNA per reaction. Primers used for qPCR analysis are listed 
in Suppl. table 1. The amplification efficiency of the used primers was all between 0.9 
and 1.1 and the relative expression was determined by the 2-ΔCT formula.

For liver organoid cultures, the same protocol was followed using a Bio-Rad 
CFX384 Real-Time Detection System and an input of 10 ng cDNA per reaction. A 
housekeeping index was calculated based on a previously published formula based 
on GAPDH and YWHAZ [53].

Whole mount fluorescent stainings
Prior to immunofluorescent stainings, the hydrogel constructs were permeabilized 
with 0.2% triton-X in PBS for 30 minutes and blocked in 5% BSA/PBS for 30 minutes. 
Capillary-like structures in the hydrogels were investigated by CD31 staining (5.1 
µg mL-1, M0823, Dako), secondary sheep anti-mouse biotinylated antibody (1:200, 
RPN1001v1, GE Healthcare) and tertiary streptavidin Alexa Fluor 488 conjugate (5.0 
µg mL-1, S32354, Invitrogen). In vasculogenic co-cultures, ECFCs with the GFP label 
were not stained for CD31. The endothelial phenotype was confirmed by a rabbit 
anti-vascular endothelial cadherin antibody (VE-cad, 1:250, D87F2, Cell Signalling 
Technology) which was combined with a secondary donkey-anti-rabbit Alexa 
647 antibody (5 µg mL-1, ab150075, Abcam). Stabilising cells of the capillary-like 
structures were identified by a mouse monoclonal Cy3-conjugated αSMA antibody 
(1:300 µg mL-1, Clone 1A4, C6198 Sigma Aldrich). Furthermore, 4,6-diamidino-2-
phenylindole (DAPI, 100 ng mL-1, Sigma) was used to stain cell nuclei. The hydrogels 
were imaged with a confocal microscope (SP8x Leica, DMi8, Leica).
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Immunohistochemistry
Fixed osteogenically differentiated hydrogels were dehydrated in graded ethanol 
series. After clearance in xylene, the hydrogels were embedded in paraffin 
and sectioned into 5 µm slices. An osteonectin staining was performed after 
deparaffinization and rehydration before endogenous peroxidase was blocked in 0.3 
% H2O2. Citrate buffer (pH 6) was used for antigen retrieval at 80˚C for 20 minutes. 
The primary antibody for osteonectin (4.2 µg mL-1, AON-1, deposited to the DSHB 
by Termine, J.D.; DSHB Hybridoma Product AON-1 [54]) was incubated for 1 h, 
followed by a horseradish peroxidase–conjugated anti-mouse antibody (Envision + 
system-HRP labelled polymer, K4000 Dako). Detection of osteonectin occurred by 
conversion of 3,3’-diaminobenzidine solution (SK-4100, Vector) with counterstain 
for nuclei by hematoxylin (Merck). Concentration-matched isotype controls were 
performed using a mouse IgG1 monoclonal antibody (Thermofisher Scientific).

A von Kossa staining was performed to detect mineralization of the osteogenically 
differentiated co-cultures. After deparaffinization and rehydration, the samples were 
incubated with 1% silver nitrate solution (Fisher Scientific) under a light bulb for 1 
h. Unreacted silver was removed by rinsing with 5% sodium thiosulfate (Alfa Aesar 
GmbH) for 5 minutes. Nuclear counterstaining was performed with hematoxylin.

The organoid-containing hydrogels were digested using 2 mg/ml collagenase A 
(Roche) for 10 minutes at 37˚C. The organoids were fixed in 10% neutral buffered 
formalin, embedded in paraffin and sections of 4 µm were cut. H&E staining (Merck 
KGaA, Darmstadt, Germany) was routinely performed. Imaging was performed 
using an Olympus microscope (CKX41) in combination with a Leica DFC425C 
camera.

Image analysis
Hydrogels of vasculogenically differentiated cultures (GFP-ECFCs), were imaged 
at the thickest part of the hydrogel (center) on a confocal microscope (SP8x Leica, 
DMi8). Projections of 150 µm z-stacks were made (one stack per hydrogel, n= 9 
stacks per condition), which were adapted in contrast and intensity with ImageJ 
1.51a before batch-processing of the images. Angioquant software [55] was used to 
analyse the vascular networks’ total vessel length as well as average thickness of 
vessels by dividing the total vessel area by the total vessel length. For osteogenic co-
cultures, 100 µm z-stacks were made, processed in ImageJ and the total vessel length 
was quantified with Angioquant (n=9 projections per condition).

Statistics
For mass loss studies, a one-way ANOVA was performed with a Tukey HSD post hoc 
analysis using Graphpad prism 7.02. For the compressive moduli, significance was 
determined by a Student’s t-test in Graphpad prism 7.02. For osteogenic and hepatic 
cell cultures, MS Excel 2010 (Microsoft, Redmond, USA) was used for calculations 
and PASW Statistics 22.0 (SPSS Inc. Chicago, USA) for statistical analysis. To take 
into account donor variations, a mixed linear model (after logtransformation for 
osteogenically differentiated constructs) was conducted followed by a Bonferroni’s 
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post hoc test to compare gene expressions between the tested hydrogel types. In the 
model, the hydrogel type was considered as a fixed factor, while the cell donors were 
considered as random factors (n=3 gels per group). Differences were considered 
statistically significant for p< 0.05 and the Bonferroni corrected p-values are depicted 
in the figures. Asterisks represent statistical significances according to p-values (*p 
< 0.05; **p < 0.01; ***p < 0.001), N refers to the number of independent experiments 
(with different cell donors) and n refers to the technical replicates. 
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Abstract

In engineering of tissue analogues, upscaling to clinically-relevant sized constructs 
remains a significant challenge. The successful integration of a vascular network 
throughout the engineered tissue is anticipated to overcome the lack of nutrient and 
oxygen supply to residing cells. This work aimed at developing a multiscale bone-
tissue-specific vascularisation strategy.

Engineering pre-vascularised bone leads to biological and fabrication dilemmas. 
To fabricate channels endowed with an endothelium and suitable for osteogenesis, 
rather stiff materials are preferable, while capillarisation requires soft matrices. To 
overcome this challenge, gelatin-methacryloyl hydrogels were tailored by changing 
the degree of functionalisation to allow for cell spreading within the hydrogel, while 
still enabling endothelialisation on the hydrogel surface.

An additional challenge was the combination of the multiple required cell-types within 
one biomaterial, sharing the same culture medium. Consequently, a new medium 
composition was investigated that simultaneously allowed for endothelialisation, 
capillarisation and osteogenesis. Integrated multipotent mesenchymal stromal cells, 
which give rise to pericyte-like and osteogenic cells, and endothelial-colony- forming 
cells (ECFCs) which form capillaries and endothelium, were used.

Based on the aforementioned optimisation, a construct of 8 × 8 × 3 mm, with a central 
channel of 600 µm in diameter, was engineered. In this construct, ECFCs covered 
the channel with endothelium and osteogenic cells resided in the hydrogel, adjacent 
to self-assembled capillary-like networks. This study showed the promise of 
engineering complex tissue constructs by means of human primary cells, paving the 
way for scaling-up and finally overcoming the challenge of engineering vascularised 
tissues.
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Introduction

Engineering of large, clinically-relevant sized tissue analogues remains challenging 
due to the need for vascularisation. Oxygen and nutrients have to be delivered 
homogeneously throughout an engineered tissue due to their limited diffusion 
distance, typically 100-200 µm, and low solubility (Carmeliet and Jain, 2000). 
Consequently, an engineered multiscale vascular network has to place the residing 
cells in the bulk material within a limited (diffusion) distance from the nearest 
perfused vessel (Langer and Vacanti, 1999; Rouwkema and Khademhosseini, 
2016). Native bone tissue is characterised by a dense vascular system that regulates 
bone development, homeostasis and fracture healing (Kanczler and Oreffo, 2008; 
Lafage-Proust et al., 2015). In addition to delivering oxygen and nutrients, blood 
flow through the vasculature also transports cells and growth factors to bone 
defect sites (Lafage-Proust et al., 2015). In vascularised tissues, the vascular network 
consists of macrovessels branching into a dense bed of capillaries (microvessels). 
In vitro pre-vascularisation strategies, compared to intraoperative preparation of 
scaffolds, integrate faster with the host vasculature (Levenberg et al., 2005) and 
prevent necrosis in the central core of the construct (Butt et al., 2007). In principle, 
pre-vascularisation approaches will allow immediate blood supply throughout the 
engineered tissue upon its implantation through anastomosis to the host’s blood 
circulation (Rouwkema and Khademhosseini, 2016).

A major advancement in the field is  achieved through the biofabrication of a thick 
bone-like tissue with macrovessel-like structures  and subsequent culture under 
flow perfusion (Kolesky et al., 2016). However, this approach is limited to the 
macroscale, due to the restricted  spatio-temporal resolution in current biofabrication 
technologies (Lee et al., 2014). Moreover, in order to bring all residing cells close 
to the perfusing media flow, the presence of dense capillary beds and angiogenic 
sprouts into the bulk material is essential. Endothelial cells have the ability for self-
assembling into capillary-like beds when co-cultured with stabilising cells (Unger 
et al., 2015). Thus, for the formation of a dense capillary bed, it is a logical approach 
to exploit the self-assembly capacity of endothelial cells for forming microvessels 
and connecting with the main channel by sprouting angiogenesis (Lee et al., 2014). 
This current bottleneck in the field is addressed by seeding endothelial cells into the 
bulk material surrounding the engineered channels (Lee et al., 2014) or by enabling 
sprouting from a macrochannel by providing a cell penetrable 3-dimensional (3D) 
matrix (Miller et al., 2012).

The integration of the abovementioned approaches for pre-vascularisation strategies 
is the next step in engineering of complex bone tissue constructs. When multiscale 
pre-vascularised, osteogenically differentiated tissue constructs are engineered, 
multiple aspects are critical. To date, these have not yet been addressed in a holistic 
approach for osteogenically stimulated constructs that are pre- vascularised by both 
capillaries and endothelium- lined macrovessels. Engineering of pre-vascularised 
bone leads to biological and fabrication dilemmas. A capillary bed requires soft bulk 
matrices (Occhetta et al., 2015), preferably lower than 4 kPa (Nichol et al., 2010), while 
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pronounced osteogenic differentiation of progenitor cells is supported by materials 
with compressive moduli of 15-30 kPa (Tan et al., 2014; Wen et al., 2014). Such stiff 
hydrogels, which are not cell permissive, are generally used for the fabrication 
process of macrovessel-like structures (Rouwkema and Khademhosseini, 2016). 
The resulting structurally stable channel structures are covered with endothelial 
monolayers (Hasan et al., 2015; Kolesky et al., 2016; Nichol et al., 2010). However, 
these stiff biomaterial compositions would impair or even exclude cell migration 
and sprouting into the bulk material.

Besides satisfying the biological requirements of the biomaterial, it also remains 
challenging to select a suitable culture medium. Choosing one type of medium might 
affect the differentiation and performance of the combined cell types (Baldwin et 
al., 2014; Rouwkema and Khademhosseini, 2016). For engineering pre-vascularised 
bone, the medium has to simultaneously allow for i) endothelialisation on the 
hydrogel surface, ii) capillarisation and sprouting, iii) osteogenesis. To the best of our 
knowledge, these three aspects have, so far, not been systematically assessed within 
one single construct. In tissue engineering, the final aim is to stimulate simultaneous 
differentiation of multiple cell types within one construct. Therefore, a synergistic 
combination of media and biomaterial composition that allow for all essential cell 
lineage commitments is highly desirable.

In this study, an integrated approach was presented – combining multiple human 
primary cells to engineer a pre-vascularised and osteogenically differentiated tissue 
construct. A main central macrovessel-like structure covered by endothelium was 
engineered in a capillarised, early bone tissue. For this purpose, clinically-relevant 
cell types, being multipotent mesenchymal stromal cells (MSCs) and endothelial-
colony-forming cells (ECFCs), were combined in gelatin-based hydrogels. Gelatin-
methacryloyl (gelMA) was selected as the base material, due to its tailorable properties 
for various tissue engineering applications (Klotz et al., 2016). Firstly, gelMA was 
tuned towards endothelialisation (in 2D) and MSC spreading in 3D bulk hydrogels. 
Secondly, an optimal culture medium was defined to support multiscale pre- 
vascularised and osteogenically committed gelMA constructs. Finally, a multiscale 
pre-vascularised network was fabricated, which was characterised by an endothelium-
lined macrochannel, a capillary-like network and a formed bone-like tissue.

Materials and Methods

The outline of the present study is described in Fig. 1, where N refers to the number 
of experiments conducted with different donor combinations of the MSC-ECFC co-
cultures and n to the number of replicates within an experiment.
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Figure 1. Study outline and replicates. 3 independent experiments were performed for the hydrogel 
characterisation and MSC encapsulations. Cell seeding on hydrogel discs was performed twice with GFP- 
ECFCs and twice with non-labelled ECFCs. N refers to diff erent experiments with varying MSC-ECFC 
combinations from diff erent donors; n to the number of replicates within an experiment. Experiment a: 
MSC donor 1 + ECFC donor 1, MSC donor 1 + ECFC donor 2, MSC donor 2 + ECFC donor 2. Experiment 
b: MSC donor 2 + ECFC donor 1, MSC donor 2 + ECFC donor 2. Experiment c: MSC donor 2 + ECFC donor 
1, MSC donor 3 + ECFC donor 1.

For the medium selection, 3 diff erent MSC-ECFC donor combinations were tested, 
with n = 3 replicates each. For the channelled constructs, N = 2 diff erent MSC-ECFC 
donor combinations were tested, with n = 1-2 replicates and hydrogels cultured for 10 
d. Furthermore, the same setup (N = 2, n = 1-2) was chosen for channelled constructs 
that were cultured up to 15 d. For the hydrogel characterisation, n = 3 independent 
experiments were performed, with n = 3 replicates (3 × 3 hydrogels). MSCs were 
encapsulated in hydrogels in n = 3 independent experiments, with n = 3 replicates (3 
× 3 hydrogels). ECFC seeding on the hydrogel discs was performed twice for n = 2 
independent experiments, with n = 3 replicates for GFP-labelled ECFCs, and twice 
with n = 2-3 replicates for non-labelled ECFCs.
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Materials and mould preparations

Disc-shaped silicone moulds were prepared by punching 8 mm-diameter circles 
into silicone sheets of 1 mm in height (BioPlexus Corporation, Ventura, CA, USA). 
To make channeled hydrogel constructs, a custom-made mould (Med610, Stratasys, 
Eden Prairie, MN, USA) was designed with Autodesk Fusion 360 software version 
2.0.3253, printed by Cetma (Brindisi, Italy) using an Objet30 3D printer (Stratasys). 
This mould (8 × 8 × 3 mm as inner dimensions) served as the negative sample to 
prepare silicone moulds. Inlet and outlet ports in the mould were created by inserting 
a 0.6 mm-diameter needle into the printed construct. Sylgard 184 silicone elastomer 
kit (Dow Corning, Midland, MI, USA) was prepared according to the manufacturer’s 
instructions and poured into the custom-designed mould. For hydrogel fabrication, 
silicone moulds (with needle insert) were placed onto a glass slide, where the gel 
solution was added and sealed from air by a second glass slide for subsequent UV 
crosslinking.

GelMA synthesis and characterisation

Gelatin was functionalised with methacryloyl groups to allow for free-radical-
mediated photo-crosslinking of a thermally stable hydrogel. The physico-chemical 
and mechanical properties of the hydrogels can be further tailored by modifying the 
degree of functionalisation (i.e. number of methacryloyl groups). This is particularly 
important as the hydrogel microenvironment closely regulates the cell-matrix 
interaction, affecting cell attachment, spreading and proliferation. GelMA was 
prepared from type A porcine gelatin (MedellaPro, Gelita, Eberbach,  Germany)  
that  was  reacted  with methacrylic anhydride (Sigma-Aldrich), as described 
previously (Van den Bulcke et al., 2000). In brief, gelatin was dissolved in phosphate 
buffered saline (PBS) by heating to 50 °C. Two batches of gelMA were prepared, one 
with a low- and one with a high- degree of functionalisation (DoF). 0.02 g and 0.6 
g of methacrylic anhydride/g of gelatin, respectively, were added drop-wise to the 
solution and allowed to react for 1 h under constant stirring. Subsequently, unreacted 
methacrylic anhydride was removed from the reaction mixture by centrifugation. 
After the pH of the solution was set to 7.4, the gelMA solution was dialysed against 
distilled water using a cellulose membrane (14 kDa cut-off, Sigma-Aldrich) for 5 d at 
room temperature. The gelMA solution was sterile filtered, lyophilised and stored 
at − 20 °C until use. The DoFs of the two gelMA batches were determined by the 
ninhydrin assay, as described previously (Loessner et al., 2016). The DoF is defined 
by the percentage of modified lysine residues (Van den Bulcke et al., 2000) and was 
calculated to be 18.4 % (referred to as 20 %) and 78 % (referred to as 80 %) for the low 
and high DoF gelMA batches, respectively.
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Hydrogel preparation

The gelMA precursor solution was crosslinked by UV-light using 0.1 % (w/v) 
Irgacure®  2959 (Ciba®, Ludwigshafen am Rhein, Germany). One day before 
use, GelMA solutions were heated to 70 °C for 15 min and the two batches were 
mixed in varying ratios to obtain final average DoFs between 30 % and 70 %. For 
hydrogel preparation, gelMA was dissolved at 60 °C and diluted with PBS to a final 
concentration of 5 %. Finally, the gelMA precursor solution with 0.1 % Irgacure® 
2959 was pipetted into a mould and crosslinked in a UVP CL-1000L UV linker (UVP 
Cambridge, UK; 365 nm, 7 mW/cm²) for 15 min. Hydrogel constructs containing a 
channel were crosslinked from both sides for 4.5 min each, with a Superlite S-UV 
201AV lamp (350-500 nm, Lumatec, Munich, Germany).

Mechanical analysis of hydrogel

GelMA hydrogels were prepared and incubated for 24 h in PBS at 37 °C (3 
independent experiments with n = 3) and the compression modulus was determined 
by a Dynamic Mechanical Analyser (DMA, Q800 TA Instruments, New Castle, DE, 
USA) at room temperature. Compression was applied between 20 %/min and −30 %/
min and the Young’s modulus was calculated from the slope of the linear region of 
the stress/strain curves in the 5-10 % strain range.

Mass loss and swelling studies

Mass loss and swelling studies were performed on GelMA hydrogels, as previously 
reported (Lim et al., 2013). In short, the wet weight of the hydrogels was determined 
directly after crosslinking (minitial, t0). Then, 3 out of 6 hydrogels per experimental 
group were frozen and lyophilised to obtain the dry weights of the hydrogels (mdry, 

t0). The other 3 hydrogels were left in PBS at 37 °C for 24 h, frozen and lyophilised 
to obtain the dry weight (mdry,t1). The hydrogel swelling ratio (q) and the sol fraction 
were calculated as described in the following equations (Lim et al., 2012; Nilasaroya 
et al., 2008):

Cell culture media

MSC expansion medium was composed of alpha modification minimum essential 
medium (α-MEM; Gibco), 10 % heat-inactivated foetal bovine serum (FBS; Lonza), 
100 U/mL penicillin, 10 mg/mL streptomycin (Gibco), 0.2 mM L-ascorbic acid-2- 
phosphate (ASAP; Sigma-Aldrich) and 1 ng/mL fibroblast growth factor-2 (FGF-
2; 233-FB, R&D Systems). Endothelial growth medium-2 (EGM- 2) was composed 
of endothelial basal medium-2 (EBM; Lonza), 10 % FBS, 100 U/mL penicillin, 10 
mg/ mL streptomycin and EGM-2 SingleQuot (Lonza). Osteogenic differentiation 
medium (ODM) was composed of α-MEM, 10 % FBS, 100 U/mL penicillin, 10 
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mg/mL streptomycin, 10 mM β-glycerophosphate (Sigma-Aldrich) and 10 nm 
dexamethasone (Sigma- Aldrich). For the ODM-EGM combination medium (O-
E), the osteogenic components β-glycerophosphate and dexamethasone were 2× 
concentrated and subsequently 1 : 1 diluted with EGM-2.

MSC isolation and culture

Bone marrow aspirates were obtained from the iliac crest of 3 donor patients after 
informed consent was given and with approval of the local ethics committee (TCBio-
08-001-K University Medical Centre Utrecht, the Netherlands). The white mononuclear 
cell (MNC) fraction was collected after performing a density gradient centrifugation 
on Ficoll-Paque PLUS (1.077 g/mL; GE Healthcare). Obtained cells were cultured in 
MSC expansion medium at 37 °C/5.0 % CO2 and tested for differentiation potential 
into osteo-, adipo- and chondrogenic lineages. Obtained MSCs were analysed by 
fluorescence-activated cell sorting (FACS) and were negative for the haematopoietic 
markers CD14 [RPA-M1, fluorescein isothiocyanate (FITC)-conjugated, Abcam], 
CD34 [4H11, alkaline phosphatase (AP)-conjugated, Abcam], CD45 [MEM- 28, 
phycoerythrin (PE)-conjugated, Abcam] and CD79a (HM47, PE-conjugated, Abcam) 
and positive for the established MSCs markers CD90 (5E10, FITC-conjugated, Abcam), 
CD105 (MEM-226, AP- conjugated, Abcam) and CD73 (AD2, PE-conjugated, Abcam). 
For all the experiments, MSCs up to passage 4 were used.

ECFC isolation and culture

Human umbilical cord blood from 2 donors was obtained after approval by the 
local ethics committee (METC 01-230/K, University Medical Centre Utrecht, the 
Netherlands) and following patient informed consent after caesarean section. The 
blood was diluted at least 1 : 1 with PBS 2 mM EDTA and the MNC were isolated by 
density gradient centrifugation on Ficoll-Paque PLUS. Obtained cells were plated 
on rat tail collagen I (Corning)-coated plates at a seeding density of 10-20 × 106 
cells/cm² and cultured in EGM-2. The culture medium was refreshed daily during 
the first 7 d after cell isolation and afterwards every 3-4 d. After 14-21 d, colonies 
with cobblestone morphology were picked and replated for expansion. Obtained 
ECFCs were analysed by FACS and resulted positive for CD105 and CD31 (TLD-
3A12, FITC- conjugated, Abcam), partially positive for CD34 and CD309 (VEGFR/
KDR, PE-conjugated, MACS, Miltenyi Biotech) and negative for CD45, CD14 and 
CD133 (AC133-VioBright, FITC-conjugated, Miltenyi Biotech). ECFCs were used up 
to passage 10 for all the experiments.
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ECFC transduction with GFP

ECFCs in passage 5 were seeded at a density of 4700 cells/cm2 and transduced with a 
lentiviral green fluorescent protein (GFP) construct (in a pHAGE2 vector combined 
with a human EF-1α promotor) in FBS-free medium the following day. After 1 
d, fresh EGM-2 was added to the cells. Selection of ECFCs that were successfully 
transduced with the GFP-construct occurred by addition of 3 µg/mL puromycin 
(Sigma- Aldrich) for 10 d. During selection, GFP-ECFCs were expanded for 2 
passages to create a batch of fluorescently-labelled cells.

Co-cultures in gelMA and discs covered with ECFCs

ECFCs and MSCs were co-cultured in 5 % gelMA hydrogels and, additionally, ECFCs 
were seeded on top of the hydrogel discs. Cell-encapsulation occurred in gelMA 
mixtures of 30 and 50 % DoF, as described above. For these hydrogels, PBS was 
replaced with the respective culture medium to encapsulate 1.25 × 106/ mLECFCs 
and 5 × 106/mL MSCs. Following hydrogel crosslinking, ECFC suspensions (6.6 × 105 
cells/mL) were seeded on top of the disc and left to adhere for 30 min before medium 
was added. Constructs containing only a (GFP-)ECFC monolayer were cultured in 
EGM-2, whereas constructs containing a MSC/ECFC co-culture in the hydrogel and 
ECFCs on top of the disc were cultured in ODM or O-E. After 10 d of culture, gels 
were fixed and cut in half for vasculogenic and osteogenic stainings (N = 3, n = 2-3).

Preparation of MSC-ECFC containing channelled constructs

MSCs and ECFCs were encapsulated at 5 × 106 and 1.25 × 106  cells/mL, respectively, 
in 50 % DoF, 5% w/v gelMA constructs containing a channel that was seeded with 
ECFCs as follows. The cell-prepolymer- mixture was injected and cross-linked in 
silicone moulds with a 0.6 mm-diameter retractable needle in the centre to create the 
channel in the bulk hydrogel. The gels were cultured in O-E for 8 d before ECFCs, 
at a concentration of 50 × 106 cells/mL, were seeded into the channel. The cells were 
allowed to adhere for 15 min before the construct was flipped of 180° and incubated 
for another 15 min. Next, O-E was added for another 2 d. Alternatively, the gels were 
cultured for 12 d and a slice was cut from the construct for alkaline phosphatase 
(ALP) staining. In these gels, ECFCs were seeded at a concentration of 50 × 106 cells/
mL on day 12 and the construct was further cultured up to day 15. The constructs 
were cultured for either 10 or 15 d in O-E, fixed and cut into sections for further 
analysis.
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F-actin staining

MSCs were encapsulated at a concentration of 5 × 106  cells/mL in 30, 50 and 80 
% DoF at 5 % w/v gelMA hydrogels (3 independent experiments with n = 3 
hydrogel discs). After 5 d, the gels were fixed and stained whole mount with 0.2 
µm tetramethylrhodamine B isothiocyanate (TRITC)- phalloidin (Sigma-Aldrich) 
after permeabilisation with PBS-Triton-X and a blocking step in 5 % bovine serum 
albumin (BSA) in PBS. The central plane in the hydrogels were imaged using a 
confocal microscope (SP8x Leica, DMi8) to assess cell morphology in 3D.

Histology and immunostaining

After 10 or 15 d of culture, samples were fixed and  stained  for  ALP  activity  using  
Fuchsin + Substrate-Chromogen System (K0624, Dako). For immunostainings, the 
samples were permeabilised with 0.2 % Triton-X in PBS for 30 min and blocked 
in BSA/PBS for 30 min. The formation of stabilised capillary-like structures was 
assessed by CD31 staining (5.1 µg/mL; M0823, Dako), secondary sheep anti-mouse 
biotinylated antibody (1 : 200; RPN1001v1, GE Healthcare) and tertiary streptavidin 
Alexa Fluor 488 conjugate (5.0 µg/mL; S32354, Invitrogen). Mouse monoclonal 
Cy3-conjugated α-smooth muscle actin (αSMA) antibody (1 : 300; Clone 1A4, 
C6198, Sigma- Aldrich) was used to detect the stabilising cells of the capillary-like 
structures. Furthermore, anti-vascular endothelial cadherin antibody from rabbit 
(VE-cad, 1 : 250; D87F2, Cell Signalling Technology) was combined with Hilyte fluor 
488 (2 µg/mL; AS-28176- 05-H488, AnaSpec, Fremont, CA, USA) and murine anti-
von Willebrand factor antibody (vWF, 8 µg/mL; ab194405, Abcam) with secondary 
Alexa Fluor 546 (A-11030, goat-anti-mouse, 2 µg/mL; ThermoFisher Scientific). 4, 
6-diamidino-2-phenylindole (DAPI, 100 ng/mL; Sigma-Aldrich) was used to stain 
the cell nuclei. The constructs were imaged with an upright fluorescence microscope 
(BX51, Olympus) or confocal microscope (SP8x Leica, DMi8, Leica).

Immunohistochemistry

After fixation, hydrogels were dehydrated in graded ethanol series, cleared in xylene and 
embedded in paraffin. An osteonectin staining was performed on 5 µm-thick sections. 
In short, sections were deparaffinised and hydrated before endogenous peroxidase 
was blocked in 0.3 % H2O2. Antigen retrieval was performed in citrate buffer at 80 °C 
for 20 min. Subsequently, the primary antibody for osteonectin [4.2 µg/mL; AON-1 
was deposited to the Developmental Studies Hybridoma Bank (DSHB) by J.D. Termine 
(Bolander et al., 1989)] was incubated for 1 h before addition of a horseradish peroxidase- 
conjugated anti-mouse antibody (EnVision + System- HRP Labelled Polymer, K4000, 
Dako). Osteonectin was detected by conversion of 3,3’-diaminobenzidine solution (SK-
4100, Vector, Burlingame, CA, USA) and nuclei were counterstained with haematoxylin 
(Merck). Isotype controls were performed using concentration-matched mouse IgG1 
monoclonal antibody (ThermoFisher Scientific).
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Image analysis

RGB fluorescence images of the whole hydrogel construct (one field of view per 
hydrogel, with  a random selected plane) were obtained using an upright fluorescence 
microscope (BX51, Olympus). Images were merged, where contrast and intensity 
were set to be comparable across all images using Adobe Photoshop CS6 and ImageJ 
1.47v and 1.51a. Total and mean lengths of vessel-like structures were quantified by 
manual processing by AngioQuant software, as per previously published protocols 
(Niemisto et al., 2005). Quantification of cell-based experiments was based on 3 
experiments with different MSC-ECFC donor combinations (N = 3) and 2-3 gels (n = 
2-3) per condition. In total, 9 field of views of 9 different hydrogels were quantified 
for the O-E condition and 8 hydrogels were imaged for the ODM condition.

Statistical analysis

Difference of the means between O-E and ODM cultures of the AngioQuant data 
was determined by Student’s t-tests in GraphPad Prism 7.02. The significance of the 
differences in the mean compressive moduli, sol fractions and swelling ratios were 
detected by a one-way ANOVA and subsequent Tukey honest significant difference 
(HSD) post-hoc analysis using GraphPad Prism 7.02. p < 0.05 was considered 
significant.

Results

GelMA hydrogel optimisation by tuning the DoF The DoF was optimised for 5 % 
gelMA hydrogels, in order to select a composition with suitable physico- mechanical 
and biological properties to engineer pre- vascularised bone constructs. While a 
high swelling ratio, indicated by water uptake of the hydrogel, provides cells with 
freedom to migrate (Ehrbar et al., 2011), it is also associated with loss of material 
during the crosslinking process (sol fraction), which should be kept minimal (Nandi 
and Winter, 2005). Hydrogels with a DoF ranging from 20 % to 80 % gradually 
decreased in swelling ratio from 31.3 ± 13.4 to 16 ± 0.7 (p < 0.0001) (Fig. 2a). Also, 
the sol fraction decreased, with increasing DoF, from 40.5 ± 21.8 % to 5.5 ± 2.7 % 
(p < 0.0001) (Fig. 2b). The compressive modulus indicates the bulk stiffness of the 
hydrogel and is used to determine the range of mechanical properties that support 
cell spreading and migration in 3D (Ehrbar et al., 2011). The compressive modulus 
slightly increased from 1.2 ± 0.5 kPa (30 % DoF hydrogel) to 1.8 ± 0.5 kPa (p = 
0.0966) and 2.8 ± 0.8 kPa (30 vs. 80 p < 0.0001, 50 vs. 80 p = 0.0052) for 50 % and 80 
% DoF hydrogels, respectively (Fig. 2c). Macroscopically, a difference in swelling 
behaviour was visible among 30 %, 50 % and 80 % DoF hydrogels (Fig. 2d, upper 
row). Biologically, a clearly varying cell response was observed among these three 
hydrogel compositions. After 5 d, MSCs spread in 30 and 50 % DoF hydrogels, which 
did not occur in 80 % DoF (Fig. 2d, bottom row). Since cell spreading is essential for 
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the assembly of pre-vascular structures, 30 and 50 % DoF hydrogel compositions 
were selected for further studies. 
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Figure 2. GelMA hydrogel characterisation based on physico-mechanical and biological aspects. 5 % 
GelMA hydrogels, with average DoF ranging from 20 to 80 %, were characterised. (a) Swelling ratio and 
(b) sol fraction gradually decreased from 20 % DoF hydrogels to 80 % DoF. (c) Compressive moduli of 
gelMA hydrogels increased with increasing DoF. (d, upper row) A decrease in hydrogel swelling was 
macroscopically visible with increasing DoF; scale bar: 2 mm. (d, bott om row) MSC encapsulation in 30, 
50 and 80 % DoF gelMA hydrogels resulted in cell spreading in 30 and 50 % DoF hydrogels, whereas 
MSCs stayed rounded in 80 % DoF gelMA hydrogels at day 5; TRITC-phalloidin; scale bar: 200 µm.

Evaluation of endothelium formation

A further selection between 30 and 50 % DoF gelMA was made by evaluating the 
suitability for formation of endothelial monolayers on the hydrogel surface. ECFCs 
that were seeded on 30 % DoF hydrogels did not allow for reproducible monolayer 
formation since the cells detached over time in culture in 2 out of 4 experiments (Fig. 
3a-c), whereas on 50 % DoF hydrogels, endothelial cells were able to robustly form 
confl uent monolayers (Fig. 3e,f). Based on these results, 50 % DoF gelMA hydrogels 
were selected to create multi-scale pre-vascularised bone constructs.
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Figure 3. Eff ect of gelMA DoF on ECFC monolayer formation on hydrogel discs cultured for up to 10 d. 
(a,b) GFP-labelled ECFCs att ached to a 30 % DoF gelMA hydrogel surface 3 h after seeding and after 5 
d, however, (c) after 10 d, cells were detached when cultured in EGM-2 (2 out of 4 experiments). (d-f)
GFP-ECFCs were able to att ach to 50 % DoF gelMA hydrogels and form an endothelial monolayer when 
cultured in EGM-2 (N = 2, n = 2-3).

Optimisation of culture medium for pre- vascularisation and 
osteogenesis

The culture medium composition was optimised for pre-vascularisation and 
osteogenic commitment of encapsulated cells in the bulk hydrogel. Also, the 
medium had to allow for ECFC monolayer formation on the hydrogel surface, given 
that any macrovessel or channel in the hydrogel would preferably be covered with 
endothelium. Whereas the biomaterial selection (Fig. 3) was based on constructs that 
were cultured in the preferred medium for ECFCs (EGM- 2), the MSC-ECFC co-
cultures were cultured in either ODM or O-E.

The constructs cultured in ODM resulted in impaired ECFC monolayer formation on 
the hydrogel surface (Fig. 4a), whereas in the O-E, ECFC-monolayers were obtained 
reproducibly (Fig. 4d). Pre-vascular network formation in the bulk hydrogel was 
more pronounced in O-E as compared to ODM (Fig. 4b,e). Also, the total length of 
vessel-like structures was signifi cantly greater in O-E cultures when compared to 
ODM (p = 0.0168) (Fig. 4g,h). Addition of 50 % EGM-2 to the ODM resulted in an 
ALP activity comparable to constructs that were cultured in 100 % ODM (Fig. 4c,f).
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Figure 4. Influence of media composition on ECFC monolayer formation on top of 5 % gelMA discs (50 
% DoF) and on capillary-like structure assembly and osteogenic differentiation of ECFC-MSC co-cultures 
inside gelMA discs. (a) Endothelial monolayer formation was impaired in ODM, whereas in (d) O-E, 
endothelial monolayer patches were present after a culture time of 10 d. (b,e) Capillary-like structure 
formation in the bulk hydrogel was dependent on the culture medium. (c,f) ALP activity was comparable 
in both co- cultures. (g,h) Quantification of total and mean vessel-like structure length showed the 
beneficial effect of the combination medium over ODM (N = 3, n = 2-3).

Characterisation of endothelium, capillaries and pericyte-like cells

Along with the expression of CD31, indicating the formation of capillary-like 
structures, the phenotype of the endothelial cells was further investigated after 
culture for 10 d in O-E. 
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Figure 5. Characterisation of endothelium, capillaries and pericyte-like cells in 5 % gelMA (50 % DoF) 
hydrogels cultured for 10 d in O-E. (a) Endothelial monolayers on the hydrogel surface show characteristic 
intercellular junctions enabled by VE-cadherin and vWF in the cytoplasm. (b) Capillary-like structures 
in the hydrogel expressed VE-cadherin and vWF. (c) Capillary-like CD31 structures adjoined with 
stabilising αSMA-positive pericyte-like cells. (d) Overview of interface between surface and hydrogel; 
CD31 in green, αSMA in red and nuclei in blue. (e) Endothelial monolayer forming an endothelium on 
the surface of gelMA hydrogel discs (X-Y axis). (f) Transition zone between endothelium and underlying 
capillary-structures and αSMA-expressing stabilising cells. (g) Cross-sections (Z-X and Y-X) showing 
capillary-like structures and stabilising cells inside the gelMA bulk hydrogel.

VE-cadherin highlighted the presence of intercellular junctions between endothelial 
cells, both in the endothelium (Fig. 5a) and in the capillary-like structures inside the 
bulk hydrogel (Fig. 5b). The adhesive glycoprotein vWF, synthesised by endothelial 
cells, formed globular structures in the cytoplasm (Fig. 5a,b). Pericyte- like cells 
adjoining the endothelial structures were identifi ed by positive staining for αSMA 
(Fig. 5c). Furthermore, the interface between the endothelium- covered hydrogel 
surface and the bulk hydrogel with capillary-like structures was investigated (Fig. 
5d). Co-existence of stabilised capillaries in direct contact with an endothelial 
monolayer could show the feasibility that diff erentiated MSCs did not impede the 
formation of the endothelium. Three cross-sections at the level of the endothelium 
(Fig. 5e), transition zone (Fig. 5f) and capillary-like structures in the hydrogel (Fig. 
5g) were analysed. An endothelial monolayer had formed on the hydrogel surface, 
with capillary-like structures extending from here into the bulk hydrogel (Fig. 5g). 
At the same time, capillary-like structures and αSMA-positive cells were present 
inside the hydrogel.
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Engineering a macrovessel-like structure in a  bulk hydrogel of 
capillaries and osteogenic cells 

Multiscale pre-vascularised and osteogenically differentiated gelMA-based 
constructs were prepared and cultured for 10 d (Fig. 6a-d) and 15 d (Fig. 6e-j). These 
constructs contained MSC-ECFC co-cultures in the bulk hydrogel and a confluent 
ECFC monolayer in the macrochannel (Fig. 6). The luminal side of the channel was 
prominently covered with endothelial cells, with characteristic cobblestone-like 
morphology (Fig. 6d,f). Furthermore, sections showed capillary- like structures 
inside the surrounding bulk hydrogel of the constructs cultured for 10 d (Fig. 6b) 
and 15 d (Fig. 6e). Sprouting angiogenesis was present from the channel surface 
into the bulk hydrogel as seen in a cross-sectional projection of the channel (Fig. 6b). 
Here, αSMA-expressing cells covered the luminal side of the channel, which was 
additionally covered with endothelial cells (Fig. 6c, originating from the stack shown 
in Fig. 6b). Early osteogenic differentiation of MSCs, as shown by ALP activity, was 
observed after 12 d (Fig. 6g). Furthermore, osteonectin was produced by the cells 
after 15 d of culture (Fig. 6h,i).
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Figure 6. Multiscale pre-vascularised and osteogenically differentiated gelMA constructs. Constructs 
prepared from 50 % DoF gelMA hydrogels containing ECFC-MSC co-cultures and an ECFC-seeded 
macrochannel were cultured in O-E for (a-d) 10 d or (e-j) 15 d. (a,e) Cross-section (projection) through the 
endothelialised channel, (b) projection of close-up of sprouts connecting with the channel-surface and (c) 
single image of stack in b. (d) Longitudinal section (projection) of endothelialised channel. (f) Projection 
of an endothelialised channel. (g) Slice of construct harvested after culture for 12 d for ALP staining. (h,i) 
Osteonectin staining of gelMA construct, cultured for 15 d and (j) isotype control. Staining in green for 
CD31, in red for αSMA and in blue for nuclei (at day 10 and day 15, each N = 2, n = 1-2).
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Discussion

Vascularisation, in combination with tissue specific maturation, is one of the main 
challenges in tissue engineering when proceeding towards clinically- relevant 
sized tissue constructs (Klotz et al., 2016). An often-used strategy is to create vessel-
like structures in the form of engineered endothelial-seeded channels to enable 
vascular supply throughout the construct (Kolesky et al., 2016; Kolesky et al., 2014). 
Furthermore, endothelial cells have the capacity to self-assemble into a capillary 
bed, which extends the vascular network through connections with the engineered 
channels (Lee et al., 2014). This strategy of interconnected macrochannels and 
capillaries was advanced to the next stage by tailoring it specifically to bone tissue 
engineering based on clinically-relevant cell sources. In this work, it was demonstrated 
that multiple sub-cultured primary cell types could be supported within a single 
construct by means of tailored biomaterial physico-mechanical properties and cell-
specific soluble cues in the medium. For the first time, a complex pre-vascularised 
bone model was realised that allowed for the formation of a multiscale vascular-like 
network within a developing bone-like matrix.

Fine-tuning of gelMA hydrogel characteristics 

GelMA hydrogels can be adjusted for different applications by varying the gelatin 
source, polymer concentration, DoF or conversion of double bonds (e.g. through UV 
exposure time) (Klotz et al., 2016; Nichol et al., 2010; Van den Bulcke et al., 2000). Even 
though osteogenesis predominantly occurs in stiff matrices with an elastic modulus 
of 11-30 kPa (Huebsch et al., 2010; Tan et al., 2014), the need for capillaries infiltrating 
the developing bone tissue requires the design of a soft gelMA matrix, preferably 
with an elastic modulus lower than 4 kPa (Nichol et al., 2010). Furthermore, to enable 
the formation of an endothelium, the hydrogel composition has also to allow the 
ECFCs to develop a cobblestone-like phenotype on the hydrogel surface (Gimbrone 
et al., 1974).

To obtain a hydrogel that was suitable for endothelialisation, vascularisation and 
osteogenesis, the physico-chemical and mechanical properties had to be precisely 
tailored and extensively characterised. It was possible to form 5 % gelMA hydrogels 
with a DoF as low as 20 %. However, the sol-gel characteristics of these hydrogels 
were not as reproducible as at higher DoFs, as shown by high standard deviations 
for sol fraction and mass swelling ratios. Therefore, 30 % DoF hydrogels with a 
compressive modulus of 1.2 ± 0.5 kPa were selected for further studies. While 5 % 
gelMA hydrogels (30 % DoF) performed best in terms of 3D MSC spreading, serving 
as an indicator of whether ECFCs could migrate and form capillary-like networks, 
this hydrogel composition is limited by its physico-mechanical characteristics. The 
pronounced swelling behaviour and the related structural instability excluded this 
composition for the intended fabrication approaches. Furthermore, and in contrast 
to 50 % DoF gelMA hydrogels, 30 % DoF gelMA did not allow for reproducible 
ECFC attachment onto the surface of the hydrogel disc. This behaviour might be 
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attributed to the considerable swelling of this hydrogel composition, leading to 
a reduced actual polymer concentration, which does not provide enough cell 
attachment sites. Pore sizes for gelMA hydrogels increase with decreasing DoF 
(Chen et al., 2012) and might lead to a pore size that cannot be bridged anymore by 
residing cells on the hydrogel surface. Furthermore, hydrogels degrade faster with 
decreasing DoF (Chen et al., 2012; Koshy et al., 2014; Nguyen et al., 2015), favouring, 
from a structural point of view, the higher DoF of 50 % over 30 %. In addition, 
no significant difference in compressive modulus was measured when the DoF of 
5 % gelMA hydrogels was decreased from 50 % to 30 % (p = 0.0966). Therefore, 
5 % gelMA at 50 % DoF represented a balance between biological and physico- 
mechanical requirements, as confirmed by an earlier study using this composition 
to engineer vascularised hydrogels (Chen et al., 2012). These results highlighted an 
optimised fabrication window for soft gelMA hydrogels down to 5 % gelMA and 
50 % DoF using Irgacure® 2959 as photo-initiator. This composition fulfilled the 
needed requirements of being relatively form-stable, allowing for endothelialisation 
on the hydrogel surface and enabling cell spreading within the hydrogel, which is 
needed for capillarisation.

Optimisation of culture medium composition for pre-vascularised bone

Medium selection is a critical element in culturing of complex tissue constructs 
containing multiple cell types. Typically, cell culture media are tailored for each 
individual cell type and vary, for instance, in composition of supplements, salts 
and vitamins (Baldwin et al., 2014). While many approaches are reported to test 
the best medium conditions in mesenchymal and endothelial co-cultures for pre- 
vascularised bone tissue (Baldwin et al., 2014; Bersini et al., 2016; Jin et al., 2015; 
Kolbe et al., 2011; Ma et al., 2011; Unger et al., 2015), the effect of the same culture 
medium on endothelialisation of 2D hydrogel surfaces has not yet been reported. 
ODM performs best in 3D co-cultures of MSCs and endothelial cells for osteogenesis 
and vasculogenesis/angiogenesis (Gawlitta et al., 2012; Ma et al., 2011). However, in 
the present study, ODM did not allow for sufficient endothelialisation on gelMA 
hydrogel surfaces. A possible explanation could lie in the spatial separation of 
ECFCs and MSCs. Whereas ECFCs inside the hydrogels are stimulated by paracrine 
signalling from the co-embedded MSCs (Gruber et al., 2005; Hung et al., 2007), on 
the hydrogel surface (and in the presence of ODM without EGM-specific growth 
factors) ECFCs may have insufficient stimulating factors to survive and proliferate. 
Consequently, an alternative culture medium was investigated to allow for 
endothelialisation under osteogenic stimulation. Besides ODM, a variety of mixtures 
of ODM and EGM are reported to have been tested on co-cultures (Baldwin et 
al., 2014; Jin et al., 2015). Since these mixtures lead to a dilution of the osteogenic 
supplements, in the current study, the effects of a combination medium that 
contained double concentrated ODM (for β-glycerophosphate and dexamethasone) 
and standard EGM-2 in a 1 : 1 ratio (resulting in standard ODM component 
concentrations in the final O-E) were investigated. This medium allowed for more 
robust endothelialisation on co-culture-seeded gelMA hydrogel surfaces than ODM 
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alone. VE-cadherin staining highlighted the formation of intercellular junctions 
between ECFCs and vWF was produced after 10 d. vWF was present in the cytoplasm 
of ECFCs and appeared as punctate globules, which is a characteristic of endothelial 
cells (Zheng et al., 2015). These observations demonstrated the maintenance of the 
endothelial monolayer phenotype during the 10 d of culture in O-E. Furthermore, 
differentiation of pericyte-like cells under these culture conditions was confirmed 
by the presence of stabilising cells of endothelial structures, which were positive 
for αSMA. MSCs in co-culture with endothelial cells stabilise capillaries as pericyte- 
like cells (Au et al., 2008). While the stabilising nature of these cells can be shown 
using different stainings, the identification of these cells as pericytes remains 
controversial, since there is a lack of distinct markers (de Souza et al., 2016).   
Capillary-like structures were present in constructs cultured in ODM; however, 
vasculogenesis was enhanced in the combination medium. At the same time, early 
osteogenesis was confirmed in constructs cultured in ODM and O-E. Previously, 
1 : 1 diluted combination media have failed to induce mineralisation of cell-laden 
constructs (Gawlitta et al., 2012; Ma et al., 2011). Impaired mineralisation could 
be associated with the dilution of osteogenic supplements and might be a sign 
that a certain threshold of osteogenic supplements is required (Ma et al., 2011). 
Lee et al. (2013) investigate a medium based on full EGM-2 supplemented with 
standard concentrations of osteogenic additives. However, this medium fails to 
induce mineralisation when compared to conventional ODM. Consequently, it is 
hypothesised that ingredients such as FGF-2, which is present in full EGM-2, might 
counteract robust osteogenic differentiation (Blache et al., 2016). EGM- 2 contains a 
complex mixture of different growth factors to support proliferation and maintenance 
of the endothelial phenotype and might, therefore, influence osteogenesis when 
used undiluted.

In light of clinical applications, it will be necessary not only to replace the serum, but 
also to limit the use of growth factors (GFs) to a minimum. Standard EGM-2 contains 
a cocktail of GFs and might be further fine-tuned and reduced to a few essential 
vasculogenic supplements in a combination medium. To do so, high-throughput 
screening platforms, such as presented by Bersini et al. (2016), will prove very 
valuable. Besides screening for 3D co-culture aspects, it will be inevitable to screen 
the same media as well for 2D endothelialised hydrogel surfaces.

Engineering a macrovessel-like structure in pre-vascularised, 
osteogenically differentiated hydrogels

To proceed to a multiscale pre-vascularised, osteogenically differentiated 
construct model, an ECFC-seeded channel was engineered. It was feasible to 
obtain endothelialised channel surfaces, as well as newly sprouted vessel-like 
structures into these soft, complex cellular hydrogel constructs. This result differed 
significantly from previous works where endothelialised channels are created either 
under purely vasculogenic conditions, with non-clinically- relevant fibroblast or 
pericyte cell lines (Kolesky et al., 2016; Lee et al., 2014; Miller et al., 2012), or in stiff 
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osteogenesis-supporting matrices that do not allow for vasculogenic sprouting in 
the bulk hydrogel (Kolesky et al., 2016).

Besides the characteristic endothelium with cobblestone morphology, capillary-
like structures were also observed on the luminal side of the channel surface (not 
shown). These endothelial cords were only present in constructs containing MSC-
ECFC co-cultures and not in ECFC-only (on the surface) constructs (not shown). 
ECFCs were seeded after an initial pre-differentiation phase, allowing for osteogenic 
differentiation and vasculogenesis to occur throughout the bulk of the hydrogel. A 
delay of 8 d appeared most favourable to establish an endothelium in the channel. 
After a pre- differentiation phase of 12 d, the channels were locally blocked by the 
cells and required clearing for ECFCs to be seeded. When ECFCs were seeded from 
the beginning in the channel of the cell-laden constructs, capillary-like monolayers 
were exclusively detected (data not shown), in agreement with previous studies 
(Bertassoni et al., 2014; Byambaa et al., 2017; Kazemzadeh-Narbat et al., 2017; Zhu 
et al., 2017). Surprisingly, this rather undesirable phenomenon of endothelial cords 
at the gel surface does not attract attention in the literature, while it seems to be an 
important challenge in the field. A simplified model disc was used to test whether 
MSC-derived cells would interfere with endothelium formation. On these discs, 
endothelium co-existed next to capillary-like structures, which were stabilised by 
αSMA-positive cells. Consequently, cell-cell contact with MSC-derived cells did not 
lead to disturbance of this monolayer.

The upscaled constructs exhibited an ALP activity level after 12 d that was 
comparable to hydrogel discs after 10 d. With a comparable hydrogel composition of 
5 % gelMA (57 % DoF), the embedded rat MSCs show increased ALP activity on day 
14 (Celikkin et al., 2018). In the long term, this gelMA composition outperforms 10 
% gelMA hydrogels in terms of the extend of calcium deposition and homogeneous 
distribution throughout the scaffold after 21 d (Celikkin et al., 2018). In the present 
study, the presence of osteonectin was observed in constructs cultured for 15 d, 
highlighting ongoing osteogenesis along with vasculogenesis. The osteonectin 
staining was rather weak, which could be explained by the early time point for 
investigating osteogenesis. Matrix mineralisation and elevated osteogenic protein 
levels are normally assessed after culture periods of more than 3 weeks (Gotman et 
al., 2013). The aim of the current study was to find a balance between two complex 
tissue developmental processes, vascularisation and osteogenesis, which required 
a pre-differentiation phase of the channelled constructs before ECFC-seeding into 
the channel. While the differentiation phase is relatively short to successfully prime 
in vitro osteogenesis, the optimal pre-differentiation period before implantation of 
such constructs remains to be investigated. Interestingly, prolonged in vitro cultures 
of MSCs in osteogenic media has a negative effect on the bone regeneration capacity 
in an orthotopic site (Castano-Izquierdo et al., 2007). Moreover, long-term culture 
of these pre-vascularised constructs under static condition without perfusion is 
impractical, as the newly formed vessels will regress and rupture in the absence 
of a fluid flow (Urbaczek et al., 2017). Hence, future studies will focus on a more 
thorough assessment of the differentiated osteogenic phenotype and mineralisation, 
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in combination with perfusion, for successful clinical translation of the pre-
vascularised bone model reported here.

The combination of multiple human primary cells in one tissue-engineered construct 
resulted in a viable approach. To further proceed towards preclinical applications, 
next steps will lie in upscaling and also mechanically stabilising these soft constructs. 
For instance, a 3D bioassembly approach can be employed to anatomically populate 
these soft pre- vascularised gelMA tissue modules into 3D plotted thermoplastic 
constructs (Mekhileri et al., 2018). Mechanical reinforcement can also be achieved by 
combining these soft gelMA hydrogels with thermoplastic materials (Schuurman 
et al., 2011; Boere et al., 2014; Visser et al., 2015; Mekhileri et al., 2018), to withstand 
the mechanical forces in a bone defect site. To further promote the construct’s 
in vitro maturation prior to implantation, flow perfusion might be needed to 
functionally interconnect the lumina of capillaries and the central channel into an 
intricate network. Ultimately, the engineered macrovessel-like structures need to be 
anastomosed to the circulation of a host animal to aid a fast vascularisation of the 
construct for tissue integration.

The rationale of this study was to advance the strategy of fabricating multi-scale 
vascularised networks in bone tissue engineering. Subcultured primary cell types 
were employed to mimic the biological intricacy of this tissue engineering approach, 
which enabled the investigation of its feasibility and highlighted the challenges 
towards clinical translation. This work demonstrated the viability of combining 
multiple sub-cultured primary human cell types in a single relatively soft biomaterial, 
sharing one culture medium. Multi- cell-differentiation into all relevant lineages was 
successful in gelatin-based hydrogels, cultured in a tailored endothelial-osteogenic 
combination medium. Moreover, the presented results were reproducible for MSCs 
and ECFCs isolated from various donors and applied in different combinations in 
the co- cultures, further underlining the attainability of a clinical translation.

Conclusions

A complex human tissue model was created with an endothelium-covered central 
channel, surrounded by stabilised capillary-like structures and osteogenic cells. 
The simultaneous differentiation of multiple cell types required a tailored medium, 
which was found in a combination of ODM and EGM-2, inducing the desired early 
differentiations for this tissue model. Furthermore, combining multiple clinically-
relevant human primary cells in one tissue-engineered construct resulted in a viable 
approach. Therefore, the present work showed the feasibility of engineering complex 
tissue constructs, paving the way for scale- up approaches with the potential to 
finally overcome the challenge of vascularisation of engineered tissues.
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Gelatin-based hydrogel platforms: biomaterial perspective

Gelatin-based hydrogels are attractive for tissue engineering purposes due to 
the intrinsic biological activity of the material, the biodegradability, the limited 
immunogenicity and its clinical applicability. To form thermally stable hydrogels 
at body temperature, it is required to crosslink the gelatin chains. In this thesis, 
multiple ways of crosslinking were optimised and evaluated for application in pre-
vascularised bone tissue engineering. Besides the method of gelatin crosslinking, 
also the source of the material is critical for mechanical and biological properties of 
the resulting hydrogel.

Currently, functionalisation of gelatin with methacryloyl (gelMA) is probably the 
most often used method to form stable gelatin hydrogels in tissue engineering. While 
it is used for engineering of multiple tissue types, ranging from soft to stiff tissues, 
it was investigated whether the material is equally suitable for engineering of all 
tissue types (Chapter 2) [1]. From this work it became apparent that the latter is not 
the case, since soft hydrogel designs with relatively low polymer and crosslinking 
concentrations result in instable hydrogels (Chapter 6) [2, 3]. While these soft and 
instable hydrogels allow for maximum water content and therefore freedom for 
cells to migrate, the use of these materials is limited. Especially for biofabrication 
purposes, this shape instability is critical and asks for novel strategies to solve the 
discrepancy between maximal cell movement in a hydrogel and its shape fidelity 
[4]. While it was shown in Chapter 6, that it is feasible to use gelMA to create soft 
hydrogels and also for creating macrochannels, there are still numerous challenges 
left. Construct stability is critically impaired at low concentrations and crosslink 
density, which is seen by a clear shrinking of the engineered construct over culture 
time. During the contraction of the hydrogels, pre-vascular networks regressed and 
initially elongated cells became round. It is suggested that the degradation of the 
material is faster than the secretion of novel matrix by the residing cells. It is known 
that biologic materials are associated with fast degradation properties. A solution to 
overcome this obstacle was presented previously by a combination of gelMA with 
PEG to slow down the degradation process [5, 6] and by this better balance matrix 
degradation and deposition.

While UV-induced crosslinking is still the gold standard for crosslinking of gelMA, 
it might be replaced in the future by visible light-based crosslinking systems. The 
latter are considered safer, are more flexible with high light intensities and therefore 
overall faster and more efficient in crosslinking of up-scaled hydrogel constructs 
(Chapter 3) [7]. Moreover, the light penetration depth of UV light is limited and 
by using photo-initiators in the visible light spectrum both problems could be 
overcome (Chapter 3). A good light penetration depth of the crosslinking system 
is especially important for upscaling of a hydrogel construct to a clinically relevant 
size. Moreover, the biological performance of encapsulated cells is increased when 
the hydrogel is crosslinked by visible compared to UV-light, as discussed below. 
Overall, gelMA base-material is an easily synthesised material, which is by now 
commercially available. While the light-induced crosslinking is valuable for multiple 
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biofabrication approaches, it is limited for moulding approaches. Especially, 
in combination with non-transparent materials, e.g. a rod to create a channel, a 
“shadow-zone” is created were full crosslinking of the hydrogel is hampered. Based 
on these named disadvantages of photo-crosslinked gelMA hydrogels for pre-
vascularised bone tissue engineering, we moved further towards the exploration of 
enzymatically crosslinked gelatin hydrogels.

Gelatin crosslinked by microbial transglutaminase (gelTG) was introduced in 
2004 by McDermott and colleagues [8]. The beneficial properties of this hydrogel 
platform are its low cost and the ease of access of the required components [8]. 
Furthermore, this crosslinking process is occurring under physiological conditions 
and natural materials, which makes it especially cell-friendly. However, gelTG 
hydrogels are less tuneable than gelMA, since mainly the gelatin concentration can 
be varied in order to adapt the physico-mechanical characteristics of the resulting 
hydrogel. Alternatively it would also be possible to vary the gelatin source. For 
instance gelatin can be selected based on the average molecular weight of the batch, 
however, this is an impractical approach. This means that especially for the creation 
of soft hydrogels, as needed for pre-vascularised tissue engineering approaches, 
very low gelatin concentrations have to be used. The drawback of these very low 
polymer concentrations of natural materials is that they are more susceptible to 
proteolytic attack resulting in the degradation of the material. Furthermore, the 
reproducibility of the crosslinking speed is limited, which was illustrated by the 
observed high standard deviations of the gelation points (Chapter 4). Moreover, the 
microbial origin of the transglutaminase might hamper future clinical translation of 
the hydrogel platform.

To address these challenges of premature hydrogel degradation and to move 
towards a clinically-relevant material, we developed a novel hydrogel platform. 
This system was based on gelatin and PEG, crosslinked enzymatically by a very 
specific transglutaminase, factor XIIIa. PEG was added as a bio-inert base-material 
for slower degradation properties of the resulting hydrogel. Gelatin was kept as a 
base-material due to its biofunctionality. For crosslinking between these polymers, 
factor XIIIa was used due to its safe and highly specific crosslinking mechanism and 
already existing FDA-approval for its injection into the blood stream.

For soft tissue engineering approaches, these gelPEG hydrogels appeared suitable. 
It was possible to create hydrogels with polymer concentrations as low as 2% w/v. 
Such low polymer concentrations allow for maximum water content and therefore 
freedom for cells to migrate whilst retaining construct integrity. Compared to 
Matrigel, a completely biologic soft hydrogel that is widely used in 3D tissue culture, 
it became apparent that gelPEG hydrogels have a significantly better stability over 
culture time, as shown by having at least twice the height of Matrigel hydrogel 
droplets after 2 weeks of culture (Chapter 5). Moreover, the ease in tuning the 
mechanical properties at a low polymer concentration is an advantage of the gelPEG 
platform compared to gelMA or gelTG.
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Gelatin-based hydrogel platforms: cell-perspective

Besides the biomaterial aspects the cell performance is key in the different gelatin-
based hydrogels. The source of gelatin can be varied and has been shown to have 
an effect on cell performance. Gelatin is conventionally derived from collagen type 
I, the most abundant protein in the body. However, besides its source (e.g. porcine, 
bovine, fish) also the extraction procedure is influencing the characteristics. Basic 
treatment of collagen results in a net negatively charged gelatin at physiological pH, 
whereas acid treatment results in a positively charged molecule

In this thesis, for gelMA and gelTG hydrogels the same gelatin source from porcine 
skin was used, which was acid-extracted (type A). For gelPEG hydrogels, however, 
gelatin type B was used. While vasculogenesis occurred in all hydrogel platforms 
to some degree, the degree of osteogenesis was clearly different. GelTG hydrogels 
showed the slowest osteogenic differentiation followed by gelMA. GelPEG showed 
the most pronounced osteogenic differentiation and was the only hydrogel platform 
where mineralisation of the matrix was visible over a 2-week culture time. Indeed, 
it has been shown that the negative charge of gelatin provides nucleation sites 
for calcium phosphates and therefore might be especially suitable for bone tissue 
engineering [9]. While gelMA could be prepared from any gelatin source (with 
lysine residues), TG-mediated crosslinking is not possible with type B gelatin due to 
the hydrolysed amide groups of glutamine residues [10, 11].

Immobilisation of tissue-specific proteins in gelatin-hydrogels

The immobilisation of extracellular matrix (ECM)-derived proteins into a base-
material is a promising way to fabricate hydrogels that mimic the native environment 
of the natural ECM biologically and structurally [12]

There are various strategies to functionalise proteins with crosslinkable chemical 
groups such as with methacrylate or sulfhydryl groups (also known as thiols) 
[13, 14]. Moreover, proteins or peptides can be synthetically or recombinantly 
produced with a linker that can be used for immobilisation in a hydrogel [15, 
16]. Generally, the modification of proteins of interest is laborious [17, 18] and 
might result in inactive proteins due to the chemical processing. Furthermore, the 
modified proteins might have to be tested separately in FDA-approval procedures 
before they are admissible for clinical use. Therefore, it is an attractive approach 
to immobilise unmodified proteins in a gelatin-based hydrogel network. In gelatin 
hydrogels that were crosslinked with microbial TG, however, it is expected that the 
immobilisation resulted in an inactivation of the built-in protein (Chapter 4). It was 
described previously, that incorporation of growth factors, for example, can lead to 
a short term inactivation which could be restored after degradation of the matrix 
and cleavage of the protein from the hydrogel network [19]. In contrast to gelTG, 
in gelPEG hydrogels incorporation of laminins led to functional built-in proteins 
(Chapter 5). The difference might lie in the type of the used transglutaminase. FXIIIa 
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can only crosslink general lysines and not general glutamines, since the very specific 
sequence around glutamines required for recognition by FXIIIa is naturally not or 
not much present on laminins. This might result in less extensive coupling of all 
the lysines of the protein to the network, which might contribute to retaining the 
bioactivity of the laminins. Therefore, gelPEG hydrogels are an attractive material 
that offers the option to incorporate any lysine-containing protein to create a 
hydrogel with a tissue-specific ECM

Soft hydrogel design as an ECM-analogue

Hydrogels with a high water retention capacity are strongly mimicking (developing) 
biological tissues. During tissue development or repair a soft matrix or callus is 
remodelled into a mature tissue with varying stiffness ranging from soft brain to 
stiffer bone tissue/osteoid. In tissue engineering, this developing process might 
be mimicked by the use of low concentration polymer (soft) hydrogels. While this 
approach might not be needed for avascular tissues, for the parallel development 
of a capillary network, a soft matrix with an elastic modulus of under 4 kPa is 
required. Currently there is a controversy, whether hydrogel stiffness, pore size 
or anchoring points for cells are determining the stem cell fate- most likely, all of 
them play a role. While there is a vast amount of literature that shows that higher 
stiffness of a material is positively correlated with osteogenesis [19, 20], it is also 
possible to engineer osteogenically differentiated tissue-like constructs starting from 
soft materials [2, 21]. It is a logical approach to engineer bone starting from a soft 
material, since also during development bone is starting from osteoid which is softer 
than mineralised bone. Interestingly, it was shown for gelMA hydrogels, that 5% 
gelMA outperformed 10% gelMA for osteogenesis. While 10% gelMA had a stiffness 
of 10 kPa, 5% hydrogels only reached 2.5 kPa. In 5% gelMA hydrogels, a more 
homogenous, mineralised ECM was detected than in 10% gelMA, which was related 
to the lower degree of functionalisation [22]. Moreover, recently it was established 
that stress relaxation properties of a hydrogel are also influencing the differentiation 
potential of the encapsulated cells [23]. The gelPEG platform presented in this 
thesis, showed remarkable osteogenic differentiation in soft hydrogels (Chapter 
5). It is known that endothelial cells enhance the osteogenic potential in vitro [24] 
and the gelatin source probably mostly affects the mineralisation of the matrix. 
Consequently, it is apparent that a combination of multiple factors influences the 
development of vascularised bone tissue, however, the use of soft hydrogels to 
achieve parallel vascularisation is essential

In vivo experiments will show, whether osteogenesis can be enhanced in soft gelPEG 
hydrogels. For these approaches, the right pre-culturing time of the cell-seeded 
constructs needs to be determined before implantation to find the optimal window 
for continued bone-formation in vivo. Interestingly, extended in vitro pre-culture 
times were previously shown to have a negative effect on bone formation [25]. 
Furthermore, osteogenesis might be additionally stimulated in gelPEG hydrogels 
by the addition of osteoinductive calcium phosphates or osteostimulatory proteins.
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Multiscale vascularised bone-like constructs

It is believed that the simultaneous development of vasculature and tissue specific 
maturation is a promising approach in tissue engineering of clinically-relevant sized 
constructs [26, 27]. Such large constructs require the presence of a vascular tree, 
which can be enabled by the fabrication of macrovessels and by the self-assembly of 
endothelial cells into capillary-like structures [28] 

We showed for the first time that it is feasible to create such constructs which are 
composed of a multiscale vascular network in an osteogenically differentiated bulk 
hydrogel (Chapter 6). It is possible within one material to allow for endothelialisation, 
vascularisation and osteogenesis using clinically-relevant primary stem cells. 
Besides selecting a suitable biomaterial, also the choice of culture medium is 
essential to guide all lineage commitments within one construct simultaneously. To 
show the feasibility, for this study gelMA hydrogels were used. For future studies 
it will be beneficial to use hydrogels for this approach that allow for osteogenesis 
and vascularisation of higher quality compared to the levels obtained in gelMA. 
Also, it is important to use a hydrogel that has an adequate degradation rate which 
prevents construct contraction by the embedded cells and stays mechanically stable 
over culture time. For instance gelPEG hydrogels proved in this thesis to  be superior 
compared to gelMA and meet previously mentioned requirements. Moreover, for 
the here applied moulding approaches, enzymatic crosslinking would be more 
practical than light-induced crosslinking, since all areas in the construct can be 
reached and crosslinked. Further challenges, to be addressed in the future are 
related to the reproducibility of endothelium formation in the macrochannels and 
the assessment of their impermeability. Additional challenges are arising when 
aiming at clinically-relevant sized tissue analogues. Upscaling to cm-size requires 
enhanced architectural stability and a complex pre-vascular network composed of 
macrovessels and capillaries. After establishment of such a complex large size tissue 
analogues, perfusion will allow to achieve matured large tissue analogues, ready for 
implantation [27]. 

Towards reinforcement and up-scaling of gelatin-based hydrogels

Biofabrication is an emerging field that integrates the assembly and maturation of 
complex cell-containing tissue constructs [29]. With these techniques, there is the 
possibility of creating complex tissue-like constructs with multiple layers and high 
spatial resolution. In this thesis, the focus was mainly on the cell-material aspects in 
model tissues with the idea to first address the stimulation of cells towards the desired 
phenotypes. The next challenge will be to shape these materials with state-of-the-art 
biofabrication techniques. To do so, the described materials need to be optimised 
with regard to their printability. Alternatively, moulding approaches could be 
combined with bioprinting as it is often done [28, 30, 31]. The matrices investigated 
and engineered in this thesis should ideally represent the ECM-like compartment 
as suggested by Kolesky and co-workers who distributed different aspects of a 
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tissue over multiple bioinks [30]. Multiple inks could fulfil different requirements 
in order to realise up-scaled, complex tissue-like constructs. By this, stabilisation of 
the construct can be separated from the bulk material in which the cells are residing, 
which needs to be relatively soft (unstable) for most tissue engineering approaches. 
Thermoplastic grid-like structures have been shown to enhance the mechanical 
stability of cell-laden hydrogels [32-34]. To create macrochannels that allow for 
immediate construct perfusion, pluronics has been successfully employed ([30, 31] 
e.g.) and realised an up-scaled version of the macrovessel fabricated in Chapter 6. 
Alternatively, poly(vinylic acid) (PVA) was successfully used to build a sacrificial 
channel template of the main vascular network [35]. After printing a thermoplastic 
grid for mechanical stability and a sacrificial template for the macrovessels of a 
vascular bed, an ECM-like material, such as gelPEG, which was developed in this 
thesis, could be moulded around these structures. As mentioned before, for such 
moulding approaches enzymatic crosslinking as applied with gelPEG will be most 
ideal, to be able to crosslink the entire construct. There will be no “shadow zone” 
underneath light-impermeable materials when employing an external light source. 
Theoretically it might be possible to crosslink the hydrogel in a layer-by-layer 
approach, however, still there will be zones that cannot be reached by the light and 
the step-by-step crosslinking will extend the printing time and allow for cell sagging.

After assembly and maturation of such complex tissue analogues in vitro, the next 
step will lie in in vivo studies. Such studies will allow answering the question ‘how 
much predefined architectural complexity such a 3D tissue analogue would require 
and to what extend the encapsulated cells could take over the tissue formation 
process to result in a functional tissue replacement’ [1]. 

Pre-clinical considerations of pre-vascularised bone constructs

When working on the realisation of such complex and up-scaled tissue analogues, 
it is also important to consider the translatability of the taken approach. Which 
requirements need to be met in order to be able to proceed ultimately towards clinical 
application? Such biofabricated tissue constructs, are considered as Advanced Therapy 
Medicinal Products (ATMPs). The clinical applicability might be more easily achieved 
by constructs which are printed without cells. The cell-laden hydrogels might be 
added after the printing process by moulding to circumvent possible restrictions in 
the additional handling and manipulation of stem cells.

When using gelMA hydrogels, crosslinked by UV light and Irgacure 2959 free radicals 
will be generated to initiate polymerisation and also non-degradable polymer chains 
will be developed [36]. However, by using e.g. visible light and the Ru/SPS initiation 
system as introduced in Chapter 3, this limitation might be overcome, since it allows 
for crosslinking at a less energetic irradiation than UV light [7]. Ultimately, however, 
physiological enzymatic crosslinking might prove safer than radical-induced 
crosslinking of hydrogels laden with stem cells.
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For this thesis, ECFCs and MSCs were chosen as clinically-relevant cell sources. Ideally, 
autologous MSCs and ECFCs would be used for a patient in need of a vascularised 
bone tissue analogue. While the use of MSCs is already routine in human clinical 
trials, the use of ECFCs is not translated yet to the same extend. Currently, the clinical 
application of ECFCs is limited by challenges regarding time and efficacy of cell 
isolation and expansion from peripheral blood [37]. Furthermore, the required animal 
derived reagents (such as growth factors) during cell culture need to be replaced [37].

The use of the gelPEG platform is promising with regard to its translatability. The 
used gelatin source is already FDA approved and the used crosslinking agent FXIII 
is a medicinal product (used as an injection into the bloodstream) for patients with 
blood coagulation disorder. While the here used FXIIIa is derived from human serum 
which might be a risk for disease-transfer, in future a recombinant version of the 
enzyme might be preferable. The here used laminins are animal-component-free and 
the laminin 521 is already available in cell therapy grade. Also, the PEG used in the 
studies described is medical grade, however, the modification of PEG with a peptide 
would require clinical translation. Potential regulatory hurdles of translating the 
gelPEG platform to the clinics might lie in the complexity of the crosslinking platform. 
It is a multi-component crosslinking system and not just the single factors but also the 
combination would require a FDA-approval. For above named reasons and in case of 
successful animal testing, this platform would have a good starting position to fulfill 
the requirements towards a successful ATMP.

Concluding remarks and future outlook

In this thesis, pre-existing gelatin-based hydrogels were evaluated regarding their 
suitability as matrices for the engineering of vascularised bone. Moreover, a gelatin-PEG 
based hydrogel system (gelPEG) was newly developed to address the shortcomings of 
available gelatin-based hydrogel platforms. While gelMA and gelTG hydrogels were 
limited for the intended application, the newly developed matrix material proved to 
be adequately soft with a suitable speed of cell-mediated degradation, which allows 
for differentiation towards the vasculogenic and osteogenic lineages. Moreover, the 
developed gelPEG platform could also be applied for other tissue culture techniques, 
such as for liver organoids, which are currently done in Matrigel, a mouse-tumour-
based matrix.  Importantly, this novel tailorable hydrogel is easily customised with 
tissue-specific cues that might prove valuable for other tissue engineering approaches 
that combine pre-vascularisation approaches with tissue-specific tissue development. 
Moreover, in this thesis the feasibility was demonstrated to use clinically-relevant stem 
cells for the generation of complex multiscale vascularised bone-like tissue constructs.  
The next steps will lie in perfusion of such constructs and in vivo models to explore 
questions, such as how much predeveloped complexity of such tissue engineered 
constructs is needed to serve the goal to repair and restore the function of damaged 
tissue platforms, such as the in this thesis developed gelPEG system, might serve as a 
stepping stone to bridge the gap between tissue engineering at the laboratory bench 
and clinically relevant in vivo models. 
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Supplementary comment 1.
We hypothesized, that while the amino acid sequence containing a glutamine is a 
very specific sequence that the lysine (Lys) containing sequence is more generic. 
Indeed, hydrogels did not form in the absence of PEG-Gln when PEG-Lys was 
combined with gelatin. To exclude the formation of intramolecular crosslinks, pure 
gelatin was crosslinked at a concentration of 10% w/v with FXIIIa. Under present 
crosslinking conditions, pure gelatin did not form a hydrogel and the polymer 
solution remained at a low viscosity (data not shown), demonstrating the need for 
the substrate-specific Gln-sequence for FXIIIa mediated crosslinking. 

Supplementary Figure 1. Hydrogel formation of gelatin and PEG mediated by FXIIIa. The point of 
gelation occurred at about 2 minutes and the crosslinking was completed after about 15 minutes, when G’ 
reached a plateau. Depicted data are from a representative measurement; n= 3 independent experiments
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Supplementary Figure 2. Hydrogel sol fraction and LN binding in gelPEG hydrogel networks. a Sol 
fraction in dependence of gelPEG concentration. b Anti-LN-subunit α5 staining of LN521-laden 3% w/v 
gelPEG hydrogel compared to unloaded hydrogel (insert) after 1 d swelling in TBS. Data is depicted as 
mean + SD, n= 5

Supplementary Figure 3. Pre-vascular network formation in GFP-ECFC and MSC co-cultures under 
vasculogenic culture conditions. a-c GFP-ECFCs in Matrigel form vascular-like networks on day 3 which 
are remodeled up to day 10.  d-f GFP-ECFCs in gelPEG hydrogels form vascular-like structures with 
an initial temporal delay, resulting in comparable networks to Matrigel on day 6 and 10. (widefield 
fluorescence, N= 3, n= 3)
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Supplementary Figure 4. Metabolic activity of liver organoids over culture time in Matrigel and gelPEG-
based hydrogels. Liver organoids exhibited an increase in metabolic activity from day 1 to 3, which 
gradually decreases over culture time, resulting in comparable activity levels as liver organoids cultured 
in Matrigel after 9 days culture. Data is depicted as mean +/- SD; N= 3, n= 5 

Supplementary Figure 5. Gene expression levels of liver organoids that were cultured for 9 days 
in Matrigel and gelPEG-based hydrogels. a The cytokeratin KRT7 (CK7) was equally expressed in all 
hydrogels. b Albumin expression was decreased in LN-laden gelPEG hydrogels. c SLC10A1, encoding 
a liver-specifi c sodium/bile acid cotransporter, was comparably expressed in all hydrogel compositions. 
The cytochrome family of enzymes d CYP2B6 e CYP2C19 and f CYP3A4 were comparably expressed 
in Matrigel and gelPEG, whereas LN-laden hydrogels showed partially lower expression levels. Data is 
depicted as mean + SD; N= 3, n= 3
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Tables
Supplementary table 1. Primer sets used for qPCR analysis

Human gene Forward primer Reverse primer

Pre-vascularised 
bone:

PECAM1 GCAGTGGTTATCATCGGAGTG TCGTTGTTGGAGTTCAGAAGTG

CDH5 AAGCAGGCCAGGTATGAGAT TGTGTACTTGGTCTGGGTGAAG

CSPG4 GAAGGAGGACGGACCTCAAG GATCAGCTGCTCTTCCACCATT

ACTA2 ATGCCATCATGCGTCTGGAT ACGCTCAGCAGTAGTAACGA

BGLAP CCTCACACTCCTCGCCCTAT GCTTGGACACAAAGGCTGCAC

SPP1 GCCGAGGTGATAGTGTGGTT GTGGGTTTCAGCACTCTGGT

GAPDH CAACGGATTTGGTCGTATTGGG TGCCATGGGTGGAATCATATTGG

Liver organoids:

YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

KRT7 GGACATCGAGATCGCCACCT ACCGCCACTGCTACTGCCA

CYP2C19 GGGACAGAGACAACAAGCA CCTGGACTTTAGCTGTGACC

ALB GTTCGTTACACCAAGAAAGTACC GACCACGGATAGATAGTCTTCTG

SLC10A1 GATATCACTGGTGGTTCTC ATCATCCCTCCCTTGATGAC

CYP3A4 CACAGGCTGTTGACCATCAT TTTTGTCCTATAAGGGCTTT

CYP2B6 CTACCAAGATCAAGAGTTCCTG ATTTCAAGAAGCCAGAGAAGAG
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List of abbreviations

2D Two-dimensional

3D Three-dimensional 

α-MEM Alpha minimal essential medium 

α-SMA Alpha smooth muscle actin

ALP Alkaline phosphatase 

Asap L-ascorbicacid-2-phosphate 

ATMP Advanced therapy medicinal  product

bFGF Basic fibroblast growth factor 

BSA Bovine serum albumin 

cDNA Complementary deoxyribonucleic acid

DAB Diaminobenzidin 

DAPI 4, 6-diamidino-2-phenylindole

DMA Dynamic mechanical analyser

DNA Deoxyribonucleic acid 

DoF Degree of functionalisation 

EBM Endothelial basal medium

EC Endothelial cell

ECFC Endothelial colony forming cell 

ECM Extracellular matrix 

EDTA Ethylenediaminetetraacetic acid

EGM-2 Endothelial growth medium-2

EM Expansion medium

FACS Fluorescence-activated cell sorting 

FBS Fetal bovine serum 

FGF-2 Fibroblast growth factor-2

FXIIIa Activated factor XIII

GelMA Gelatin-methacryloyl 

GelPEG Gelatin-poly(ethylene) glycol

GelTG Gelatin-transglutaminase

GF Growth factor

GFP Green fluorescent protein 

Gln Glutamine

GMP Good manufacturing practice

H&E Haematoxylin and eosin

LN Laminin 

Lys Lysine

MG Matrigel

MMP Matrix metallo proteinase

MNC Mononuclear cells
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MSC Multipotent mesenchymal stromal cell 

NG-2 Neural/glial antigen-2

ODM Osteogenic differentiation medium

O-E Osteogenic- endothelial combination medium

PBS Phosphate-buffered saline

PCL Poly(ε -caprolacton)

PCR Polymerase chain reaction

PEG Poly(ethylene) glycol

PVA Polyvinylalcohol 

RGD Arginylglycylaspartic acid

RT Room temperature

TBS Tris-buffered saline

TG Transglutaminase 

UV light Ultraviolet light

VE-cad Vascular endothelial cadherin

VIS light Visible light 

vWF Von willebrand factor

w/v Weight/volume
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Nederlandse samenvatting

Construeren van biomaterialen voor pre-vascularisatie van botanalogen

Bot is het op één na meest getransplanteerde weefsel in het menselijk lichaam. De 
huidige behandeling om een ontbrekend botsegment te vervangen is de transplantatie 
met autoloog bot. Hoewel kleinere botdefecten kunnen worden vervangen door een 
niet-gevasculariseerd stuk botweefsel van het patiënt, vereisen defecten van meer 
dan ongeveer 5 cm in lengte in de onderkaak onmiddellijke vascularisatie van het 
getransplanteerde bot. Daarom zijn voor dergelijke grote botdefecten zogenaamde 
gevasculiseerde botflappen nodig. Conventioneel worden deze gevasculariseerde 
lappen geoogst uit de fibula van het onderbeen, de rand van het schouderblad, of 
uit de kam van het bekken. Anastomose van een dergelijk relatief groot implantaat is 
van cruciaal belang om een   onmiddellijke bloedtoevoer door de volledige dikte van 
het geïmplanteerde transplantaat te verkrijgen en dus overleving van het implantaat 
mogelijk te maken. Deze reconstructieve operaties gaan gepaard met nadelen zoals 
morbiditeit van de donorplaats en lange operatietijd, die een belasting voor de 
patiënt vormen.

Het vakgebied van de tissue engineering heeft als doel om weefselsubstituten 
te ontwikkelen om zo de functies van het aangetaste weefsel van een patiënt te 
behouden, te herstellen of te verbeteren.

 In de afgelopen bijna 30 jaar zijn successen geboekt in de tissue engineering van 
dunne, niet doorbloede weefsels en organen zoals kraakbeen, huid en blaas. Voor 
tissue engineering van botweefsel en andere weefsels is het belangrijkste knelpunt 
de benodigde vascularisatie om grotere  weefselconstructen te kunnen maken. 
Een andere uitdaging bij het construeren van gevasculariseerde botweefsels ligt 
in de compositie van het dragermateriaal dat een efficiënte weefselontwikkeling 
mogelijk moet maken. Bovendien is, naast de gewenste biologische, mechanische 
en chemische kenmerken van een biomateriaal, ook de klinische toepasbaarheid 
cruciaal. Om deze reden werd gelatine gebruikt als basismateriaal omdat het klinisch 
toepasbaar geproduceerd kan worden. Daarbij worden verschillende methoden voor 
crosslinking van een hydrogel onderzocht en hoe, met de verschillende methoden, 
gevasculariseerd bot gekweekt kon worden.

In dit proefschrift wordt onderzocht of het mogelijk is om een complex botweefsel 
met bloedvaten te maken in het laboratorium.

In dit proefschrift is aangetoond dat het mogelijk is om met behulp van klinisch 
toepasbare stamcellen uit het beenmerg (multipotente mesenchymale stromale 
cellen, MSCs) en uit navelstrengbloed (endotheliale kolonievormende cellen, 
ECFCs) een complex gevasculariseerd botconstruct te kweken (Hoofdstuk 6). Tot 
dusver werd niet eerder aangetoond dat met deze primaire cellen één construct 
gecreëerd kon worden met de volgende eigenschappen: een met endotheelcellen 
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bekleed kanaal; haarvat-achtige structuren door de gehele dikte van het construct; 
en osteogeen (richting bot) gedifferentieerde cellen rondom de haarvatachtige 
structuren. Het hiervoor gebruikte dragermateriaal bestond uit gemethacryleerde 
gelatine (gelMA) dat gecrosslinked werd met een photoinitiator en UV licht.

In een vervolgstudie werd onderzocht, of het crosslinken met een alternatief 
systeem bestaande uit een photoinitiator en zichtbaar licht voordelen biedt voor 
celoverleving en -gedrag (Hoofdstuk 3). Het crosslinken met zichtbaar licht en de 
geselecteerde fotoinitiatoren resulteerde in een betere celfunctionaliteit dan met 
UV licht en fotoinitiator. Verder bleek zichtbaar licht geschikter dan UV licht om 
grote constructen van gelMA te crosslinken. Dit is voornamelijk van belang wanneer 
constructen van klinisch relevante afmetingen worden gemaakt, omdat zichtbaar 
licht een betere diepte penetratie heeft.

In Hoofdstuk 4 wordt de mogelijkheid onderzocht om geprevasculariseerde bot-
achtige constructen te maken door gelatine enzymatisch te crosslinken. Het voordeel 
van enzymatisch crosslinken met het gebruikte transglutaminase is dat dit een 
onderdeel is van het fysiologische collagenen crosslink proces. Ook komen hierbij 
geen radicalen vrij zoals tijdens het photocrosslinken. Hierbij werd duidelijk, dat 
met transglutaminase gecrosslinkte gelatine, net als met photoinitiator en UV licht 
gecrosslinkt  gelMA, differentiatie van de stamcellen toelaat. Echter, het bleek niet 
mogelijk om proteïnen functioneel in te bouwen in het hydrogel en de botvorming 
additioneel te kunnen stimuleren.

Verder deed zich het probleem voor dat gelMA, net als gelatine-transglutaminase 
gelen die puur op gelatine gebaseerd zijn, te snel afbreken om een evenwicht van 
gelafbraak en weefselaanmaak door de stamcellen te kunnen waarborgen. Om deze 
reden werd vervolgens een nieuw klinisch toepasbaar materiaal ontwikkelt, dat de 
biologische kenmerken vertoont van de gouden standard (Matrigel) met excellente 
biofunctionaliteit, toepasbaar voor verschillende weefseltypen, (Hoofdstuk 5), en 
minder snel afbreekt dan pure gelatine door de toevoeging van een synthetische 
component (polyethylene glycol, PEG). Dit nieuwe semi-synthethische 
dragermateriaal wordt door een klinisch relevant enzym, bloedstollingsfactor 
XIII, gecrosslinkt. De weefselontwikkeling van bot, vaten en ook leverweefsel was 
vergelijkbaar en gedeeltelijk zelfs beter dan de gouden standaard Matrigel. Verder 
bleek het mogelijk om eiwitten in het nieuwe dragermateriaal te immobiliseren 
die de biofunctionele eigenschappen van het materiaal verbeterden. Vaatvorming 
en celdifferentiatie richting bot konden in deze materialen zelfs verder verbeterd 
worden door actieve eiwitten in de constructen te incorporeren.
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Conclusie
In dit proefschrift werden bestaande, op gelatine gebaseerde, hydrogelen onderzocht 
en vergeleken met een nieuw ontwikkeld hydrogelsysteem wat betreft  geschiktheid 
om matrix gevasculariseerd botweefsels te kunnen creëren. Er werd aangetoond 
dat het haalbaar is om complexe gevasculariseerde botachtige weefselconstructen 
te maken op basis van klinisch relevante stamcelbronnen. GelMA en gelTG-
gebaseerde hydrogelen bleken beperkingen te hebben voor de beoogde toepassing. 
De ontwikkeling van een klinisch relevante hydrogel maakte het mogelijk om een 
matrix voor cellen te verkrijgen, die voldoende zacht is en een optimale snelheid 
van celgemedieerde afbraak vertoont. Het nieuw ontwikkelde materiaal bleek 
geschikt te zijn voor celdifferentiaties richting de vasculogene, osteogene maar ook 
voor andere tissue engineering strategieën zoals voor het kweken van mini-levers. 
Bovendien kan de nieuwe hydrogel geoptimaliseerd worden door toevoeging van 
weefselspecifieke eiwitten. Hierdoor is dit materiaal uitermate interessant voor 
toepassingen voor uiteenlopende weefsels.
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Deutsche Zusammenfassung

Konstruktion von Biomaterialien zur Vaskularisation von 
Knochenanaloga

Knochen ist das am zweithäufigsten transplantierte Gewebe im menschlichen 
Körper. Die derzeitige Behandlung zum Ersatz eines fehlenden Knochensegments ist 
die autologe Knochentransplantation. Obwohl kleinere Knochendefekte durch ein 
nicht vaskularisiertes Stück Knochengewebe des Patienten ersetzt werden können, 
erfordern Defekte mit einer Länge von mehr als ungefähr 5 cm im Unterkiefer 
eine sofortige Vaskularisation des transplantierten Knochens. Daher erfordern 
solche großen Knochendefekte sogenannte vaskularisierte Knochenlappen. 
Herkömmlicherweise werden diese vaskularisierten Lappen aus der Fibula des 
Unterschenkels, der Kante des Schulterblatts oder aus dem Kamm der Hüfte 
entnommen. Die Anastomose eines solch relativ großen Implantats ist entscheidend, 
um eine sofortige Blutversorgung durch die volle Dicke des implantierten Implantats 
zu erhalten und somit das Überleben des Implantats zu ermöglichen. Diese 
Rekonstruktionsoperationen gehen mit Nachteilen wie Morbidität der Spenderstelle 
und langen Operationszeiten einher, die den Patienten belasten.

Das Gebiet des Tissue Engineering zielt darauf ab, Gewebeersatz zu entwickeln, 
um die Funktionen des betroffenen Gewebes eines Patienten zu erhalten, 
wiederherzustellen oder zu verbessern.

In den letzten fast 30 Jahren wurden Erfolge beim Tissue Engineering von dünnen 
oder nicht durchbluteten Geweben und Organen wie Knorpel, Haut und Blase 
erzielt. Beim Tissue Engineering von Knochengewebe und anderen Geweben 
besteht der Hauptengpass in der Vaskularisation, die zur Herstellung größerer 
Gewebekonstruktionen erforderlich ist. Eine weitere Herausforderung beim 
Aufbau von vaskularisierten Knochengeweben besteht in der Zusammensetzung 
des Trägermaterials, das eine effiziente Entwicklung des Gewebes ermöglichen 
soll. Darüber hinaus ist neben den gewünschten biologischen, mechanischen und 
chemischen Eigenschaften eines Biomaterials dessen klinische Anwendbarkeit von 
entscheidender Bedeutung. Aus diesem Grund wird Gelatine als Basismaterial 
verwendet, da sie klinisch anwendbar hergestellt werden kann. Verschiedene 
Methoden zur Vernetzung eines Hydrogels werden untersucht und wie mit den 
verschiedenen Plattformen vaskularisierter Knochen kultiviert werden kann.

In dieser Dissertation wurde untersucht, ob es möglich ist, im Labor ein komplexes 
Knochengewebe mit Blutgefäßen herzustellen.

Diese Dissertation hat gezeigt, dass klinisch anwendbare Stammzellen 
aus Knochenmark (multipotente mesenchymale Stromazellen, MSCs) und 
Nabelschnurblut (endotheliale koloniebildende Zellen, ECFCs) verwendet werden 
können, um ein komplexes vaskularisiertes knochenähnliches Konstrukt zu züchten 
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(Kapitel 6). Bisher wurde nicht nachgewiesen, dass mit diesen Primärzellen 
ein Konstrukt mit den folgenden Eigenschaften erzeugt werden kann: ein mit 
Endothelzellen bedeckter Kanal; kapillarähnliche Strukturen über die gesamte 
Dicke des Konstrukts; und osteogene (in Richtung Knochen) differenzierte Zellen 
die die kapillarartigen Strukturen umgeben. Das hierfür verwendete Trägermaterial 
bestand aus methacrylierter Gelatine (gelMA), die mit einem Photoinitiator und UV-
Licht vernetzt wurde.

In einer Folgestudie wurde untersucht, ob die Vernetzung mit einem alternativen 
System aus Photoinitiator und sichtbarem Licht Vorteile für das Überleben und 
Verhalten der Zellen bietet (Kapitel 3). Die Vernetzung mit sichtbarem Licht führte zu 
einer besseren Zellfunktionalität als mit UV-Licht. Darüber hinaus schien sichtbares 
Licht für die Vernetzung großer GelMA-Konstrukte geeigneter zu sein als UV-Licht. 
Dies ist besonders wichtig, wenn Konstrukte mit klinisch relevanten Abmessungen 
hergestellt werden, da sichtbares Licht eine bessere Tiefenwirkung hat.

In Kapitel 4 wurde die Möglichkeit untersucht, vaskularisierte knochenähnliche 
Konstrukte durch enzymatische Vernetzung von Gelatine herzustellen. Die 
enzymatische Vernetzung mit der hier verwendeten Transglutaminase hat den Vorteil, 
dass sie Teil des physiologischen Kollagenvernetzungsprozess ist. Auch werden 
keine Radikale freigesetzt, wie beispielsweise bei der Photovernetzung. Es wurde 
deutlich, dass mit Transglutaminase vernetzte Gelatine sowie mit Photoinitiator 
und UV-Licht vernetztes gelMA eine Differenzierung der Stammzellen ermöglicht. 
Es stellte sich jedoch heraus, dass es nicht möglich war, Proteine   funktionell zu 
integrieren und zusätzlich die Knochenbildung zu stimulieren.

Ferner trat das Problem auf, dass Gele die ausschließlich auf Gelatine basieren 
(wie gelMA und Gelatine-Transglutaminase), zu schnell abgebaut werden, um ein 
Gleichgewicht zwischen Gelabbau und Gewebeproduktion durch die Stammzellen 
zu gewährleisten. Aus diesem Grund wurde ein neues klinisch anwendbares Material 
entwickelt, das die biologischen Eigenschaften des Goldstandards (Matrigel) mit 
hervorragender Biofunktionalität für verschiedene Gewebetypen zeigt (Kapitel 5); 
und weniger schnell als reine Gelatine zerfällt durch Zusatz einer synthetischen 
Komponente (Polyethylenglykol, PEG). Dieses neue halbsynthetische Material ist 
mithilfe eines klinisch relevanten Enzyms, den Blutgerinnungsfaktor XIII, vernetzt. 
Die Gewebeentwicklung von Knochen, Gefäßen und auch Lebergewebe in dem 
neuen Material war vergleichbar und zum Teil sogar besser als in dem Goldstandard 
Matrigel. Darüber hinaus konnten Proteine   in dem neuen Trägermaterial 
immobilisiert werden, die dadurch die biofunktionellen Eigenschaften verbesserten. 
Die Gefäßbildung und Zelldifferenzierung in Richtung Knochen konnte in diesen 
Materialien noch weiter verbessert werden, indem aktive Proteine   in die Konstrukte 
eingebaut wurden.
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Fazit
In dieser Dissertation wurden existierende Hydrogele auf Gelatinebasis untersucht 
und mit einem neu entwickelten Hydrogelsystem hinsichtlich der Eignung als 
Trägermaterial zur Herstellung von vaskularisierten Knochengeweben verglichen. 
Es wurde gezeigt, dass es möglich ist, komplexe vaskularisierte knochenähnliche 
Gewebekonstrukte basierend auf klinisch relevanten Stammzellquellen herzustellen. 
Es wurde festgestellt, dass GelMA- und GelTG-basierte Hydrogele Einschränkungen 
für die beabsichtigte Anwendung aufweisen. Die Entwicklung eines klinisch 
relevanten Hydrogels ermöglichte es, eine Matrix für Zellen zu erhalten, die 
ausreichend weich ist und eine optimale Geschwindigkeit des zellvermittelten 
Abbaus aufweist. Das neu entwickelte Material erwies sich als geeignet für die 
vaskulogene und osteogene Zelldifferenzierung Tissue-Engineering-Strategien wie 
die Kultivierung von Mini-Lebern. Darüber hinaus kann das neue Hydrogel durch 
Zugabe von gewebespezifischen Proteinen optimiert werden. Dies macht dieses 
Material für Anwendungen für verschiedene Gewebe äußerst interessant.
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Haus habe ich es zu verdanken, dass ich den großen Schritt nach Holland gewagt 
habe (wo ich doch nicht einmal wusste, wo auf der Karte dieses Land liegt).

Papa, es ist unbezahlbar jemanden an seiner Seite zu wissen, den man immer um 
Rat fragen kann. Sei es was die Bahn angeht oder ob man das tote Pferd das man 
reitet, endlich für tot erklären sollte. Heimlich warst du immer mein Vorbild, als 
du beruflich auf der ganzen Welt unterwegs warst und auf Konferenzen vor vielen 
Leuten präsentiert hast. Vielleicht habe ich deswegen den Weg der Forschung 
eingeschlagen und ich ins Ausland gezogen.

Peter, du verstehst die Kunst zu gut wie man am Meisten aus dem Leben macht, es 
anpackt und feiert. Es ist bewundernswert, wie viel Biss du hast, etwas Neues zu 
erlernen- egal ob Motorrad reparieren, künstlerische Projekte, Häuserrestauration 
oder neue Sportarten. Und das alles neben einer Weiterbildung und einer 
Vollzeitstelle. Da kann ich viel von dir lernen.

Anna, wunderbar, dass du so rebellisch und dickköpfig bist und am Ende das 
erreichst, wovon du überzeugt bist. Mit deinem starken Gerechtigkeitssinn lässt sich 
die Welt ganz sicher zu einem besseren Ort machen.
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Isi, ich finde klasse wie du dein Ding machst und zwischen den Optionen deiner 
vielen Geschwister, deinen Weg gehst. Du kämpfst dich durch das Ingenieurstudium 
und ich wünsch dir, dass auch bald wieder freudigere Zeiten für dich kommen.

Lori, du bist genial und als Jüngste von uns profitierst du sicher von einem guten 
Bonus in Sachen Unkompliziertheit. Ich bin echt gespannt, wo dich dein Leben in 
ein paar Jahren hinführt ;)

Liebe Oma, danke, dass du mich immer so verwöhnst mit schwäbischem Essen und 
Vitaminen, wenn ich wieder auf Heimaturlaub bin. 

Endlich ist unser Schlössle keine Träumerei mehr und können wir unter italienischer 
Sonne Dornen hacken, bohrhammern oder von morgens bis abends brunchen.

Liefste Thijs, wat heb ik een ontzettend groot geluk en ben ik dankbaar dat jij in mijn 
leven bent gekomen! Tijdens mijn promotie was ik te vaak niet de mooiste versie 
van mezelf, maar jij wist er gelukkig goed mee om te gaan. Ook had ik profijt, dat 
je nieuwe onderzoeksvragen wilde bediscussieren en de een of andere presentatie 
kon ik ook geduldig met je doorspreken. Ik waardeer je kritische en analytische kijk 
op alles – ook op wat ik vertel, ook al ben ik op het moment zelf niet altijd even blij 
over. Je ongecompliceerde, nieuwsgierige en vrolijke kijk op het leven is een genot. 
Ik was altijd een fan van grote plannen die ik (ver) in de toekomst omzet. Jij bent 
een meester van het leven in het nu. Met jou verspil ik geen tijd met grote plannen 
maken maar geniet ik van onze tijd samen. Daardoor gaat niet alles efficiënt en 
volgens plan, maar door die “omleidingen” is mijn leven met jou vol met leven- en 
er kan niets leukers zijn. Ook zonder veel te plannen is er weer tijd voor een nieuw 
avontuur en kijk ik er naar uit om samen met z’n drieën naar Duitsland te verhuizen!
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