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Introduction 

Biomaterials science has been the basis for the development of numerous medical devices and 

has become an important class of contemporary materials science [1]. Besides metallic and 

ceramic materials, polymeric biomaterials have been mainly used in the repair or replacement 

of damaged tissues [2]. Well-known examples of polymeric biomaterials are, among many 

others, vascular prostheses to replace diseased blood vessels, contact lenses and intraocular 

lenses, and biodegradable sutures to close wounds [3]. Biomaterials are used in biomedical 

engineering, an interplay between multiple disciplines like chemistry, physics, biology and 

materials science, and also other sciences like pharmaceutical sciences, electronics and 

nanotechnology. In the past decades the understanding of how these biomaterials interact with 

the human tissue continuously increased. As a result, these advances led to the development of 

novel biomaterials that can interact with the body, promote function and/or induce tissue 

regeneration [4]. Nowadays, the development of novel biomaterials is directed to the complex 

natural 3D structure of tissues in order to more closely stimulate regeneration of non-

functioning, diseased or damaged tissues [1, 5]. This emerging field is generally presented as 

tissue engineering or regenerative medicine. Biomaterials can be combined with cells and 

biologically active compounds like growth factors to build a tissue that can be implanted. 

Alternatively, a biomaterial containing cues that attract cells from surrounding healthy tissue 

and thereby stimulating the deposition of new healthy tissue may be used. Because native 

tissues have a distinct complex architecture with specific cells embedded in an extracellular 

matrix, building a functional tissue is highly challenging. The chemical composition, physical 

processes, type of cells involved and also mechanical cues are important (Figure 1). Applying 

a temporal construct that is degradable and can be replaced by a new extracellular matrix 

deposited by cells may serve as sound alternative. These key issues are combined in the 

manufacturing of 3D scaffolds which are cytocompatible, interact with surrounding tissue, 
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stimulate tissue repair and are safe to use [6]. 

 

Figure 1.  Tissue regeneration using biomaterials is influenced by different parameters. 

Among the large number of polymeric biomaterials nowadays known, hydrogels, materials 

composed of a three-dimensional network structure formed by hydrophilic polymeric 

molecules, received increasing interest during the past decades. Hydrogels are physically or 

chemically crosslinked networks, insoluble in water, and appear to be the ideal choice as a 

biomedical material because the porous network structure and water absorption mimic the 

microenvironment of human tissues [7, 8]. Water molecules in the hydrogel act as a liquid phase 

filling the internal voids of the three-dimensional network structure. Many natural and synthetic 

polymers can be used to form hydrogels. Generally, the physicochemical properties of synthetic 

polymers (e.g. mechanical properties, degradability), can be tuned for a certain application. It 

was shown that by a combinatorial approach large number of porous polymeric structures, 

widely differing in their physical and mechanical properties can be prepared [9, 10].  

It remains a challenge, however, to provide synthetic polymers with biological properties like 
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for instance cell adhesive sites or cell instructive properties. Natural polymers like extracellular 

matrix proteins and polysaccharides possess biological information, which is essential to cell 

adhesion and directing tissue renewal and deposition. Combining the advantageous properties 

of both classes of polymeric biomaterials into hybrid hydrogels may contribute to new 

biomaterials, that provide tissue compatibility and active regeneration of tissues [11]. 

 

Scope of the study 

A series of studies described in this thesis were directed towards the development of different 

types of materials to be used in the development of biodegradable scaffolds applicable in tissue 

regeneration. As a basis for our studies, we used the widely studied natural polymer gelatin. 

Gelatin is well known for its gelling properties at low temperatures. It is a natural polymer 

derived from collagen type I, the main protein in the human body. It has excellent bio-adhesive 

properties, is biocompatible, but is enzymatically degraded within hours in the human body, 

making this material less suitable for tissue regeneration purposes [12]. We combined gelatin 

with poly(ethylene glycol) (PEG), a water soluble polymer of synthetic origin, into different 

types of networks. Gelatin as well as the PEG were functionalized with methacrylic groups to 

allow combined photo-crosslinking into hybrid hydrogels with both good mechanical and 

biological properties. On the other hand, we developed a novel method to prepare 

interpenetrating networks of gelatin and PEG by combining photo-crosslinking and enzymatic 

crosslinking. To evaluate the potential applications of these hybrid materials, the 

cytocompatibility as well as manufacturing of temporary implantable devices by 3D printing 

were investigated. 

Combining gelatin with synthetic biodegradable polymers, generally much more hydrophobic, 

is challenging. In the past decades much expertise was gained within the research group on the 

synthesis and properties of poly(trimethylene carbonate) (PTMC). PTMC is biocompatible, 
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biodegradable as well as flexible and has elastic properties, making it highly suitable for the 

manufacturing of scaffolds [13]. Combining these properties with the properties of gelatin in 

hybrid photo-crosslinked networks we aimed to manufacture functional constructs. In this 

respect, we investigated electrospinning as a reliable and mature technology to fabricate 

nanometer to micrometer scaled fibers that can be assembled into highly porous scaffolds. 

 

Outline of the thesis 

A review of hybrid hydrogels used in biomedical engineering applications is provided in 

chapter 2. The advantages and potential applications of methacrylated gelatin (GelMA)-based 

hybrid hydrogels composed of synthetic and natural polymers for biomedical engineering are 

introduced. Three types of frequently used strategies for the formation of such hybrid networks 

and the technology of fabrication of these materials into tissue engineering scaffolds are 

summarized. 

In chapter 3 we describe a series of hybrid hydrogels of PEG and gelatin polymers that were 

conjugated with methacrylate groups and combined in a network by photo-crosslinking. The 

research was directed to the cell adhesive and mechanical properties of such networks. The 

physical and mechanical properties of the networks were determined by water uptake and gel 

content and tensile testing measurements. The biological properties were investigated by 

culturing of human mesenchymal stem cells (hMSCs) on the surface of the polymer networks 

(Figure 2). 



Chapter 1 

6 

 
 

Figure 2. Overview of studies on hybrid hydrogels composed of methacrylated gelatin and 

functionalized PEG. 

Extrusion-based bioprinting is a widely used technique to fabricate complex structures that can 

be used as temporary scaffolds for tissue regeneration. This technology can be employed to 

print materials with embedded living cells into a variety of tissue constructs. In chapter 4 we 

used this technique in combination with a new concept to create interpenetrating network (IPN) 

type scaffolds. GelMA and tyramine-conjugated 8-arm PEG (8-PEG-TA) were used to create 

an IPN by subsequent photo-crosslinking and enzymatic crosslinking (Figure 2). It was 

envisaged that this IPN would increase the life-span of the construct upon implantation. The 

mechanical (rheological) properties and degradation times of these hydrogels were evaluated. 

The materials thus created were used in 3D printing and then formulated into printable bioinks 

by the incorporation of cells. The viability of hMSCs embedded in the hydrogels was evaluated. 
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Figure 3. Overview of studies on hybrid materials based on methacrylated gelatin and PTMC 

 

As shown in the previous chapters, the use of hybrid materials consisting of a synthetic PEG 

polymer and gelatin provides a way to combine the functionalities of each material, and 

construct 3D scaffolds with improved properties. Natural polymers such as gelatin play an 

integral role in cell adhesion, metabolism and growth. Combining gelatin with a hydrophobic 

synthetic polymer as a method to increase the mechanical properties of scaffolds remains a 

challenge. GelMA was combined with dimethacrylated PTMC (PTMC-dMA), a highly 

promising material for vascular tissue engineering. In chapter 5 we describe the solvent casting 

of GelMA/PTMC-dMA solutions followed by photo-crosslinking (Figure 3). The mechanical 

and biological properties of the hybrid networks prepared at different temperatures and 

concentrations were investigated. 

In a following study described in chapter 6, three-armed methacrylated PTMC (PTMC-tMA) 

and GelMA were prepared for electrospinning (Figure 3). Single and hybrid macromer mixtures 

in a solvent mixture of 1,1,1,3,3,3-hexafluoro-2-propanol/acetic acid were used. During and 
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after electrospinning, UV irradiation was applied to photo-crosslink the fibers. The resulting 

photo-crosslinked electrospun mats were characterized with respect to morphology, fiber 

diameter, gel content, water uptake, porosity, thermal and mechanical properties, in vitro 

degradation and adhesion and proliferation of human smooth muscle cells (hSMCs).  

Finally, in the appendix we describe the effects of the addition of GelMA to synthetic macromer 

combinations on the water uptake and cell adhesive properties. Mechanical properties of a few 

representative hydrogel were evaluated using compression and tensile testing.  
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Introduction 

Hydrogels are three-dimensional (3D) networks prepared form hydrophilic polymers. The high 

water content, adjustable chemical and physical properties, and the ability to encapsulate cells, 

biological macromolecules (such as peptides/proteins, nucleotides and antibodies) and 

therapeutic agents, open up a variety of potential applications in the biomedical field, such as 

tissue engineering, wound healing, drug delivery, etc.[1-3]. Hydrogels made of natural or 

synthetic polymers have been widely reported and have their respective advantages and 

disadvantages. For example, natural hydrogels made of hyaluronic acid, chitosan, alginate, and 

chondroitin sulfate are widely used due to their good biocompatibility and biodegradability, but 

their application is limited due to poor mechanical properties and the difficulty to adjust 

degradation rates and biological function [3, 4]. On the other hand, hydrogels made of synthetic 

polymers offer a wider range of chemical, physical and mechanical properties. Researchers 

have investigated the properties of synthetic hydrogel biomaterials in detail, and have 

successfully developed hydrogels showing high-strength, self-healing, stimulus-responsive, 

adhesive, and antibacterial properties. However, the biological performance of such high-

performance synthetic polymer hydrogels often needs to be further improved. Therefore, to 

obtain hydrogels with good biocompatibility and mechanical properties at the same time, hybrid 

hydrogels made of synthetic and natural polymers have appeared [5-7]. The hybridization of 

synthetic and natural polymers in a single hydrogel network can form a new class of material 

with the beneficial properties of both types of materials without their respective disadvantages. 

Compared to single component hydrogels, hybrid hydrogels exhibit an improvement of 

mechanical properties and biocompatibility that closer meets the properties required in the 

biomedical field [8-12].  
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Although the benefits are attractive, current research on synthetic-natural hybrid hydrogels is 

very limited [12]. The hydrophilic synthetic polymers that are used to form hydrogels with 

natural polymers also have the disadvantage of having inferior mechanical properties. Although 

network structures such as interpenetrating network (IPN) structures have been used in hybrid 

hydrogel systems to enhance their mechanical and biological properties, the improvements have 

been limited [13-15].  

Hydrophobic polymers maintain their advantageous mechanical properties in an aqueous 

environment and could be used to enhance the mechanical properties of hydrophilic networks. 

However, it is non-trivial to combine hydrophobic polymers with hydrophilic natural polymers 

in a homogenous hybrid hydrogel network. Unlike conventional composite materials, the 

constituents of these natural and synthetic hybrid materials need to be mixed at the nano or 

molecular level. Mixing at this submicroscopic scale leads to homogeneous materials with 

characteristics in between those of the two original components, and in some cases to materials 

with new properties [16].  

Methylacrylate-functionalized gelatin (GelMA) is a photosensitive biological material that can 

rapidly be cured by photo-initiated radical polymerization upon exposure to UV or blue light 

[17]. Hereby, a crosslinked 3D gelatin-based network is formed that still has cellular adhesion 

sites and can support cell proliferation and migration. The gelatin network has good 

biocompatibility and is mainly used for tissue engineering and 2D and 3D cell culture [18]. In 

addition, aqueous GelMA solutions can form physical gels upon cooling, making them very 

useful in bioprinting (i.e. in the extrusion-based additive manufacturing of biomaterial solutions 

containing cells). A variety of constructs have been manufactured, such as cell-containing 

scaffolds for the tissue engineering of cartilage, skin, blood vessels and heart patches [19, 20]. 

However, like most hydrogel materials, GelMA hydrogels are also brittle and lack good 

mechanical properties.  
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The preparation of hybrid GelMA and synthetic polymer hydrogels can be an approach to 

fabricate gelatin-based material with enhanced properties, and some research on hybrid GelMA 

and synthetic functionalized polymers has been done. In this review, we summarize the research 

on hybrid natural and synthetic hydrogels prepared from GelMA and synthetic polymers, and 

give an overview of the different methods of preparing biomedical devices from these materials. 

 

1. GelMA-based hydrogels 

Gelatin is a high-molecular weight polypeptide obtained by partial hydrolysis of the collagen 

that is present in the connective or epidermal tissue of animals. Gelatin has many interesting 

physical and chemical properties, such as its hydrophilicity, its biological activity allowing 

interaction with cells and tissues, and its ability to reversibly form a physical gel at relatively 

low temperatures. Hydrogels prepared from unmodified gelatin often cannot meet the 

requirements of medical materials as their thermal stability, degradation characteristics and 

mechanical properties are sub-optimal [18, 21]. In practice, gelatin is often adapted. The gelatin 

molecule contains many reactive groups, such as -COOH, -NH2 and -OH groups, that allow 

modification and functionalization of the molecule to adjust its gelation behavior and 

mechanical properties [22, 23]. Lopez-Cebral reacted the carboxylic acid groups of gelatin with 

1-ethyl-3-[3-dimethlyaminopropyl] carbodiimide (EDC), allowing the subsequent coupling of 

ethylenediamine and spermine to the gelatin via amide bonds [24]. The resulting cationization 

of gelatin at physiological pH, especially with the endogenous spermine polyamine, is of great 

interest in the controlled release of plasmid DNA. 

Hydrophobic compounds such as dodecanal were reacted with the amino groups of gelatin in 

30% solutions of ethanol in water. In experiments determining the adhesion strength to tissues 

under wet conditions, it was shown that the hydrophobically modified gelatin had higher 

interfacial bonding strengths to soft tissues than non-modified gelatin [25, 26].  
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To prepare stable covalently crosslinked gelatin hydrogels, methacrylic anhydride (MA) has 

been used to functionalize gelatin and obtain photo-crosslinkable gelatin-methacrylate 

(GelMA). See Figure 1A. First reported by Van den Bulcke [27], upon reaction of (part of) the 

amino groups of gelatin with methacrylic anhydride, a crosslinked GelMA hydrogel network 

could be prepared by photo-initiated radical polymerization of the methacrylate groups in the 

presence of a UV light sensitive photo-initiator. See Figure 1B. Since then, GelMA hydrogels 

have been widely studied. They have been used in the regeneration of soft tissues like cartilage 

[28], heart valves [29], tendons [30] and muscles [31]. Many studies have shown that GelMA 

hydrogels are also suitable substrates for two-dimensional cell seeding and three-dimensional 

cell encapsulation, and can be processed by manufacturing methods like micro-molding, self-

assembling systems, microfluidics, and bioprinting [32-36]. In these networks, the amino acid 

sequence of gelatin itself is not affected, and functional peptide sequences such as cell-binding 

RGD and sequences susceptible to enzymatic degradation remain present. Therefore, 

crosslinked GelMA hydrogels remain biologically active and promote cell adhesion. They can 

also be degraded by proteases in vitro and in vivo [18, 37]. 
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Figure 1. Scheme illustrating the preparation of A. GelMA and B. GelMA hydrogels. 

 

By controlling the degree of functionalization and the crosslinking density, the water uptake, 

degradation rate and mechanical properties of GelMA hydrogels can be varied. For use as a 

scaffolding material in tissue engineering, hydrogels must have adequate mechanical 

characteristics and appropriate degradation times to maintain space and allow for tissue 

reconstruction [38-40]. Also, when the hydrogel is formed in situ, short gelation times are 

desired to reduce operation times. In some applications, such as in guided bone regeneration, 

the properties of GelMA hydrogels that can be reached are still inadequate and restrict their use 

[41]. 

To further tailor and improve the properties of GelMA hydrogels, GelMA has been 

compounded with synthetic polymers [42]. Hydrophilic water-soluble functionalized polymers 

(macromers) such as functionalized polyethylene glycol (PEG) [43] and poly(vinyl alcohol) 

(PVA) [44] have been used to prepare natural-synthetic hybrid hydrogels with GelMA. The 
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process is facile, as the hydrophilic macromers and GelMA can be homogeneously mixed in a 

common aqueous solution and crosslinked to form hybrid hydrogel networks. Polyesters like 

poly(lactide) (PLA) and poly(-caprolactone) (PCL) [45] are very well-known and the most 

often employed hydrophobic polymers in tissue engineering due to their biocompatibility, 

tunable degradability and excellent mechanical properties. The preparation of hybrid GelMA 

hydrogels with hydrophobic macromers is more difficult, as a common solvent needs to be 

found.  

 

2. Preparation of GelMA-based hybrid hydrogels   

Hydrogels are physically or chemically crosslinked hydrophilic polymers. These networks can 

be formed from hydrophilic polymer chains by physical entanglement, electrostatic interactions, 

covalent bonding, etc. [46, 47]. GelMA can form networks in a multitude of ways: aqueous 

GelMA solutions can form physically crosslinked hydrogels by variation of environmental 

stimuli such as temperature, pH and the addition of multivalent cations [18]. Covalently 

crosslinked GelMA hydrogels can be prepared by photoinitiated radical polymerization, 

whereby the polymerized methacrylate groups form multi-valent cross-linkages between the 

gelatin chains.  

In combination with synthetic polymers, different kinds of hybrid networks with GelMA can 

be prepared. Frequently used strategies for forming GelMA-based natural-synthetic hybrid 

hydrogels involve the preparation of: (a) Co-networks (b) Interpenetrating networks (IPNs), (c) 

Semi-interpenetrating networks (Semi-IPNs). See Figure 2.  
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Figure 2. Schematic representation of different possible hybrid hydrogel network structures. A. 

Co-networks, B. Interpenetrating networks (IPNs), C. Semi-interpenetrating networks (Semi-

IPNs). 

 

2.1 GelMA Co-networks 

Copolymerization of methacrylate-functionalized synthetic polymers (macromers) and GelMA 

is the most commonly used method to prepare GelMA-based hybrid hydrogels. In the presence 

of a photo-initiator, mixtures of methacrylate-functionalized synthetic polymers and GelMA 

copolymerize in solution to form hybrid networks upon exposure to visible or UV light [48]. 

Kuo et al. prepared natural-synthetic hybrid networks by photo-crosslinking methacrylated 

poly(vinyl alcohol) (PVAMA), methacrylated alginate (AlgMA) and GelMA [44]. PVAMA 

and AlgMA assisted in increasing the water content of the formed hydrogels, which led to high 

porosity structures that allowed the migration of cells, while GelMA enhanced the cell 

entrapment efficiency.  

As illustrated in Figure 3A, we copolymerized PEG-dimethacrylate (PEG-dMA) and GelMA 

in 0.5% acetic acid solution to prepare hybrid hydrogels. While human mesenchymal stem cells 

did not proliferate on PEG-dMA hydrogels, proliferation of the cells on the prepared natural-

synthetic hybrid hydrogels was similar to that on GelMA hydrogels. Furthermore, the toughness 
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of 50% PEG-dMA : 50% GelMA hybrid hydrogels prepared in this manner was 2.5 times higher 

than that of hydrogels prepared from either PEG-dMA or GelMA [49].  

Besides copolymerization with methacrylate-functionalized polymers, GelMA can be 

copolymerized by photo-initiated radical copolymerization with monomers such as acrylamide 

(AM), see Figure 3B. Compared with single poly(acrylamide) (PAM) and GelMA hydrogels, 

(PAM)-GelMA hybrid hydrogels showed enhanced compression strengths (up to 0.38 MPa) 

and higher elasticity (storage modulus of up to 1000 Pa) [48]. Moreover, the addition of PAM 

sequences in the co-network influenced the network density and water affinity which allowed 

control of degradability as well [50].  

 

Figure 3. A. Preparation of PEG-dMA and GelMA hybrid hydrogels, B. Preparation of PAM 

and GelMA hybrid hydrogels. 

While hybrid GelMA hydrogels can easily be obtained by copolymerization with functionalized 

hydrophilic macromers or monomers in common aqueous solutions, it is more difficult to do so 

with hydrophobic macromers like those based on PLA or PCL. Such networks, consisting of a 

hydrophilic as well as a hydrophobic phase, can have even better mechanical properties, 
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especially with regard to their toughness and resilience [51]. We have prepared hybrid hydrogel 

co-networks with very high toughness by photo-crosslinking methacrylate-functionalized poly 

(trimethylene carbonate) (PTMC) and GelMA in a DMSO/formic acid mixture. A water-

swollen hybrid hydrogel consisting of 75% methacrylated PTMC and 25% GelMA was found 

to be extremely tough (with a work to fracture in tensile testing of 386 N/mm2), which is two 

orders of magnitude higher than that of the corresponding single GelMA hydrogel. Moreover, 

this hybrid hydrogel also showed good cell adhesion [52]. 

 

2.2 IPN GelMA networks 

Another way to fabricate hybrid gelatin-based networks is by preparing interpenetrating 

networks (IPNs). IPN structures are comprised of two or more separate polymer networks, in 

which the elastically active macromolecular chains of the networks permeate each other without 

being covalently bound to each other [53]. These distinct networks, with different properties or 

functions, can be combined in a stable structure that possesses the properties of the constituent 

networks. In some cases, specific properties can be greatly enhanced in interpenetrating gelatin 

hydrogel networks. By constructing multi-component interpenetrating network structures, the 

mechanical properties of GelMA-based hydrogels can be enhanced and the swelling/de-

swelling response rate can be accelerated [54-57]. 

The preparation of GelMA-based IPN hydrogels can be done in a synchronal or in a sequential 

manner. In the synchronal manner, the two networks are formed simultaneously by different 

polymerization or crosslinking mechanisms [58]. For example, in preparing GelMA and 

alginate IPN hydrogels, a GelMA network is formed by photo-crosslinking while at the same 

time alginate is physically crosslinked with Ca2+ ions [59]. Most IPN GelMA and synthetic 

polymer hydrogels are prepared sequentially, where first network I is formed after which 
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network II is formed using the same or different crosslinking mechanism [60].  

GelMA and poly(2-hydroxyethyl methacrylate) (pHEMA) IPN hydrogels were prepared in a  

sequential manner [58]. A GelMA solution (15 w/v % GelMA in phosphate-buffered saline 

(PBS), 0.5 w/v % I2959 as photo initiator) and a HEMA solution (97.75% HEMA, 1.25% 

N,N,N’,N’-tetra-methyl-ethylenediamine (TEMED) and 1% ethylene glycol dimethacrylate 

(EGDMA)) were prepared separately. The GelMA and HEMA solutions (8:2, v:v) were mixed 

with a freshly prepared 10% solution of ammonium persulfate (APS) in PBS. In the presence 

of TEMED and APS, the HEMA monomer quickly polymerizes to form a crosslinked pHEMA 

network with EGDMA. Although GelMA can also polymerize in the presence of TEMED and 

APS, the reaction is much slower under the above conditions and in this first stage a pHEMA 

network is predominantly formed. After exposing the mixture to UV light, the GelMA 

component also polymerizes, thereby leading to the formation of a GelMA-HEMA IPN 

hydrogel network. Compressive testing showed that the modulus of the GelMA hydrogel 

significantly increased with the incorporation of crosslinked pHEMA in the structure (6.53 vs. 

155.49 kPa, respectively). Cell culturing experiments showed that human corneal keratocytes 

can proliferate within the GelMA-HEMA IPN hydrogel, while the single pHEMA hydrogel 

was not suitable for cell growth. 

Also, sequentially, IPN hydrogels were formed in an aqueous environment by first crosslinking 

pectin-grafted poly(-caprolactone) (pectin-g-PCL) with calcium ions (Ca2+), and then photo-

crosslinking the GelMA component. The obtained IPN hydrogels had comparatively much 

higher compressive modulus values, which increased from 39 kPa to 5029 kPa [61]. 

A composite biodegradable network IPN hydrogel that promotes in situ bone regeneration was 

prepared in a two-step crosslinking process as well [62]. First inorganic polyhedral oligomeric 

silsesquioxane (POSS) was suspended in a methacrylated chitosan (CSMA) solution in 
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dimethyl sulfoxide (DMSO). After photo-crosslinking the CSMA, a well-defined 

nanocomposite CS-POSS hydrogel was formed. Then, after removing DMSO, the composite 

CS-POSS network was soaked in an aqueous GelMA solution and the GelMA was photo-

crosslinked to form the second network. This composite IPN GelMA hydrogel exhibits 

enhanced stiffness and toughness, resulting from the rigid POSS units and their unique 

properties of energy dissipation. The biological components of the IPN hydrogel framework 

(chitosan and gelatin) are biodegradable and can be replaced by newly formed tissue. When 

loaded with mesenchymal stem cells (MSCs), accelerated in situ bone regeneration was 

observed upon implanting these nanocomposite IPN hydrogels into skull defect of rats. 

 

2.3 Semi-IPN GelMA networks 

Semi-interpenetrating networks (semi-IPNs) are combinations of a crosslinked polymer and a 

non-crosslinked (linear) polymer. The presence of non-crosslinked polymers in the structure 

reduces the friction between the molecular chains, increases the free volume between the 

polymer chains, and enables the polymer chains to adjust their conformation and arrangement 

to external forces. Through the effective arrangement and slippage of polymer chains, the 

elongation to break and toughness of semi-IPN hydrogels are improved [63].  

A semi-IPN hydrogel made from GelMA and hydrophilic polyvinylpyrrolidone (PVP) with 

potential application in the treatment of wounds has been described [64]. In the semi-IPN 

network, GelMA forms a network upon photo-crosslinking and PVP is entangled with the 

network. The elasticity modulus of the hydrogels, as determined by tensile testing, could be 

increased from 46 kPa to 190 kPa by adjusting the GelMA to PVP ratio in the networks.  

Although GelMA hydrogels with relatively good mechanical properties can be obtained by 

incorporating hydrophilic polymer in the networks, some biomedical applications require 
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hydrogels with even better mechanical properties. In the preparation of blood vessel grafts or 

blood vessel tissue engineering scaffolds, implants with high burst resistance and suture 

retention strength are required, while load bearing bone tissue engineering scaffolds and other 

orthopedic applications require high compressive strengths and elasticity moduli. For this, 

GelMA networks have also been compounded with hydrophobic polymers. But, as these 

polymers are insoluble in water, it is challenging to prepare homogenous combinations with 

GelMA and GelMA networks. 

To homogeneously mix GelMA with hydrophobic polymers in solution, several methods have 

been explored. By grafting the hydrophobic poly(-caprolactone) (PCL) to pectin, the pectin-

g-PCL graft copolymer can dissolve in PBS and form a stable mixture with dissolved GelMA. 

Upon photo-crosslinking, a semi-INP hydrogel of GelMA and pectin-g-PCL with compressive 

moduli ranging from 3.1 to 10.4 kPa were obtained [61].  

As is the case for the GelMA co-networks which we discussed previously, use of an organic 

solvent that allows the dissolution of the hydrophobic polymer as well as GelMA can be used 

to prepare homogeneous semi-IPNs upon crosslinking. Not many such solvents are available, 

as gelatin and GelMA are insoluble in most common organic solvents. However, it has been 

shown that GelMA is soluble in dimethyl sulfoxide (DMSO), trifluoroethanol (TFE), 

hexafluoroisopropanol (HFIP), formic acid, acetic acid and in mixtures of these solvents [2].  

A series of fibrous semi-IPN hydrogels based on GelMA and PCL for application in vascular 

engineering were fabricated in HFIP [65]. In these hydrogels, the GelMA network ensured 

biomimetic biological activity and enhanced vascular endothelial cell adhesion and remodeling, 

while the presence of PCL resulted in favorable mechanical properties. Variation of the 

composition allowed tuning of the properties of the resulting semi-IPNs. Tensile testing showed 

that semi-IPN GelMA/PCL hybrid hydrogels can be elongated up to 300%, with elasticity 
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modulus and tensile strength values of up to 6.5 and 3.0 MPa, respectively.  

In other work using HFIP as a common solvent, polyethylene glycol (PEG) was included in the 

hybrid semi-IPN as well [66]. This PCL/PEG/GelMA semi-INP was found to have significantly 

reduced bacterial attachment to the surface of the material. Compared to PCL, this reduction in 

bacterial adhesion was more than 90%.  

 

3. Manufacturing of GelMA-based hybrid hydrogel tissue engineering scaffolds   

3.1 Electrospinning 

Fibrous scaffolds are some of the earliest extracellular matrix substitutes used in tissue 

engineering. In recent years, electrospinning has attracted widespread attention as a method for 

preparing tissue engineering scaffolds with ultrafine fibers [67]. In the process, a polymer 

solution or melt is ejected from a nozzle under the action of a strong electric field to yield very 

thin fibers [68, 69]. In principle any polymeric material that can be dissolved or melted can be 

processed by electrospinning, this includes natural as well as synthetic polymers and macromers 

and their mixtures. When solvents are used, the solvent volatilizes upon ejection of the polymer 

solution and a fibrous porous scaffold free of solvent is obtained [70]. This is important when 

mixtures of GelMA and hydrophobic polymers are electrospun using solvents like HFIP, TFE, 

etc. [71, 72].  

Porous hybrid hydrogel scaffolds with bactericidal activity were made by electrospinning 

mixtures of PCL, PEG and GelMA using HFIP as a solvent [66]. In the prepared fibrous 

scaffold, the PCL component ensures suitable mechanical properties, while the PEG and 

GelMA provide water absorption and the desired biological properties. In serum-free medium, 

the fibrous hydrogel scaffold provided an optimal environment for the maintenance of the 

keratocyte phenotype of cultured cells and regeneration of damaged corneal stroma.  
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To obtain porous scaffolds, PCL/GelMA hybrid hydrogels were also electrospun from a 

mixture of TFE and acetic acid (4:1, v/v). The blood compatibility of the photo-crosslinked 

porous membranes was evaluated, and it was shown that the membranes had low values of 

thrombogenicity and did not trigger any hemolytic effects [72]. 

 

3.2 3D printing and bio-printing 

3D printing refers to a digital manufacturing technology that produces 3-dimensional objects 

by the precise computer-controlled deposition of materials in sequential layers. The necessary 

data can be obtained from computed tomography (CT) or computer-aided design (CAD) models 

[73, 74]. 3D printed tissue engineering scaffolds can improve and enhance cell culturing models, 

and provide a rapid and robust approach to assemble functional tissues in vitro [75].    

The ideal network structure, rheological behavior, biomechanical and biochemical 

characteristics of a 3D printing material for use in tissue engineering have recently been 

discussed [76]. Due to its excellent biocompatibility and rapid photo-crosslinking 

characteristics, GelMA has become one of the most often used materials in 3D printing, and 

has been widely used to print scaffold constructs for the engineering of skin, nerve and other 

soft tissues [77, 78]. Most human tissues and organs are complex combinations of extracellular 

matrix components with specific biological or mechanical effects. A single material ink will 

likely not create a microenvironment for cells that mimics the circumstances in the body. This 

makes that multi-material bio-printing is becoming increasingly important. Therefore, GelMA 

hybrids with other biomedical polymeric materials are being used as inks for 3D (bio-)printing 

[79, 80]. 

Extrusion-based 3D printing is the most often used additive manufacturing in biomedical 

engineering. Here a polymer melt or a viscous polymer solution (ink) is pressurized and 
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extruded through a nozzle. The extruded filament is laid down in a specific pattern, after which 

it solidifies. Three-dimensional constructs are formed by extruding and patterning the filament 

in a layer-by-layer manner. A main advantage of this technique is the availability of a wide 

range of biocompatible materials. [81, 82]. As GelMA itself can form stable non-crosslinked 

physical gels at somewhat reduced temperatures, GelMA solutions have frequently been used 

as 3D printing inks [19]. However, extrusion-based printing also has some drawbacks. Its 

printing accuracy is relatively low compared with other printing methods, generally in the order 

of 100μm. Moreover, the gelation, curing, shear thinning and other properties of inks need to 

be taken into account during the printing [83].  

Stereolithography (SLA) uses a laser beam to draw a shape on the surface of a light-curing 

liquid resin, allowing the sequential layer-by-layer manufacturing of detailed hydrogel 

structures. Hydrogel tissue engineering scaffolds of varying shapes and sizes have been 

prepared from common PEGDA and GelMA solutions, for example 3D vascular structures 

were printed in this way. By adjusting the concentration of the inks, structures with layer 

thicknesses and resolutions varying between 42 and 83 µm have been printed [84]. 

Digital light processing (DLP) is another 3D-printing platform that has attracted much interest 

in tissue engineering. In DLP, use is made of digital masks to photo-cure the single layer of a 

light-curing resin at once, thereby significantly increasing the printing speed. Using DLP, high-

resolution nerve guidance conduits have been made using aqueous GelMA and PEGDA 

solutions [85]. Using a 32.5% solution of GelMA and PEGDA (GelMA: PEGDA = 7.5: 25) in 

DPBS, a printed nerve guidance conduit with a Young’s modulus of approximately 4.5 MPa 

was prepared.  

Unlike conventional 3D printing, bio-printing uses live cells and other biological materials 

together with natural or synthetic polymers as inks in extrusion-based 3D printing to create 

organ-like structures in which the cells can proliferate [86]. Bio-printing has many uses in the 
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biomedical field, allowing e.g. the regeneration and repair of tissues, the study of organ 

development, the evaluation of drugs and pathological mechanisms [87, 88]. Due to the 

presence of cells, rigorous demands regarding cell compatibility are put on the inks used and 

on the applied 3D printing processing conditions [89]. 

Using extrusion-based 3D printers equipped with a UV light source, the cell-containing GelMA 

solutions can be photo-crosslinked quickly, making the final cell-containing construct stable at 

physiological temperatures [19, 90]. Human mesenchymal stem cells (hMSCs) have been 

mixed into combined PEG-dMA and GelMA solutions, to fabricate cell-laden scaffolds by 3D 

bio-printing. The PEG-dMA-GelMA scaffolds embedded with hMSCs showed improved 

mechanical properties with evenly distributed cells that developed into homogeneous tissues. 

Over 80% of the cells survived the printing process, and showed excellent osteogenic and 

chondrogenic differentiation capacity [91]. 

 

3.3 Microfluidics, cell encapsulation and bio-printing 

Microfluidic technologies make use of microchannels (tens to hundreds of microns in width) to 

process or manipulate minute amounts of liquids (nanoliter volumes) [91,92]. In recent years, 

microfluidic techniques have been used to fabricate microgels for application in tissue 

engineering. Using microfluidics, particles of different sizes and shapes can be obtained by 

variation of the size of the microchannels, adjusting the fluid velocity and adapting the droplet 

shape [93-96]. GelMA hydrogels for biomedical use have often been prepared using 

microfluidic systems [97]. When combined with 3D bio-printing methods, the cell-containing 

microspheres or microwires fabricated using microfluidics can directly be used to prepare 

functional tissue-like structures [98].  

Wang et al. prepared GelMA microgels with a core-shell structure using a droplet microfluidic 
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system [99]. The microfluidic device consisted of a core–shell droplet generation unit and a 

microgel photo-polymerization unit. A methyl cellulose solution, a GelMA solution and 

mineral oil were respectively injected into the core channel, the shell channel and the 

continuous flow channel of the droplet generation unit. The GelMA shell of the generated 

particles was photo-crosslinked upon exposure to UV light as the particles flowed through a 

serpentine channel in the photo-crosslinking unit. By adjusting the flow rates, microgels with 

sizes ranging from 44.9 to 366.6 μm could be obtained. Using this method, microgels 

encapsulating hepatocytes (HepG2) and human umbilical vein endothelial cells (HUVECs) 

were successfully prepared. These cell-loaded microgels have potential application in the 

construction of micro-tissues or the examination of cell-cell interactions [100,101]. 

 

4. Conclusions  

GelMA can be combined with functionalized and non-functionalized synthetic polymers to 

form different kinds of hydrogels, and hybrid co-networks, interpenetrating networks and semi-

interpenetrating networks have been prepared. The mechanical and biological properties of 

GelMA-based hybrid hydrogels are very good, making these materials highly applicable in 

biomedical engineering. These materials have been processed into medical implants and tissue 

engineering scaffolds in a number of ways including electrospinning, 3D printing, bio-printing 

and by use of microfluidics.  

Although the application of GelMA-based hybrid hydrogels in tissue engineering is still in its 

initial stages, more and more researchers realize their potential and continuously improve the 

performance of these hybrid materials. It can be expected that in the near future more advanced 

GelMA-based hydrogels with multiple functions and sensitivities to a variety of stimuli will 

become available.  
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Abstract 

Although synthetic polymers may have suitable physicochemical properties for biomedical 

applications, biological properties are generally lacking. Poly(ethylene glycol) (PEG) is a 

frequently used polymer for the preparation of hydrogels. Due to its hydrophilic character, 

however, cellular interactions with PEG hydrogels are minimal or absent. To improve the cell 

adhesive properties of PEG hydrogels, we developed hybrid hydrogels based on PEG and the 

natural polymer gelatin. PEG dimethacrylate (PEG-dMA) and gelatin methacrylate (GelMA) 

macromers were prepared, which were photo-crosslinked in water in different ratios (75:25, 

50:50 and 25:75 % (v/v)). The obtained hybrid networks showed macrophase separation, which 

could be prevented by photo-crosslinking in 0.5 % (v/v) acetic acid in water. The toughness of 

50:50 % PEG-dMA: GelMA hydrogels prepared in 0.5 % acetic acid was 2.5 times higher than 

that of single polymer hydrogels made of PEG-dMA or GelMA. Hybrid hydrogels crosslinked 

in 0.5 % acetic acid supported the proliferation of human mesenchymal stem cells to the same 

extent as compared to 100 % gelatin hydrogel, whereas the cells did not proliferate on 100 % 

PEG hydrogel. In conclusion, our results show that both the cell adhesive and mechanical 

properties of a photo-crosslinked PEG network can be improved by incorporation of gelatin in 

the network. 
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1. Introduction 

Synthetic as well as natural polymers are frequently used for biomedical applications. Generally, 

the physicochemical properties of synthetic polymers (e.g. mechanical properties, 

degradability), can be tuned for a certain application. It remains a challenge, however, to 

provide synthetic polymers with biological properties (e.g. cell adhesive sites or cell instructive 

properties). Conversely, natural polymers like extracellular matrix proteins possess biological 

information, but their mechanical properties are generally insufficient. Thus, preparation of 

polymer structures containing both synthetic and natural polymers may solve this problem.  

Poly(ethylene glycol) (PEG) is a hydrophilic, non-toxic and non-immunogenic polymer, that 

exhibits relatively good mechanical properties. PEG is frequently used to prepare hydrogels, 

which are suitable materials for applications in drug delivery and regenerative medicine [1-6]. 

Hydrogels consist of polymeric networks that are able to swell in aqueous environments 

because of their hydrophilic character [1]. Methods to fabricate hydrogels are versatile, 

including physical and chemical crosslinking [7, 8]. Chemical crosslinking has advantages in 

terms of the formation of covalent bonds, e.g. using photo-crosslinkable polymers [7, 9, 10]. 

A major drawback of PEG hydrogels is the lack of biological moieties such as sites for cell 

binding [11, 12]. A solution to this problem may be the implementation of extracellular matrix 

components such as proteins or glycosaminoglycans during hydrogel preparation [13]. Gelatin 

is a water soluble natural polymer derived from the extracellular matrix protein collagen [14]. 

Gelatin-based hydrogels are enzymatically degradable, and cells can adhere to and spread 

within the gels [15, 16]. Hybrid hydrogels made of PEG and gelatin may have suitable 

properties for biomedical applications [12, 17]. 

Also other synthetic polymers like poly(ɛ-caprolactone) (PCL) or poly(trimethylene carbonate) 
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(PTMC) could be used to make mechanically tough hybrid hydrogels with gelatin. As PCL and 

PTMC are biodegradable and PEG is not, this would provide better control over 

biodegradability. However, finding a common solvent for PCL, PTMC and gelatin is a 

challenge. Therefore, PEG was chosen as both PEG and gelatin are water soluble.    

In this study, PEG and gelatin were functionalized with methacrylate groups. PEG-Gelatin 

hybrid hydrogels were formed by photo-crosslinking in water. The physical properties of the 

networks were determined by tensile testing, water uptake and gel content measurements. The 

biological properties were investigated by culturing of human mesenchymal stem cells (hMSCs) 

on the surface of the polymer networks. We hypothesized that the photo-crosslinked 

combination of PEG and gelatin would lead to beneficial properties of the hybrid hydrogels in 

terms of both the biological and mechanical characteristics. 

 

2. Materials and Methods 

2.1 Materials 

Gelatin from porcine skin (type A) with Mw = 20-25 kg/mol and Mw = 50-100 kg/mol, 

poly(ethylene glycol) (PEG) (linear) with Mw = 4 kg/mol and Mw = 10 kg/mol, triethylamine 

(TEA), methacrylic anhydride (Maah), 2-hydroxy-1(4-(hydroxyethoxy)phenyl)-2-methyl-1- 

propanone (Irgacure 2959 or I 2959), deuterated chloroform and 2,4,6-trinitrobenzenesulfonic 

acid solution (TNBS, 5 % (w/v) in H2O) were obtained from Sigma-Aldrich. Diethyl ether and 

dichloromethane (DCM) were purchased from VWR Chemicals. Sodium bicarbonate 

(NaHCO3) was provided by Merck. Dialysis membrane (MWCO = 12-14 kDa) was purchased 

from Spectra/Por®. All compounds were used without further purification. Dulbecco’s PBS 

(DPBS), Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), glutamax 

and penicillin/streptomycin were obtained from Gibco. CyQuant cell proliferation assay and 
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calcein-AM/ethidium homodimer-1 Live/Dead staining kit were purchased from Invitrogen. 

 

2.2 Methacrylation of PEG 

PEG was dissolved at 33 % (w/v) in DCM by magnetic stirring in an inert argon atmosphere at 

RT. After the PEG was fully dissolved, TEA (4 mol/mol PEG) and methacrylic anhydride (4 

mol/mol PEG) were slowly added to the stirred solution. After reaction for 5 days, the PEG-

dimethacrylate (PEG-dMA) was precipitated drop-by-drop in diethyl ether. The resulting white 

polymer suspension was vacuum filtrated and the precipitate was washed three times using 

diethyl ether. Next, the obtained polymer was vacuum dried for two days. The degree of 

functionalization was determined by proton nuclear resonance (1H-NMR) spectroscopy using a 

Varian Inova 300 MHz NMR spectrometer and d-chloroform as a solvent [2, 18]. The degree 

of functionalization (DF) of the PEG-dMA used in this study was 98 %. 

 

2.3 Methacrylation of gelatin 

Gelatin was dissolved at 10 % (w/v) in Millipore water at 50 ℃ by magnetic stirring. After the 

gelatin was fully dissolved, a certain amount of methacrylic anhydride was slowly added to the 

solution under intensive stirring. An emulsion was formed which was reacted for 3 hours. 

Subsequently, the solution was transferred to a centrifuge tube and the methacrylated gelatin 

(GelMA) and unreacted methacrylic anhydride were separated by centrifugation at 4000 g for 

5 mins at RT. The GelMA (supernatant) was collected in a glass bottle and the solution was 

diluted two times with Millipore water of 40 ℃ to terminate the reaction. The resulting solution 

was transferred to a 12-14 kDa MWCO dialysis bag and dialyzed against water for 3 days at 

40 ℃ to remove methacrylic acid byproduct. Finally, the GelMA was freeze dried and stored 
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at -25 ℃ before use. GelMA preparations with a different DF were obtained by varying the 

amount of methacrylic anhydride (0.05, 0.1, 0.5 and 2.0 ml/g of gelatin). The DF was 

determined by a TNBS assay to quantify the amount of residual free amine groups in the 

functionalized GelMA relative to unreacted gelatin [16, 19]. 

 

2.4 Hydrogel preparation 

PEG-dMA and GelMA were separately dissolved at a concentration of 20 % (w/v) in water or 

in 0.25 % or 0.5 % (v/v) acetic acid in water at 50 ℃. I 2959 (0.05 % (w/v)) was added as a 

photo initiator. Three different hybrid hydrogels were fabricated by preparing mixed solutions 

containing 75:25, 50:50 or 25:75 % PEG-dMA:GelMA (v/v). Next, a solution was placed 

between two quartz glass plates separated by a 1 mm spacer, and photo-crosslinked by 

irradiation for 30 mins at 365 nm in a UV box. Finally, the hydrogels were extracted in water 

for three days to remove uncrosslinked polymer.      

 

2.5 Physical properties 

2.5.1 Water uptake and gel content.     

Determination of water uptake and gel content of the hydrogels was based on gel weights in 

both swollen and dry states. After photo-crosslinking, the gels were dried for 2 days (m0), 

extracted in water for 3 days (ms) and dried again for 2 days (m1). All steps were performed at 

37 °C using three samples of equal size for each gel. The water uptake and gel content were 

calculated according to equations (1) and (2): 

 Gel content =  
𝑚1

𝑚0
× 100%                              (1) 

Water Uptake =  
𝑚𝑠−𝑚1

𝑚1
× 100%                          (2) 
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2.5.2 Tensile properties.    

Stress-strain measurements were performed according to ASTM D638 using a Zwick Roell 

tensile tester. Dumbbell-shaped specimens (50 x 9 mm) in the wet state were elongated at a 

speed of 10 mm/min at RT. Starting from the initial position (30 mm grip-to-grip separation), 

the stress and elongation of three samples for each gel were measured to obtain values for the 

tensile modulus (Emod) and elongation at break (𝜀max). Toughness (WTensile) was used as a 

parameter for the resistance to fracture of a hydrogel under stress, and determined by integrating 

the stress–strain curve (area under the curve). A tough hydrogel is characterized by a balance 

between strength and elongation [20]. 

 

2.6 Cell culture 

Circular specimens (n=6) of single polymer hydrogels and hybrid hydrogels with a diameter of 

12 mm and a thickness of 1 mm were placed in a 48 well cell culture plate. A rubber ring with 

an outer diameter of 12 mm was put on top of the specimens to prevent floating. After 

disinfection of the hydrogels by 30 mins incubation with 70 % (v/v) ethanol in water followed 

by washing with DPBS, human mesenchymal stem cells (hMSCs) were seeded on the 

specimens at a density of 10,000 cells/cm2. Subsequently, the cells were cultured at 37 ℃ in 

humidified air containing 5 % (v/v) CO2 for a period of 10 days. Three independent experiments 

were performed with hMSCs at passage 5-7. The culture medium consisting of DMEM 

containing 10 % (v/v) FBS, 1 % (v/v) glutamax and 1 % (v/v) penicillin/streptomycin was 

refreshed every two days. On day 1, 6 and 10, the specimens were rinsed with DPBS to remove 

culture medium and non-adhering cells. Next, the adhering cells were lyzed by 30 mins 

incubation with CyQuant lysing buffer after which the culture plate was stored at -25 ℃. Finally, 

the number of adhering cells was quantified by adding 20 l lysate to 180 l CyQuant GR dye 
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solution diluted 1:400 in lysing buffer, and measuring the fluorescence at an excitation 

wavelength of 480 nm and an emission wavelength of 520 nm using a Tecan Saphire 

fluorometer.  

Live/Dead staining was performed 24 hours after cell seeding. The specimens were rinsed with 

warm DPBS (37 ℃), and incubated with 2 M calcein-AM/4 M ethidium homodimer-1 

solution for 1 hour at 37 ℃. After rinsing with warm DPBS, pictures were taken using an EVOS 

FL Cell Imaging System. Calcein-AM is retained within living cells, producing an intense 

uniform green fluorescence upon hydrolysis by esterases. Ethidium homodimer-1 enters cells 

with damaged membranes and undergoes a 40-fold enhancement of fluorescence upon binding 

to nucleic acids, thereby producing a bright red fluorescence in dead cells.  

 

3. Results and Discussion 

3.1 Effects of macromer degree of functionalization (DF) on network properties 

Linear PEG has only two functional groups at the end of the polymer chain, so the end groups 

should be fully functionalized with methacrylate groups to incorporate all the PEG chains in 

the network. The DF of PEG-4K (Mw = 4 kg/mol) used in this study was 98 % as determined 

by NMR. The gel content of PEG hydrogels formed at 20 % (w/v) polymer concentration was 

95 %, demonstrating a good conversion of the PEG macromers into networks. PEG with a Mw 

of 10 kg/mol and a DF of 95 % was also tested. As hydrogels made at 20 % (w/v) polymer 

concentration had a gel content of only 71 %, because of a lower amount of methacrylate groups 

per volume, PEG-4K was chosen for further studies.       

Functionalization of gelatin with methacrylate groups takes place at the primary amines of the 

amino acid side chains. The amount of available amine groups in gelatin type A is 0.0385 
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mol/100g [21]. In the present study, gelatin type A with a Mw of 50-100 kg/mol was used. 

Gelatin type A with a Mw of 25-50 kg/mol was also tested, but at a similar DF and concentration, 

no differences in gel contents and mechanical properties of the crosslinked hydrogels were 

found.   

Table 1. Properties of GelMA photo-crosslinked networks prepared with increasing GelMA DF. 

Mean and standard deviation are shown for 3 specimens. 

Network 

component 

DF 

% 

Gel 

content 

% 

Water 

uptake 

% 

E
mod

 

MPa 

 break 

% 

WTensile 

N/mm2 

GelMA-22 22 78 (15) 671 (57) 0.039 (0.002) 98 (5) 3.31 (0.59) 

GelMA-42 42 92 (1) 423 (12) 0.118 (0.010) 86 (7) 4.80 (0.74) 

GelMA-62 62 88 (3) 404 (10) 0.140 (0.006) 58 (6) 3.15 (0.66) 

GelMA-90 90 89 (1) 345 (60) 0.148 (0.002) 26 (5) 0.80 (0.25) 

 

Four different GelMA preparations with a DF of 22, 42, 62 and 90 % were prepared (GelMA-

22, GelMA-42, GelMA-62 and GelMA-90), with corresponding numbers of methacrylate 

groups per gelatin chain of 6, 13, 18 and 25. Photo-crosslinking at 20 % (w/v) polymer 

concentration resulted in gelatin hydrogels with different properties, as shown in Table 1. With 

increasing DF, the water uptake of the hydrogels decreased due to increasing crosslink density. 

The hydrogel made using GelMA-22 had the lowest gel content probably due to the low DF. 

The hydrogel made using GelMA-90 showed the highest E-modulus and the lowest elongation 

at brake. This can be explained by the high crosslink density of this hydrogel. Toughness is a 

parameter determined by strength as well as extensibility, and was the highest for the GelMA-

42 hydrogel (4.80 N/mm2). In view of the advantages of the use of tough biomaterials in 

biomedical applications, GelMA-42 was chosen for further experiments. 
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3.2 Effects of macromer concentration on network properties 

The macromer concentration in solution during crosslinking will have an effect on the process 

of network formation and on the characteristics of the formed network. With increasing 

macromer concentration, the crosslink density of the network will increase whereas the 

extensibility will decrease [2, 22]. As shown in Tables 2 and 3, photo-crosslinking of PEG-dMA 

and GelMA at concentrations from 10 - 50 % (w/v) resulted in the formation of hydrogels, with 

gel contents ranging from 88 - 98 % demonstrating a good conversion of the macromers into 

networks. As expected, with increasing macromer concentration, and thus increasing crosslink 

density, the water uptake and the extensibility of the hydrogels decreased whereas the tensile 

modulus increased. The networks prepared from 10 % PEG-dMA and 10 % and 15 % GelMA 

were very fragile, resulting in relatively low values for the elongation at break. As the gelatin 

hydrogels prepared from 20 % GelMA showed the highest toughness, this concentration was 

chosen for further experiments. Although the PEG hydrogels prepared from 50 % PEG-dMA 

showed the highest toughness, their extensibility was relatively low. Therefore, also in the case 

of PEG-dMA a concentration of 20 % was chosen.   

Table 2. Properties of PEG-dMA photocrosslinked networks prepared with increasing PEG-

dMA concentration. Mean and standard deviation are shown for 3 specimens. 

PEG-dMA 

Hydrogel 

Gel content 

% 

Water uptake 

% 

E
mod

 

MPa 

 break 

% 

WTensile 

N/mm2 

10 % 88 (1.4) 947 (37) 0.085 (0.002) 58 (5) 2.33 (0.51) 

15 % 92 (0.3) 658 (22) 0.147 (0.023) 81 (7) 4.05 (0.27) 

20 % 95 (0.9) 598 (16) 0.207 (0.002) 73 (6) 5.50 (0.34) 

30 % 93 (1.1) 453 (9) 0.380 (0.016) 61 (5) 5.00 (1.17) 

50 % 97 (1.8) 356 (12) 0.670 (0.009) 50 (6) 8.50 (0.60) 
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Table 3. Properties of GelMA-42 photocrosslinked networks prepared with increasing GelMA 

concentration. Mean and standard deviation are shown for 3 specimens. a: hydrogel too weak 

to put on tensile test machine 

GelMA 

Hydrogel 

Gel content 

% 

Water uptake 

% 

E
mod

 

MPa 

 break 

% 

WTensile 

N/mm2 

10 % 90 (2.4) 683 (34) -a - - 

15 % 89 (2.3) 482 (21) 0.065 (0.006) 66 (12) 1.69 (0.26) 

20 % 92 (0.8) 423 (12) 0.118 (0.010) 86 (7) 4.80 (0.32) 

30 % 98 (2.3) 286 (10) 0.256 (0.010) 58 (5) 3.47 (1.56) 

50 % 98 (0.9) 224 (7) 0.487 (0.026) 42 (4) 3.71 (0.20) 

 

3.3 Preparation and characterization of hybrid hydrogels 

3.3.1 Hydrogels formed by photo-crosslinking in water.   

Three different hybrid hydrogels were fabricated by preparing mixed solutions containing 75:25, 

50:50 or 25:75 % PEG-dMA:GelMA (v/v) in water. After mixing two macromer solutions, the 

solution became turbid resulting in opaque hydrogels. In contrast, the single polymer hydrogels 

consisting of only PEG or gelatin were transparent, see Figure 1a. The turbidity of the mixed 

macromer solutions is probably caused by aqueous two-phase separation (ATPS) of PEG and 

gelatin (see above).  

The tensile modulus and toughness of single macromer and mixed macromer networks prepared 

in water are shown in Figure 1b. The tensile moduli of the hybrid hydrogels were higher than 

those of the single polymer hydrogels. The 25:75 % PEG-dMA:GelMA hydrogel showed the 

highest tensile modulus. In contrast to the E-moduli, the hybrid hydrogels had a similar 

toughness as compared to the single polymer hydrogels. As shown in Figure 1c, proliferation 
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of hMSCs was absent on networks prepared from 100 % PEG-dMA, whereas the cells 

proliferated well on the 25:75 % PEG-dMA:GelMA and 100 % GelMA hydrogels. The other 

two hybrid hydrogels showed intermediate hMSCs proliferation.   

 

Figure 1. a) Macroscopic appearance of networks formed in water. 1. PEG-dMA: GelMA = 

100 %: 0; 2. 75 %: 25 %; 3. 50 %: 50 %; 4. 25 %: 75 %; 5. 0:100 %. b) Tensile modulus and 

toughness of single polymer hydrogels and hybrid hydrogels photo-crosslinked in water. c) 

adhering hMSCs numbers after cell culturing for 1, 6 and 10 days on single polymer and hybrid 

hydrogels. Empty: well surface without hydrogel specimen, coated with 0.1% (w/v) gelatin 

solution in water. 

 

3.3.2 Hydrogels formed by photo-crosslinking in acetic acid solutions.      

When aqueous solutions of two different polymers are mixed, ATPS may occur, as shown for 

PEG/gelatin as well as other mixtures [23-25]. ATPS has found valuable applications in food 
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industry, fabrication of polymeric microparticles [26], and extraction and separation of 

biological molecules and cell subtypes [27]. Moreover, it was shown that ATPS in hydrogels 

had a positive effect on the morphology of embedded cells as well as new tissue formation [28]. 

In our study, ATPS also occurred as shown in Figure 2a for 50:50 % PEG-dMA:GelMA 

hydrogel photo-crosslinked in water. Droplet-like structures of around 100 µm are clearly 

visible. Although microphase separation improves the mechanical properties of materials, 

macrophase separation as shown in Figure 2a has the opposite effect [29]. ATPS can be 

influenced by different parameters, such as the composition of the mixture, the polymer 

concentrations, the temperature as well as the solubility of the polymers. As compared to water, 

the solubility of gelatin is higher in aqueous acid solutions, which may decrease ATPS [30, 31]. 

In our work, acetic acid was used to minimize phase separation of the mixed solutions. As 

shown in Figure 2b, macrophase separation was absent in a 50:50 % PEG-dMA:GelMA 

hydrogel photo-crosslinked in 0.5 % (v/v) acetic acid in water.  

 

Figure 2. Microscopic pictures of PEG-dMA: GelMA = 50 %: 50 % hybrid hydrogels. a) photo-

crosslinked in water. b) photo-crosslinked in 0.5 % acetic acid. Scale bar is 400 µm.  
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Figure 3. Macroscopic appearance of networks formed in 0.25 % and 0.5 % acetic acid. 1. 

PEG-dMA: GelMA = 100 %: 0; 2. 75 %: 25 %; 3. 50 %: 50 %; 4. 25 %: 75 %; 5. 0:100 %. 

 

Figure 3 shows the macroscopic appearances of the single polymer and hybrid hydrogels 

prepared in 0.25 % (v/v) and 0.5 % (v/v) acetic acid. As compared to the turbid hybrid hydrogels 

shown in Figure 1a, the 75:25 % PEG-dMA:GelMA hydrogel prepared in 0.25 % acetic acid 

had become transparent, demonstrating that phase separation was decreased. When the 

concentration of acetic acid was increased to 0.5 %, all hybrid hydrogels were transparent. 

 

Figure 4. Tensile modulus and toughness of single polymer hydrogels and hybrid hydrogels 

photo-crosslinked in a) 0.25 % acetic acid and b) 0.5 % acetic acid.  

b

)    
a

)   

10
0%

:0

75
%

:2
5%

50
%

:5
0%

25
%

:7
5%

0:
10

0%

0.0

0.1

0.2

0.3

0.4

0.5

0.6
 Tensile modulus

 Toughness

PEG: GelMA

T
en

si
le

 M
o

d
u

lu
s 

(M
P

a
)

0

5

10

15

20

 T
o
u

g
h

n
es

s 
(N

/m
m

2
) 

10
0%

:0

75
%

:2
5%

50
%

:5
0%

25
%

:7
5%

0:
10

0%

0.0

0.1

0.2

0.3

0.4

0.5

0.6
 Tensile modulus

 Toughness

PEG: GelMA

T
en

si
le

 M
o
d

u
lu

s 
(M

P
a
)

0

5

10

15

20

 T
o
u

g
h

n
es

s 
(N

/m
m

2
) 



Enhanced mechanical and cell adhesive properties of photo-crosslinked PEG hydrogels by 

incorporation of gelatin in the networks 

 

51 

Table 4. Maximum elongation of single polymer hydrogels and hybrid hydrogels photo-

crosslinked in 0.25 % acetic acid and 0.5 % acetic acid.  

Network component 

PEG-dMA: GelMA 

Maximum elongation % 

In water In 0.25 % acetic acid In 0.5 % acetic acid 

100 %: 0 73 (2) 78 (10) 82 (6) 

75 %: 25 % 45 (4) 92 (11) 79 (8) 

50 %: 50 % 43 (5) 80 (6) 98 (3) 

25 %: 75 % 41 (5) 54 (6) 60 (1) 

0: 100 % 86 (7) 55 (6) 69 (5) 

 

Tensile properties of hydrogels made in acetic acid solutions are shown in Figure 4. The tensile 

moduli of gelatin hydrogels formed in 0.25 % and 0.5 % acetic acid were 0.226 MPa and 0.200 

MPa, respectively, whereas the tensile modulus of the gelatin hydrogel formed in water was 

0.118 MPa (shown in Figure 1b). In contrast to the tensile moduli, the maximum elongations 

of gelatin hydrogels were lower when crosslinked in 0.25 % and 0.5 % acetic acid as compared 

to water (55 %, 69 % and 89 %, respectively), see Table 4. This can be explained by the better 

solubility of gelatin in acetic acid solutions [31]. As compared to water, in aqueous acetic acid 

the entanglement of gelatin peptide chains in the network increases and the length of peptide 

chains between crosslinks decreases due to the increased solubility of gelatin. This resulted in 

gelatin hydrogels with a lower extensibility and a higher stiffness. Unlike gelatin, the 

mechanical properties of PEG hydrogels made in acetic acid solutions did not substantially 

differ from those of the hydrogel prepared in water (shown in Figures 1b and 4, and Table 4). 

The values for the tensile modulus of the hybrid hydrogels prepared in acetic acid solutions 

showed the same trend as those for the hybrid hydrogels made in water, see Figures 1b and 4. 

In all solvents, the 25:75 % PEG-dMA:GelMA hydrogel had the highest E-modulus. Due to the 

high value for the elongation at break of the 50:50 % PEG-dMA:GelMA hydrogels crosslinked 
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in 0.5 % acetic acid solution (Table 4), this composition resulted in the highest toughness. Thus, 

the absence of macrophase separation as well as a certain balance between stiffness and 

extensibility result in good mechanical properties, which is in agreement with literature [20] 

[29].  

 

Figure 5. Numbers of adherent hMSCs on hydrogels after culturing for 1, 6 and 10 days, a) 

hydrogels prepared in 0.25 % acetic acid and b) hydrogels prepared in 0.5 % acetic acid. 

 

 

Figure 6. Microscopic images of Live/Dead assay. Pictures were taken after proliferation of 

hMSCs for 24 hours. Live and dead cells are stained green and red, respectively. Scale bar = 

1000 µm. 
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The hybrid hydrogels prepared in acetic acid solutions supported the proliferation of hMSCs to 

a greater extent than the hybrid hydrogels made in water, see Figures 1c and 5. All hybrid 

hydrogels prepared in 0.5 % acetic acid showed the same cell proliferation as the 100 % gelatin 

hydrogel. This can be explained by the better mixing of PEG-dMA and GelMA in aqueous 

acetic acid, as discussed above, resulting in a more homogeneous distribution of gelatin in the 

hybrid networks and thus a better cell proliferation. After 24 hours of culturing, hardly any dead 

cells were observed on all surfaces, as shown in Figure 6. All hybrid hydrogels prepared in 0.5 % 

acetic acid showed similar cell attachment as on 100 % gelatin hydrogel, whereas cell 

attachment on the hybrid hydrogels prepared in water and 0.25 % acetic acid was lower. Hardly 

any cell attachment was observed on the 100 % PEG hydrogels. These results are in line with 

the other results discussed above. 

 

4. Conclusions  

In this study, we prepared and characterized photo-crosslinked single polymer hydrogels based 

on different concentrations of PEG-dMA or GelMA. Higher macromer concentrations 

influenced the physical characteristics of the hydrogels in terms of increased tensile modulus, 

reduced water uptake and decreased elongation at break. Macrophase separation of hybrid 

hydrogels could be reduced by photo-crosslinking of PEG-dMA and GelMA mixtures in 

aqueous acetic acid solutions. Hybrid hydrogels prepared from 50:50 % PEG-dMA:GelMA 

mixtures in 0.5 % acetic acid had a higher toughness than single polymer hydrogels made of 

PEG-dMA or GelMA. Hybrid hydrogels of various compositions crosslinked in 0.5 % acetic 

acid supported the proliferation of hMSCs to the same extent as 100 % gelatin hydrogel, 

whereas the cells did not proliferate on 100 % PEG hydrogel. Our results show that both the 

cell adhesive and mechanical properties of a photo-crosslinked PEG network can be improved 
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by incorporation of gelatin in the network. 
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Abstract 

Methacrylated gelatin (GelMA) has been intensively studied as a 3D printable scaffold material 

in tissue regeneration fields, which can be attributed to its well-known biological functions. 

However, the long-term stability of photo-crosslinked GelMA scaffolds is hampered by a 

combination of its fast degradation in the presence of collagenase and the loss of physical 

crosslinks at higher temperatures. To increase the longer-term shape stability of printed 

scaffolds, a mixture of GelMA and tyramine-conjugated 8-arm PEG (8PEGTA) was used to 

create printed filaments composed of an interpenetrating network (IPN), by photo-crosslinking 

during filament deposition and subsequent enzymatic crosslinking of the printed 3D scaffolds. 

The IPN was prepared at a concentration of 6 wt% GelMA and 2 wt% 8PEGTA containing LAP 

as a photo-initiator and 4 U/mL of horseradish peroxidase (HRP) enzyme. After photo-

crosslinking, scaffolds were enzymatically post-crosslinked by incubation in 0.03 wt% H2O2 

solution. Rheological experiments of bulk hydrogels showed that the IPN was an elastic 

hydrogel compared to a soft and viscous GelMA hydrogel. Upon enzymatic degradation in the 

presence of collagenase, the gelatin content of the IPN fully degraded in 7 days leaving a stable 

secondary crosslinked 8PEGTA network. Using a BioMaker bioprinter, hydrogels without and 

with human mesenchymal stem cells (hMSCs) were printed. Upon culturing for 21 days, 

hMSCs in the GelMA/8PEGTA IPN showed a high cell viability (>98%). Thus, presence of the 

photo-initiator, incubation with H2O2 and mechanical forces during printing did not hamper cell 

viability. Therefore, the GelMA/8PEGTA ink is a good candidate to generate cell-laden bioinks 

for extrusion-based printing of constructs for tissue engineering applications. 
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1. Introduction 

Hydrogels, water-swollen networks of synthetic or natural polymers, have shown large potential 

in biomedical and pharmaceutical applications during the past decades [1]. Because of their 

generally viscoelastic properties and high water content, they resemble the properties of the 

natural extracellular matrix. In many studies, it was shown that hydrogels provide a biologically 

compatible environment for cells [2]. To bioengineer 3D-printed hydrogel scaffolds for tissue 

regeneration, the chemical, physical and biological properties of the materials have to be 

accounted for [3-5]. Viscosity and cytocompatibility of materials, crosslinking kinetics to 

stabilize scaffolds and degradation rate of (cell-laden) constructs all have to be considered in 

the preparation of printed scaffolds [6, 7]. 

Choices for physical and covalent crosslinking of biologically relevant polymers remain key 

issues in the 3D printing of hydrogels [8]. One of the most applied materials for extrusion-based 

bioprinting is methacrylated gelatin (GelMA) [6, 9, 10]. Like gelatin, GelMA retains a change 

in triple helical content with temperature. Below room temperature (RT) physical crosslinks are 

formed and a stable printed structure can be deposited with unparalleled spatial and temporal 

control. The structure is then further stabilized by covalent crosslinking of the vinyl groups 

through photo-polymerization [11]. Furthermore, GelMA with different degrees of 

functionalization can be reproducibly prepared [12]. Even at high degrees of substitution, cell 

adhesion through the presence of RGD and other sequences retains this material highly suitable 

for the construction of networks applicable for tissue regeneration purposes [13]. However, a 

disadvantage of photo-crosslinked GelMA is the rapid enzymatic degradation by collagenase, 

generally within hours, making this material less suitable for regeneration of most tissues [14].  

Poly(ethylene glycol)s (PEGs), as non-toxic and non-immunogenic polymers, are highly 

suitable materials to be applied in the preparation of hydrogels although they lack cell 



Chapter 4 

60 

recognition and cell adhesion [15, 16]. Especially multi-arm PEGs provide high end-group 

functionalities that are useful in physical and chemical crosslinking, largely improving the 

mechanical properties of hydrogels [17]. However, these types of polymers have a low viscosity 

and do not retain shape stability upon extrusion-based printing [18, 19]. 

A strategy of combining the advantages of these widely studied biomaterials may well serve 

the design of bioink candidates for fabrication of scaffolds, and integrate specific properties 

like bio-adhesion and cell recognition, improved mechanical properties and prolonged 

degradation times [20, 21]. In the design of such hybrid hydrogels [22], the use of two 

crosslinking mechanisms can be employed when macromers have different functionalities. 

Such an approach provides an interpenetrating network (IPN) in which a second polymer 

network is placed within a crosslinked hydrogel primary network [23]. As shown by Daniele et 

al., IPNs consisting of GelMA and 4-arm PEGs could be prepared combining thiol-yne and 

thiol-ene chemistries. These IPNs showed increased moduli compared to a PEG-co-GelMA 

network and GelMA single network [23].  

To deliver an adequate 3D printable bioink candidate providing constructs with improved 

mechanical properties, tunable degradation properties and viability towards encapsulated cells, 

we designed an IPN system based on photo-polymerization during printing of a mixture of 

GelMA and an 8-arm PEG tyramine conjugate (8PEGTA) and enzymatic post-crosslinking of 

the printed scaffold hydrogel. Horseradish peroxidase (HRP) is a highly effective enzyme in 

the crosslinking of phenolated conjugates of synthetic and natural polymers like poly(glutamic 

acid) [24], gelatin [25], dextran and hyaluronic acid [26, 27]. Although HRP was shown to 

catalyze the polymerization of e.g. acrylates and acrylamides, this method requires a mediator 

like acetyl acetone to generate the necessary radicals to initiate polymerization [28]. The 

absence of such a mediator may thus well be a basis for independent crosslinking of acrylates 

and phenols by photo-polymerization and enzymatic crosslinking, respectively. The mechanical 



Enzymatic post-crosslinking of printed hydrogels of GelMA and 8PEGTA to prepare 

interpenetrating 3D network structures 

 

61 

and degradation properties of this IPN were compared to those of the GelMA single component 

network by rheological measurements and enzymatic degradation tests. Finally, the 

morphology and viability of human mesenchymal stem cells (hMSCs) after 3D printing of cell-

laden GelMA/8PEGTA bioink were investigated.  

 

2. Experimental  

2.1 Materials  

GelMA with 90% of free amine groups substituted by methacrylate groups was synthesized as 

previously reported [20]. The 8-arm PEG (8PEG, hexaglycerol core, Mw = 20,000 g/mol) was 

acquired from Jenkem Technology (Allen, Texas, USA), and freeze-dried overnight before use. 

P-nitrophenyl chloroformate (PNC), tyramine (TA), lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP), hydrogen peroxide (H2O2, 30 wt% in H2O), horseradish 

peroxidase (HRP) (253 U/mg), sodium azide, phosphate-buffered saline (PBS) and N,N-

dimethylformamide (DMF) were obtained from Sigma-Aldrich. Collagenase (Type I, 260 

U/mg) was obtained from Thermo Fisher Scientific. Diethyl ether and ethanol were purchased 

from VWR Chemicals. Dulbecco’s PBS (DPBS), advanced Dulbecco’s modified Eagle’s 

medium (DMEM), fetal bovine serum (FBS), glutamax, trypsin/EDTA and 

penicillin/streptomycin were obtained from Gibco. Live/Dead cell viability kit was purchased 

from Thermo Fisher Scientific. 

 

2.2 8-arm PEG-tyramine conjugate synthesis 

8PEG was firstly activated with PNC to form p-nitrophenyl carbonate conjugates (8PEG-PNC5) 

as previously reported [29]. Next, the 8PEG-PNC5 (5.0 g, 1.25 mmol PNC groups) was 
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dissolved in 50 mL of anhydrous dichloromethane, and then TA (0.33 g, 2.4 mmol) pre-

dissolved in 5 mL of anhydrous DMF was added at room temperature (RT). The solution was 

stirred under a nitrogen atmosphere for 2 h. The product was precipitated in cold diethyl ether, 

followed by washing with cold ethanol and diethyl ether, and then dried under vacuum for 1 

day. The yield was 62% and the degree of substitution with tyramine groups (DS) was 5. The 

polymer was designated as 8PEGTA5. 

 

2.3 Hydrogel properties 

Solutions containing 6 wt% GelMA or 6 wt% GelMA/2 wt% 8PEGTA5 were prepared in 

DMEM at 37 ℃. To each solution, LAP as a photo-initiator was added at a concentration of 0.5 

wt% relative to the GelMA (0.04 mol LAP/1 mol MA group). Additionally, to the solution 

containing 6 wt% GelMA/2 wt% 8PEGTA5, HRP was added at a final concentration of 4 U/mL. 

The transmission of solutions prepared at the same concentrations in distilled water was 

determined using an Agilent UV-Vis spectrometer by measuring the transmission of light at 680 

nm (The absorbance of water is minimal at 680 nm). The size distribution of GelMA and 

GelMA/8PEGTA5 in aqueous solutions (2 mg/mL) at RT was measured by dynamic light 

scattering (Zeta Sizer Nano-ZS, Malvern Instruments). 

To evaluate the printability of solutions and properties of hydrogels formed, solutions were cast 

in 1 × 35 × 100 mm (height x width x length) PDMS molds and cooled to 22 ℃ to form a 

physically crosslinked hydrogel. Then, the networks were photo-crosslinked at 365 nm for 1 

min in a UV box (Ultra Lum, San Diego, USA). A GelMA/8PEGTA5 IPN hydrogel was formed 

by submerging the photo-crosslinked network in a 0.03 wt% H2O2 solution for 1 min. Finally, 

hydrogels were washed with distilled water. The formation of a physically crosslinked hydrogel, 

photo-crosslinked hydrogel and IPN is schematically depicted in Scheme 1.  
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Scheme 1: 2D representation of a. GelMA solution at 37 ℃, b. physically crosslinked GelMA 

at 22 ℃ and c. after photo-crosslinking. d. GelMA/8PEGTA5 mixture at 37 ℃, e. physically 

crosslinked GelMA/8PEGTA5 at 22 ℃ and IPN formed after subsequent f. photo-crosslinking 

and g. enzymatic post-crosslinking. 

 

Rheology 

To determine the rheological properties of physically crosslinked, photo-crosslinked and IPN 

hydrogels, the prepared hydrogels were cut into 25 mm (diameter) disk specimens and tested 

with a US 200 Rheometer (Anton Paar) using parallel plates (25 mm in diameter) at an initial 

normal force of 0.2 N. Frequency sweeps in the range of 0.01 to 100 Hz were performed at a 

strain of 1% at 5 ℃. Amplitude sweeps in the range of 0.01 to 100% were performed at a 

frequency of 1 Hz at 5 ℃.  Temperature sweeps were carried out at a frequency of 0.5 Hz and 

a strain of 0.5% from 10 to 37 ℃, followed by oscillatory time sweeps at a frequency of 0.5 Hz 

and a strain of 0.5% at 37 ℃. 

Degradation 

Degradation of the GelMA photo-crosslinked and IPN hydrogels was tested using 5 × 8 mm 

(height × diameter) cylindrical specimens cast in a PDMS mold. Specimens were dried in an 

oven (37 ℃) for 2 days to give the initial weight (m0). Then, specimens were separately 

submerged in 2 mL PBS containing 2 U/mL collagenase at 37 ℃. Sodium azide (0.02 wt%) 

was added to prevent bacterial growth. After 6, 12, 24, 48, 72, 96, 120 and 168 h, specimens 
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(n=3) were removed from the degradation media and washed with deionized water. Thereafter, 

the specimens were lyophilized to give the dry weight (md). The percentage of mass remaining 

(Mr) was calculated according to equation (1): 

𝑀𝑟 =
𝑚𝑑

𝑚𝑜
× 100%              (1) 

 

2.4 3D printing 

Printed scaffolds were fabricated using a BioMaker 3D bioprinter developed by SunP Biotech 

(Cherry Hill, New Jersey, USA), using the same polymer, initiator and catalyst concentrations 

as given in the previous section. To achieve accurate 3D structures upon printing, adequate 

parameters, i.e. chamber temperature, printing speed and extrusion speed should be optimized. 

3D specimens were prepared with a cubic geometry from the GelMA and GelMA/8PEGTA5 

solutions. The GelMA and GelMA/8PEGTA5 solutions were transferred to a syringe (BD, 5 mL, 

Luer-Lock tip) with a 0.26 mm inner diameter dispensing needle (25G). Then, the syringe was 

loaded into the printer. Machine settings: 1.5 mm line distance, 22 ℃ as chamber temperature, 

3.5 mm/s as printing rate and 0.45 uL/s as extrusion speed. These parameters gave a 0.25 mm 

layer thickness. To avoid extrusion of the solution when changing to the next layer, the piston 

of the syringe was retracted 0.5 mm after printing of each layer. Using these conditions, 

scaffolds of 10 mm x 10 mm and a height of 5 mm (20 layers) were printed. UV curing (365 

nm) was set at a light intensity of 10 mW/cm2 with 5 s irradiation of each two layers during 

printing. Moreover, UV curing was applied for 1 min after completion of printing. Subsequently, 

the GelMA/PEGTA5 scaffolds were submerged in a 0.03 wt% H2O2 solution for 1 min to induce 

enzymatic crosslinking. The scaffolds were then submerged in distilled water and incubated at 

37 ℃ overnight. 
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2.5 Cell culturing and printing of bioinks 

hMSCs (passage 4) were cultured at 37 ℃ in humidified air (5 vol.% CO2) in 175 cm2 culture 

flasks containing cell culture medium (advanced DMEM supplemented with 1 vol.% Glutamax, 

1 vol.% penicillin/streptomycin and 10 vol.% FBS). The culture medium was refreshed three 

times a week until the cells reached confluence. Upon confluence, the cells were trypsinized 

and counted using a Neubauer cell counting chamber. Cell suspensions with a concentration of 

2*106 cells/mL in culture medium were used for preparation of bioinks. 

Macromer stock solutions containing 12 wt% GelMA or 12 wt% GelMA/4 wt% 8PEGTA5 were 

prepared using cell culture medium. The solutions were subsequently disinfected using a 

pasteurization protocol by keeping them at 70 ℃ for 30 min and then at 20 ℃ for 30 min [30]. 

This procedure was repeated 3 times. To prepare bioinks containing cells, 2 mL of a macromer 

stock solution was gently mixed with 2 mL hMSC suspension (2*106 cells/mL) at 37 ℃ and 

transferred to a 5 mL syringe. The syringe was mounted in the bioprinter, the chamber 

temperature was set at 22 ℃ and the system was incubated for 30 min. As the temperature 

inside the cell culturing facility was relatively high, it was challenging to reach the bioprinter 

chamber temperature of 22 oC, resulting in bioprinting at a somewhat higher temperature than 

intended. The syringe was set to the starting position and printing was carried out using the 

same procedure as given in 2.4 for printing without cells. Constructs of 10 mm x 10 mm and a 

height of 1 mm (4 layers) were printed. After printing, the gels were submerged in cell culture 

medium and incubated for 21 days at 37 ℃ in humidified air (5 vol.% CO2). The medium was 

refreshed every two days. The printing process with cells is graphically illustrated in Figure 1. 
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Figure 1. Schematic 3D bioprinting procedure. Step 1: Pre-mix gel precursor and cells at 37 ℃. Step 2: 

Load to the syringe at 37 ℃ and cool to room temperature. Step 3: The print head and the base plate are set 

at 22 ℃ during the printing of a preprogrammed construct. Step 4: Every two layers the hydrogel is 

irradiated for 5 s by UV light (365 nm). For the IPN preparation, the hydrogel was submerged in a 0.03 wt% 

H2O2 solution for 1 min after finishing printing. Step 5: Cell culturing of the hydrogel up to 21 days. 

 

Live/Dead staining 

Live/Dead staining was performed after 1, 7 and 21 days of culturing. The constructs were 

rinsed with warm DPBS (37 ℃) and incubated with 2 µM Calcein-AM/4 µM ethidium 

homodimer-1 solution for 1 h at 37 ℃. After rinsing with warm DPBS, pictures were taken 

using an EVOS FL cell imaging system. 

 

 

3. Results and discussion 

3.1 Synthesis 

The GelMA was prepared as described previously and approximately 90% of the lysine amine 

groups were converted into methacrylamide groups by reacting gelatin with methacrylic 

anhydride [20]. The 8PEGTA5 prepared by activation of the hydroxyl end groups with PNC and 
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subsequent reaction with TA (Figure 2), showed the appearance of aromatic protons at 6.79 and 

6.99 ppm (Figure 3). The degree of substitution of the 8PEGTA end groups was determined by 

comparing the integral values of the aromatic protons with the end -CH2-O-C(O)-NH protons 

at 4.22 ppm, showing that 5 out of 8 hydroxyl end groups were substituted. Using this method, 

no full conversion of the hydroxyl end groups could be reached even by applying an excess of 

PNC. 

 

Figure 2. Synthesis of a. GelMA and b. 8PEGTA5. 
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Figure 3. 1H-NMR spectra of a. 8PEG and b. 8PEGTA5 (CDCl3). 

 

An important parameter in the applicability of GelMA-based bioinks is the macromer 

concentration. Recent investigations have shown that printing of GelMA can be performed at 

concentrations ranging from 5-15 wt%, providing constructs with promising stability and cell 

viability [31, 32]. Moreover, it was shown that cell viability drastically decreased with 

increasing GelMA concentration, while too low GelMA concentrations led to poor printing 

ability [33, 34]. To ensure good cell viability and stable printed structures, solutions with a low 

GelMA concentration (6 wt% of GelMA in DMEM) were selected.  
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Figure 4. a) Transmission (%) of 6 wt% GelMA and 6 wt% GelMA/2 wt% 8PEGTA5 solutions in deionized 

water at 680 nm. b) Size distribution profiles (intensity plots) of GelMA and GelMA/8PEGTA5 aqueous 

solutions (2 mg/mL) at RT as measured with dynamic light scattering. 

 

As reported in previous studies, aqueous solutions of gelatin or GelMA and PEG or PEG 

derivatives are turbid at varying concentrations indicating that phase separation has taken place 

[20, 35, 36]. This phase separation can lead to poor physical gelation of the GelMA and 

consequently to non-printability of solutions or bioinks. Solutions containing 6 wt% GelMA 

and 2 wt% 8PEGTA5 appeared transparent but became translucent at higher 8PEGTA5 

concentrations. The light transmission of a 6 wt% GelMA/2 wt% 8PEGTA5 solution in water 

at 680 nm was 85%, slightly lower than that of a 6 wt% GelMA solution (89%). Moreover, 

intensity plots from DLS measurements at high dilution revealed the presence of particles 

mainly with an average size of 70 nm (Figure 4). These data indicate the occurrence of only 

micro-phase separation in these aqueous systems of GelMA/8PEGTA conjugates. 

 

3.2 Rheology 

The favorable use of GelMA-based solutions for 3D bioprinting applications is due to the 

exploitation of its temperature-dependent physical gelation properties. GelMA is well soluble 
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in aqueous solutions at higher temperatures, allowing these pre-gelation solutions to form stable 

3D structures upon cooling. The appropriate printing temperature for GelMA-based bioinks can 

be determined by rheology. The loss tangent (tan δ) of the inks, the ratio of loss modulus (G”) 

and storage modulus (G’), represents the plasticity and elasticity of materials [37]. As shown in 

Scheme 2, at higher temperatures (G’ < G”) the ink shows a typical liquid-like behavior and no 

stable filaments can be formed during printing. Upon cooling, G’ increases and the gel point is 

reached when G’ and G” are equal. In the temperature window below the gel point, smooth and 

continuous filaments can be printed. At lower temperatures, the increasing gel strength will lead 

to a non-continuous filament when extruded through a fine needle.  

 

Scheme 2. Phase diagram of GelMA-based bioink printability based on tan δ. 

 

Frequency sweeps and strain sweeps of the 6 wt% GelMA and 6 wt% GelMA/2 wt% 8PEGTA5 

in DMEM solutions were first recorded at a temperature of 5 ℃ to determine adequate 

measuring parameters (Figure 5). At a constant strain of 0.5% the physically crosslinked gels 

showed no dependence of G’ and G” on the frequency, and strains of maximally 0.5% could be 

applied before deformation occurred. At high strains, a gel-sol transition was observed for both 

gels. 
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Figure 5. a. Frequency and b. Amplitude sweep of GelMA and GelMA/8PEGTA5 physically 

crosslinked hydrogels, (5 ℃).  

 

The complex viscosity, G’ and G” of 6% GelMA and 6% GelMA/2% 8PEGTA5 physically 

crosslinked hydrogels as a function of temperature are presented in Figure 6. As mentioned 

above, micro-phase separation was present in the GelMA/8PEGTA5 solution which might 

influence the physical gelation. The complex viscosity of GelMA and GelMA/8PEGTA5 

solutions showed similar trends although that of the mixture was somewhat lower. Formation 

of a physically crosslinked gel was observed at a slightly lower temperature (gel point, G’ = G”) 
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for GelMA/8PEGTA5 (23.7 ℃) as compared to GelMA (25.2 ℃).  

 

Figure 6. a. Complex viscosity and b. Storage modulus (G’) and loss modulus (G”) of GelMA 

and GelMA/8PEGTA5 physically crosslinked hydrogels as a function of temperature. 

 

Knowing the gel points of the physically crosslinked hydrogels, the temperature window for 

printing of the solutions could be determined. Printability experiments were performed at 

different temperatures, shown in Figure 7. At 5 ℃, inks were in a solid-like state (G’ >> G”) 

and the printed filaments were curled and irregular. At 30 ℃, which is higher than the gel points 

of the inks (G’ < G”), the inks were liquid-like and could not form a filament. When the printing 

temperature was set at 22 oC, slightly lower than the gel points, both GelMA and 

GelMA/8PEGTA5 solutions afforded smooth and continuous filaments.  

 
Figure 7. Printability of a. 6% GelMA and b. 6% GelMA/2% 8PEGTA5 inks at different 

temperatures. 
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The rheological properties of the photo-crosslinked GelMA and GelMA/8PEGTA5 IPN 

hydrogels are presented in Figure 8. Samples were prepared in molds and their properties might 

reflect those of deposited filaments upon printing. Solutions of the macromers in DMEM were 

cooled from 37 to 22 ℃ to induce physical gelation. Subsequently, the gels were photo-

crosslinked and the GelMA/8PEGTA5 gel was submerged in H2O2 to enzymatically crosslink 

the PEGTA conjugate to form the IPN. A temperature sweep from 10 to 37 ℃ of the hydrogels 

revealed a drastic drop in the storage modulus in the range of 25 to 30 ℃ due to loss of the 

gelatin physical crosslinks. The G’ and G” of the photo-crosslinked GelMA hydrogel were close 

to each other, indicating that at higher temperatures a soft viscous gel was present. The 

following oscillatory time sweep showed that the G’ and G” of GelMA hydrogel at 37 ℃ were 

about 1100 and 900 Pa, respectively. These results indicate that at a low concentration of 6 wt%, 

the photo-crosslinked GelMA did not provide sufficient gel strength at 37 ℃ [34] and scaffolds 

were expected to have low shape stability.  
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Figure 8. a. Storage modulus (G′) and loss modulus (G″) of photo-crosslinked GelMA and 

GelMA/8PEGTA5 IPN hydrogels as a function of temperature followed by b. Oscillatory time 

sweep at 37 ℃. c. Storage modulus (G’) and loss modulus (G”) of an enzymatically crosslinked 

2% 8PEGTA5 gel as a function of temperature and d. time. 

 

Contrary, the IPN remained much more elastic at higher temperatures and the G’ and G” of the 

gel were about 3800 and 900 Pa at 37 ℃, respectively. To verify if temperature also had an 

effect on the mechanical properties of PEGTA networks, an experiment with an enzymatically 

crosslinked 8PEGTA5 gel was done, showing that G’ and G” were not temperature-dependent 

(Figure 8c) and the G’ and G” were about 1800 and 25 Pa, respectively (Figure 8d).  
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Figure 9. a. Mass remaining of the photo-crosslinked GelMA gel and GelMA/8PEGTA5 IPN 

gel as a function of degradation time. b. Morphology of GelMA and IPN hydrogels at different 

degradation times. 

 

Degradation 

The mass remaining of the hydrogels and morphology upon degradation were monitored 

(Figure 9). Within 48 h, the GelMA hydrogel was almost fully degraded. Compared to the initial 

specimen the shape of this hydrogel already deformed at 6 h. The degradation of the IPN 

hydrogel was slower and samples became more transparent in time. The initially whitish 

samples became fully transparent after 168 h incubation time. Not only the much slower 

degradation of the IPN but also the approximately 30% remaining weight, which is close to the 

mass ratio of 8PEGTA5 (25%), indicated that the 8PEGTA5 was present as a second network 

and only the GelMA network was fully degraded.  

 

3.3 Printability of GelMA and GelMA/PEGTA5 solutions and bioinks 

The hydrogel precursor solutions, 6 wt% GelMA without and with 2 wt% 8PEGTA5 in DMEM, 

could be successfully printed with high shape fidelity. Upon printing GelMA, the formed 

physically crosslinked network at 22 ℃ supported at least two layers, and intermediate 5 s UV 
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crosslinking created a stable structure at RT. Applying similar printing parameters with 

intermediate UV crosslinking, stable structures could be prepared from GelMA/8PEGTA5. 

GelMA and GelMA/8PEGTA5 scaffolds of cubic shape are shown in Figure 10. According to 

preset parameters, filaments were deposited at 1.5 mm line distance and regular structures with 

cubic pores were built. Upon incubation of the scaffolds in water at 37 ℃ overnight, the GelMA 

scaffold shrunk compared to the scaffold just after printing. In the detailed picture, it can be 

observed that the structure collapsed in the center part and some of the filaments were broken. 

Under similar conditions, the printed IPN-type scaffold retained its shape and pore structure, 

showing good structural stability.  

 

Figure 10. Images of 3D scaffolds printed from a. GelMA and c. GelMA/8PEGTA5 solutions in 

DMEM and after incubating the scaffolds b. GelMA and d. GelMA/8PEGTA5 at 37 ℃ in water 

overnight (scale bars 1 mm). 

 

Preliminary bioprinting experiments using hMSC-laden gel precursor solutions were eventually 

carried out. These experiments were performed to investigate the potentially harmful effects of 

the polymer solution components and extrusion parameters on cell viability. Due to 

uncontrolled increase in temperature in the chamber (>25 oC), only collapsed gel structures 

were produced. As shown in Figure 11, a printed line structure could not be observed. In the 
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bioprinted gels, hMSCs were homogeneously distributed, indicating homogeneous mixing of 

the cells in the bioinks. Applying similar conditions as for the printing without cells, around 98% 

of the cells were alive after 1, 7 and 21 days of culturing. After culturing for 1 day, cells in 

GelMA had a round shape and part of the cells started to spread. After 21 days of culturing, 

cells in the GelMA hydrogel were fully spread and started to connect with each other. In the 

IPN hydrogel, this process was slower. After 1 and 7 days, cells in the IPN hydrogel maintained 

a round shape and started to spread after 21 days of culturing. These results indicate that the 

bioinks have excellent potential for bioprinting of constructs for tissue engineering applications.  

 

 

Figure 11. Live/Dead images of cultured hMSCs in hydrogels for 1, 7 and 21 days (scale bars 

400 µm).  

 

 

4. Conclusions  

In this study, we report the development of inks composed of GelMA and 8-arm PEGTA 

conjugates. An interpenetrating network of GelMA/8PEGTA5 was created by subsequent 
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photo-crosslinking and enzymatic crosslinking. Compared to the GelMA network, the IPN 

showed increased stability and slower degradation, and appeared an easy-to-print ink for 

bioprinting applications. The results from cell viability analyses of hMSC-laden 3D printed 

hydrogels were promising. However, to prepare custom bioinks, testing remains necessary to 

optimize printing parameters when using different cell types. Different applications may require 

different scaffold mechanical properties and degradation times. Varying the composition and 

degree of substitution of GelMA and multi-arm PEGTA, as well as using other tyramine-

conjugated water soluble compounds, may result in the creation of IPNs with a wide range of 

properties. The GelMA/8PEGTA5 ink has a high potential to generate cell-laden bioinks for 

extrusion-based bioprinting, to deliver 3D constructs for specific tissue regeneration. 

 

 

 

References  

[1]. A.S. Hoffman, Hydrogels for biomedical applications, Adv Drug Deliv Rev 54(1) (2002) 3-12. 

[2]. X.F. Guan, M. Avci-Adali, E. Alarcin, H. Cheng, S.S. Kashaf, Y.X. Li, A. Chawla, H.L. Jang, A. 

Khademhosseini, Development of hydrogels for regenerative engineering, Biotechnol J 12(5) (2017) 01. 

[3]. L. Ouyang, C.B. Highley, W. Sun, J.A. Burdick, A generalizable strategy for the 3D bioprinting of 

hydrogels from nonviscous photo-crosslinkable inks, Adv Mater 29(8) (2017) 1604983. 

[4]. N. Annabi, A. Tamayol, J.A. Uquillas, M. Akbari, L.E. Bertassoni, C. Cha, G. Camci-Unal, M.R. 

Dokmeci, N.A. Peppas, A. Khademhosseini, 25th anniversary article: Rational design and applications 

of hydrogels in regenerative medicine, Adv Mater 26(1) (2014) 85-123. 

[5]. E. Hoch, T. Hirth, G.E.M. Tovar, K. Borchers, Chemical tailoring of gelatin to adjust its chemical and 

physical properties for functional bioprinting, J Mater Chem B 1(41) (2013) 5675-5685. 

[6]. T. Billiet, E. Gevaert, T. De Schryver, M. Cornelissen, P. Dubruel, The 3D printing of gelatin 

methacrylamide cell-laden tissue-engineered constructs with high cell viability, Biomaterials 35(1) 

(2014) 49-62. 

[7]. C.D. O'Connell, C. Onofrillo, S. Duchi, X. Li, Y. Zhang, P. Tian, L. Lu, A. Trengove, A. Quigley, S. 

Gambhir, A. Khansari, T. Mladenovska, A. O'Connor, C. Di Bella, P.F. Choong, G.G. Wallace, 

Evaluation of sterilisation methods for bio-ink components: gelatin, gelatin methacryloyl, hyaluronic 

acid and hyaluronic acid methacryloyl, Biofabrication 11(3) (2019) 035003. 



Enzymatic post-crosslinking of printed hydrogels of GelMA and 8PEGTA to prepare 

interpenetrating 3D network structures 

 

79 

[8]. J.R. Choi, K.W. Yong, J.Y. Choi, A.C. Cowie, Recent advances in photo-crosslinkable hydrogels for 

biomedical applications, Biotechniques 66(1) (2019) 40-53. 

[9]. W. Schuurman, P.A. Levett, M.W. Pot, P.R. van Weeren, W.J. Dhert, D.W. Hutmacher, F.P. Melchels, 

T.J. Klein, J. Malda, Gelatin-methacrylamide hydrogels as potential biomaterials for fabrication of 

tissue-engineered cartilage constructs, Macromol Biosci 13(5) (2013) 551-561. 

[10]. B.J. Klotz, D. Gawlitta, A. Rosenberg, J. Malda, F.P.W. Melchels, Gelatin-Methacryloyl Hydrogels: 

Towards Biofabrication-Based Tissue Repair, Trends Biotechnol 34(5) (2016) 394-407. 

[11]. K. Yue, G. Trujillo-de Santiago, M.M. Alvarez, A. Tamayol, N. Annabi, A. Khademhosseini, Synthesis, 

properties, and biomedical applications of gelatin methacryloyl (GelMA) hydrogels, Biomaterials 73 

(2015) 254-271. 

[12]. J. Liang, Z. Guo, A. Timmerman, D. Grijpma, A. Poot, Enhanced mechanical and cell adhesive 

properties of photo-crosslinked PEG hydrogels by incorporation of gelatin in the networks, Biomed 

Mater 14(2) (2019) 024102. 

[13]. H.J. Yoon, S.R. Shin, J.M. Cha, S.H. Lee, J.H. Kim, J.T. Do, H. Song, H. Bae, Cold water fish gelatin 

methacryloyl hydrogel for tissue engineering application, Plos One 11(10) (2016) e0163902. 

[14]. M. Zhu, Y. Wang, G. Ferracci, J. Zheng, N.J. Cho, B.H. Lee, Gelatin methacryloyl and its hydrogels 

with an exceptional degree of controllability and batch-to-batch consistency, Sci Rep 9(1) (2019) 6863. 

[15]. E. Bakaic, N.M.B. Smeets, T. Hoare, Injectable hydrogels based on poly(ethylene glycol) and 

derivatives as functional biomaterials, Rsc Adv 5(45) (2015) 35469-35486. 

[16]. E.M. Moore, J.L. West, Bioactive poly(ethylene glycol) acrylate hydrogels for regenerative engineering, 

Regen Eng Transl Med 5(2) (2019) 167-179. 

[17]. H.W. Ooi, J.M.M. Kocken, F.L.C. Morgan, A. Malheiro, B. Zoetebier, M. Karperien, P.A. Wieringa, P.J. 

Dijkstra, L. Moroni, M.B. Baker, Multivalency enables dynamic supramolecular host-guest hydrogel 

formation, Biomacromolecules 21(6) (2020) 2208-2217. 

[18]. J. Wang, F. Zhang, W.P. Tsang, C. Wan, C. Wu, Fabrication of injectable high strength hydrogel based 

on 4-arm star PEG for cartilage tissue engineering, Biomaterials 120 (2017) 11-21. 

[19]. A. Skardal, M. Devarasetty, H.W. Kang, I. Mead, C. Bishop, T. Shupe, S.J. Lee, J. Jackson, J. Yoo, S. 

Soker, A. Atala, A hydrogel bioink toolkit for mimicking native tissue biochemical and mechanical 

properties in bioprinted tissue constructs, Acta Biomater 25 (2015) 24-34. 

[20]. J. Liang, Z.C. Guo, A. Timmerman, D. Grijpma, A. Poot, Enhanced mechanical and cell adhesive 

properties of photo-crosslinked PEG hydrogels by incorporation of gelatin in the networks, Biomed 

Mater 14(2) (2019) 024102. 

[21]. R.F. Pereira, P.J. Bartolo, 3D bioprinting of photocrosslinkable hydrogel constructs, J Appl Polym Sci 

132(48) (2015) 42458. 

[22]. G. Gao, T. Yonezawa, K. Hubbell, G. Dai, X. Cui, Inkjet-bioprinted acrylated peptides and PEG 

hydrogel with human mesenchymal stem cells promote robust bone and cartilage formation with 

minimal printhead clogging, Biotechnol J 10(10) (2015) 1568-1577. 



Chapter 4 

80 

[23]. M.A. Daniele, A.A. Adams, J. Naciri, S.H. North, F.S. Ligler, Interpenetrating networks based on gelatin 

methacrylamide and PEG formed using concurrent thiol click chemistries for hydrogel tissue 

engineering scaffolds, Biomaterials 35(6) (2014) 1845-1856. 

[24]. M.A. Serban, D.L. Kaplan, pH-sensitive ionomeric particles obtained via chemical conjugation of silk 

with poly(amino acid)s, Biomacromolecules 11(12) (2010) 3406-3412. 

[25]. K.M. Park, K.S. Ko, Y.K. Joung, H. Shin, K.D. Park, In situ cross-linkable gelatin-poly(ethylene glycol)-

tyramine hydrogel via enzyme-mediated reaction for tissue regenerative medicine, J Mater Chem 21(35) 

(2011) 13180-13187. 

[26]. R. Jin, L.S. Teixeira, P.J. Dijkstra, C.A. van Blitterswijk, M. Karperien, J. Feijen, Enzymatically-

crosslinked injectable hydrogels based on biomimetic dextran-hyaluronic acid conjugates for cartilage 

tissue engineering, Biomaterials 31(11) (2010) 3103-3113. 

[27]. R. Wang, N. Leber, C. Buhl, N. Verdonschot, P.J. Dijkstra, M. Karperien, Cartilage adhesive and 

mechanical properties of enzymatically crosslinked polysaccharide tyramine conjugate hydrogels, 

Polym Advan Technol 25(5) (2014) 568-574. 

[28]. Q. Wei, M. Xu, C. Liao, Q. Wu, M. Liu, Y. Zhang, C. Wu, L. Cheng, Q. Wang, Printable hybrid hydrogel 

by dual enzymatic polymerization with superactivity, Chem Sci 7(4) (2016) 2748-2752. 

[29]. R. Wang, S.K. Both, M. Geven, L. Calucci, C. Forte, P.J. Dijkstra, M. Karperien, Kinetically stable 

metal ligand charge transfer complexes as crosslinks in nanogels/hydrogels: Physical properties and 

cytotoxicity, Acta Biomater 26 (2015) 136-144. 

[30]. V. Fantini, M. Bordoni, F. Scocozza, M. Conti, E. Scarian, S. Carelli, A.M. Di Giulio, S. Marconi, O. 

Pansarasa, F. Auricchio, C. Cereda, Bioink composition and printing parameters for 3D modeling neural 

tissue, Cells 8(8) (2019) 8080830. 

[31]. E. Hoch, C. Schuh, T. Hirth, G.E.M. Tovar, K. Borchers, Stiff gelatin hydrogels can be photo-chemically 

synthesized from low viscous gelatin solutions using molecularly functionalized gelatin with a high 

degree of methacrylation, J Mater Sci-Mater M 23(11) (2012) 2607-2617. 

[32]. J. Yin, M.L. Yan, Y.C. Wang, J.Z. Fu, H.R. Suo, 3D Bioprinting of low-concentration cell-laden gelatin 

methacrylate (GelMA) bioinks with a two-step cross-linking strategy, Acs Appl Mater Inter 10(8) (2018) 

6849-6857. 

[33]. J.W. Nichol, S.T. Koshy, H. Bae, C.M. Hwang, S. Yamanlar, A. Khademhosseini, Cell-laden 

microengineered gelatin methacrylate hydrogels, Biomaterials 31(21) (2010) 5536-5544. 

[34]. I. Pepelanova, K. Kruppa, T. Scheper, A. Lavrentieva, Gelatin-methacryloyl (GelMA) hydrogels with 

defined degree of functionalization as a versatile toolkit for 3D cell culture and extrusion bioprinting, 

Bioengineering 5(3) (2018) 5030055. 

[35]. C. Ma, X.D. Chen, Y.Q. Kong, L.M. Che, Phase diagram of aqueous two-phase system (ATPS) 

composed of polyethylene glycol (PEG) and gelatin, Adv Mater Res-Switz 554-556 (2012) 286-294. 

[36]. J.C. Merchuk, B.A. Andrews, J.A. Asenjo, Aqueous two-phase systems for protein separation. Studies 

on phase inversion, J Chromatogr B Biomed Sci Appl 711(1-2) (1998) 285-293. 



Enzymatic post-crosslinking of printed hydrogels of GelMA and 8PEGTA to prepare 

interpenetrating 3D network structures 

 

81 

[37]. S. Pisani, R. Dorati, F. Scocozza, C. Mariotti, E. Chiesa, G. Bruni, I. Genta, F. Auricchio, M. Conti, B. 

Conti, Preliminary investigation on a new natural based poly(gamma-glutamic acid)/chitosan bioink, J 

Biomed Mater Res B 108(7) (2020) 2718-2732. 



82 



83 

Chapter 5    

Tough and Biocompatible Hybrid Networks Prepared from 

Methacrylated Poly(trimethylene carbonate) and 

Methacrylated Gelatin 

 

J. Liang, D.W. Grijpma, A.A. Poot 

Department of Biomaterials Science and Technology, University of Twente, Enschede, The 

Netherlands 

 

 

 

 

 

 

 

 

 
PUBLISHED:  

European Polymer Journal 2020 Jan15; 123: 109420. 

DOI: 10.1016/j.eurpolymj.2019.109420. 

  



Chapter 5 

84 

Abstract 

Hybrid networks of PTMC and gelatin were prepared and their mechanical and biological 

properties were investigated. First, PTMC oligomer and gelatin were methacrylated. 

Methacrylated macromers, PTMC-dMA and GelMA, were dissolved in DMSO/formic acid 

(90/10 v/v) at concentrations of 30% or 23% (w/v), at room temperature (RT) or 65 oC. 

Subsequently, mixtures were prepared at 75:25, 50:50 and 25:75 ratios (v/v) of PTMC-dMA 

and GelMA. Hybrid networks and networks of only PTMC or gelatin were prepared by solvent 

casting followed by photo-crosslinking. Mechanical properties were investigated by tensile 

testing and biological properties by human smooth muscle cell proliferation on the surface of 

the networks. Although incorporation of gelatin in PTMC networks decreased the toughness of 

the networks, networks consisting of 75% PTMC and 25% gelatin still had adequate mechanical 

properties, e.g. for vascular tissue engineering. Hybrid networks prepared at 30% (w/v) 

macromer concentration at RT had the highest toughness. Cell proliferation on all hybrid 

networks was similar to that on 100% gelatin networks and significantly higher than on 100% 

PTMC networks. It is concluded that incorporation of 25% gelatin in a PTMC network is a 

viable strategy to increase cellular interactions with the network, while retaining sufficient 

mechanical properties for soft tissue engineering applications. 
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1. Introduction 

The availability of autologous blood vessels for the treatment of vascular disease is limited. 

Therefore, the preparation of functional tissue-engineered blood vessels is a meaningful 

approach to solve the limitations of autologous blood vessel transplantation [1, 2]. A suitable 

material for vascular tissue engineering should resemble native vascular tissue regarding both 

mechanical and biological functionalities [3, 4]. 

Synthetic polymers like Dacron, Teflon, polycaprolactone (PCL) and polylactic acid (PLA) 

have been used to make tissue-engineered vascular transplants [5-8]. Whereas these materials 

perform relatively well in terms of mechanical properties, serious problems related to blood 

compatibility and inflammatory reactions have been reported. Although biocompatibility can 

be enhanced by protein coating and endothelialisation of the surface of the implants, it is hard 

to realize the functionality of natural blood vessel tissue [4, 9]. The use of hybrid materials 

consisting of synthetic and natural polymers, combining the positive functionalities of each of 

the different materials, may yield constructs with better overall properties [5, 10]. Natural 

polymers such as collagen, gelatin, cellulose, glycosaminoglycan and hyaluronic acid, play an 

integral role in cell metabolism and growth [11, 12]. Therefore, incorporation of natural 

polymers in synthetic polymer networks with suitable mechanical properties may solve the 

above problem [13-15]. Gelatin is a natural polymer derived from the extracellular matrix 

component collagen, and the amine-containing side groups can be modified with photo-

crosslinkable methacrylate groups. Methacrylated gelatin (GelMA) has been widely used to 

build 3D-printed tissue engineering scaffolds or as a natural component to enhance the 

biological properties of scaffolds [16, 17]. In our previous study, we showed that cell attachment 

on poly(ethylene glycol) (PEG) hydrogels can be significantly enhanced by crosslinking of 

GelMA in the networks [18]. However, these PEG/gelatin hybrid hydrogels have relatively poor 

mechanical properties. Thus, a synthetic polymer with better mechanical properties should be 
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applied. Recently, electrospun nanofiber membranes were prepared from PCL/gelatin and 

PLA/gelatin mixtures [19, 20]. Both membranes had a high tensile modulus of 120 MPa and 

375 MPa, respectively, which is too stiff for soft tissue engineering applications. 

Poly(trimethylene carbonate) (PTMC) is a promising material for vascular tissue engineering 

[2, 21]. Networks made of PTMC are flexible, elastic and compatible with various cell types 

[22-25]. In contrast to other biodegradable polymers such as PCL and PLA, PTMC degrades in 

vivo by a surface erosion process, without the formation of acidic degradation products [22, 26]. 

As described above, incorporation of gelatin in PTMC networks may further enhance the 

biological properties of the networks. A major challenge in the processing of synthetic and 

natural polymers into a hybrid network, is to find a common solvent for both types of polymer. 

In this work, a series of hybrid networks made from methacrylated PTMC and GelMA were 

prepared. Subsequently, the physical, tensile and cell adhesive properties of the hybrid networks 

were investigated.  

 

2. Materials and Methods 

2.1 Materials  

Trimethylene carbonate (TMC) was provided by Huizhou Foryou Medical Devices, China. 

Gelatin from porcine skin ( Type A, gel strength 90-110 g Bloom), stannous octoate (Sn(Oct)2), 

triethylamine (TEA), methacrylic anhydride, 1,6-hexanediol, hydroquinone, 1-4-(2-

hydroxyethoxy)-phenyl-2-hydroxy-2-methyl-1-propane-1-one (Irgacure 2959), deuterated 

chloroform, dimethyl sulfoxide (DMSO), formic acid and 2,4,6-trinitrobenzenesulfonic acid 

solution (TNBS, 5 % (w/v) in H2O) were purchased from Sigma Aldrich, The Netherlands. 

Diethyl ether and dichloromethane (DCM) were bought from VWR Chemicals, Germany. 

Dialysis membrane (MWCO=12-14 kDa) was purchased from Spectra/Por®. All compounds 
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were used without further purification. Dulbecco’s PBS (DPBS), Dulbecco’s modified Eagle’s 

medium (DMEM), fetal bovine serum (FBS), glutamax, trypsin/EDTA and 

penicillin/streptomycin were obtained from Gibco. PrestoBlue™ cell viability reagent was 

purchased from Thermo Fisher. Gelatin solution (Type B, 2% (w/v) in H2O, tissue culture grade) 

was purchased from Sigma Aldrich, The Netherlands.  

 

2.2 Synthesis of dimethacrylate-functionalised PTMC (PTMC-dMA) 

PTMC oligomer with a molecular weight of 10,000 g/mol was prepared by ring-opening 

polymerisation of TMC. In a three-neck round bottom flask with magnetic stirring bar, 102 g 

of TMC was heated to 80 °C in an argon atmosphere. After the TMC monomer was fully melted, 

1.19 g of hexanediol (initiator) and 10 drops of Sn(Oct)2 (catalyst, one drop per 10 g monomer) 

were added. Next, the temperature was increased to 130 °C and after 2 d the reaction was 

stopped by cooling to room temperature. Subsequently, the PTMC was end-functionalised by 

reaction of both hydroxyl end groups with methacrylic anhydride in DCM in the presence of 

triethylamine and hydroquinone. First, the PTMC was dissolved in 300 ml of DCM (3 ml/g 

oligomer), followed by addition of 0.1 g hydroquinone (0.1 wt.% relative to oligomer), 13.56 

ml of triethylamine (6 mol/mol oligomer) and 21.43 ml methacrylic anhydride (6 mol/mol 

oligomer). The reaction was conducted for 5 d at room temperature (RT) under continuous 

stirring in the dark. The PTMC-dMA macromer was purified by precipitation in cold ethanol 

and dried in a vacuum oven at RT in the dark. The molecular weight (Mn) and degree of 

functionalisation of the macromer were calculated from 1H-NMR spectral data of macromer 

dissolved in chloroform-d [27]. 
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2.3 Synthesis of GelMA 

To 20 g of gelatin, 200 ml of Millipore water was added at RT. The mixture was swollen for 1 

h and then heated to 50 °C under magnetic stirring. After the gelatin was fully dissolved, 2 ml 

of methacrylic anhydride (0.1 ml/g gelatin) was slowly added to the solution under intensive 

stirring. The emulsion formed was stirred for 3 h. Subsequently, the mixture was transferred to 

a centrifuge tube and the GelMA and unreacted methacrylic anhydride were separated by 

centrifugation at 4,000 g for 5 min at RT. The supernatant was collected and diluted two times 

with Millipore water of 40 °C to decompose remaining methacrylic anhydride. The resulting 

solution was transferred to a 12–14 kDa MWCO dialysis bag and dialysed against water for 3 

d at 40 °C to remove the methacrylic acid. Finally, the GelMA was freeze-dried and stored at 

−25 °C before use. A TNBS assay was used to quantify the amount of residual free amine groups 

in the functionalised gelatin [28].  

 

2.4 Preparation of PTMC-dMA/GelMA networks 

PTMC-dMA and GelMA were separately dissolved in DMSO/formic acid (90:10 v/v) at 

concentrations of 30% or 23% (w/v), at RT or 65 oC. I 2959 (1 wt.% relative to macromer) was 

added as a photoinitiator. Three different mixed macromer networks were fabricated by 

preparing mixtures at a 75:25, 50:50 or 25:75 ratio (v/v) of PTMC-dMA and GelMA. Next, 

mixtures were placed between two quartz glass plates separated by a 1 mm PDMS spacer, and 

photo-crosslinked by irradiation for 60 min at 365 nm in a UV box, see Figure 1c. After 

removing from the mold, the unreacted macromers and DMSO/formic acid were extracted from 

the polymer network. The network was first put in a mixture of DMSO and ethanol (90:10 v/v) 

for 2 h to swell the network to 2 times its volume. Then, ethanol was continuously added at a 

rate of 1 ml/min for 24 h. After that, the sample was immersed in 100% ethanol for another 24 

h. Finally, the network was dried in a vacuum oven at RT.  
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2.5 Turbidity measurements  

The turbidity of PTMC-dMA and GelMA solutions and their mixtures in DMSO/formic acid 

(90:10 v/v), was determined by measuring the transmission of light at 600 nm using an Agilent 

UV-Vis spectrometer. The baseline was corrected for the solvent used. 

 

2.6 Physical properties   

The morphology of the networks was observed by scanning electron microscopy (SEM) using 

a JSM-IT100 InTouchScope™. Networks were broken immediately after freezing in liquid 

nitrogen and subsequently gold-sputtered in a Cressington sputter coater 108 auto. 

The gel content (GC) and water uptake (WU) of the networks were determined from network 

weights in both swollen and dry states according to equations (1) and (2): 

GC =  
𝑚𝑑𝑟𝑦

𝑚1
× 100%    ( 𝑚1 = 𝑚0 ×

𝑚𝑚𝑎𝑐𝑟𝑜𝑚𝑒𝑟

𝑚𝑚𝑎𝑐𝑟𝑜𝑚𝑒𝑟+𝑚𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 )          (1) 

WU =  
𝑚𝑠−𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
× 100%                                                            (2) 

m0: Mass of specimens after photo-crosslinking, containing polymer and solvent.  

m1: Mass of polymer in the network after photo-crosslinking. 

mdry: Mass of dry polymer network after extraction.  

ms: Mass of extracted polymer network swollen in water. 

 

2.7 Tensile properties    

Stress-strain measurements were performed according to ASTM D638 using a Zwick Roell 

tensile tester. Networks were swollen in water for 24 h, cut to dumbbell-shaped specimens of 
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50 x 9 mm, and elongated at a speed of 10 mm/min at RT. Starting from the initial position (30 

mm grip-to-grip separation), the stress and elongation of three samples of each network were 

measured to obtain values for the tensile modulus (Emod), maximum strength and elongation at 

break. Emod was determined at 17.5% tensile strain. Toughness (Wtensile) was used as a parameter 

for the resistance to fracture of the network under stress, and determined by integrating the area 

under the stress-strain curve.  

 

2.8 Cell culturing on photo-crosslinked macromer networks 

Human smooth muscle cells ( hSMC, passage 4) were cultured at 37 oC in humidified air 

containing 5 vol% CO2, in 175 cm2 culture flasks containing advanced DMEM, 1% (v/v) 

glutamax, 1% (v/v) penicillin/streptomycin and 10% (v/v) FBS. The culture flask was coated 

with 0.1% (w/v) gelatin solution before seeding the cells. The medium was refreshed three times 

per week until the cells reached confluence. Upon confluence, the cells were trypsinised and 

counted using a Neubauer cell counting chamber.  

Single and mixed macromer networks were cut to disk-shaped samples with a diameter of 10 

mm, and placed in 48 wells suspension culture plates (not treated for cell adhesion, n=4). A 

rubber O-ring (Technirub, Netherlands) with 11.5 mm outer diameter (inner diameter 9.5 mm) 

was put on top of the specimens to prevent them from floating. Before cell seeding, the 

specimens were disinfected with 70% ethanol for 10 min and washed with DPBS. After 

removing the DPBS, the specimens were kept in cell culture medium overnight at 37 oC. The 

hSMC were seeded on the networks at a density of 8,000 cells per well, and cultured in a cell 

culture incubator for 7 d. The proliferation and viability of hSMC on the networks was 

determined using the following methods:  
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PrestoBlue assay  

On days 1, 4 and 7 after cell seeding, the culture medium was replaced by culture medium 

containing 10% (v/v) PrestoBlue reagent. After incubation for 1 h in the incubator, the 

fluorescence was measured at an excitation wavelength of 560 nm and an emission wavelength 

of 590 nm using a Tecan Saphire fluorometer. After measuring the fluorescence, the PrestoBlue-

containing medium was replaced by fresh culture medium, and cell culturing was continued. 

Live/Dead staining 

Live/Dead staining was performed on days 1, 4 and 7 after cell seeding. The specimens were 

rinsed with warm DPBS (37 oC), and incubated with 2 µM Calcein-AM/4 µM ethidium 

homodimer-1 solution for 1 h in the incubator. After rinsing with warm DPBS, pictures were 

taken using an EVOS FL cell imaging system. 

 

2.9 Statistical analysis 

PrestoBlue data were analysed by two-way ANOVA using GraphPad Prism, p<0.05 was 

considered statistically significant.  

 

3. Results and discussions 

3.1 Synthesis of PTMC-dMA and GelMA 

Linear dihydroxyl-terminated PTMC was prepared by ring-opening polymerisation of TMC 

using 1,6-hexanediol as initiator. Subsequent reaction of this oligomer with methacrylic 

anhydride yielded PTMC-dMA macromer (reaction shown in Figure 1a), which can be 

crosslinked by UV irradiation. The mechanical properties of PTMC-dMA networks prepared in 

solution are related to macromer molecular weight and macromer concentration. The toughness 
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of the networks increases with increasing macromer molecular weight and decreasing 

macromer concentration [29]. In the present study, PTMC-dMA with a molecular weight of 

10,000 g/mol was synthesised, as it is hard to form networks from higher molecular weight 

PTMC-dMA in dilute solution. The degree of functionalisation of the PTMC-dMA was 96 %.  

Gelatin is a polypeptide of which the amine groups on the amino acid building blocks can be 

reacted with methacrylic anhydride yielding GelMA macromer (reaction shown in Figure 1b).  

The degree of functionalisation of the GelMA was 40 %. Using the results of the TNBS assay 

and the molecular weight of the gelatin (20,000 to 25,000 g/mol), it was calculated that the 

average molecular weight between two methacrylate groups was around 10,000 g/mol.  

 

Figure 1. a. Synthesis of linear PTMC and subsequent functionalisation using methacrylic 

anhydride. b. Functionalisation of gelatin with methacrylic anhydride. c. Preparation of 

PTMC/gelatin hybrid networks. 

 

 

 

a b

PTMC-dMA

GelMA

1. Dissolving in

DMSO/Formic acid

90/10 (v/v)

2. Mixing 

1. Molding

PTMC-dMA and GelMA 
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c

2. Photo-crosslinking

365 nm, 60 minutes
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3.2 Preparation and characterisation of PTMC-dMA/GelMA mixtures   

To build mixed networks of PTMC-dMA and GelMA, a common solvent for the two macromers 

had to be found. In previous work, organic solvents such as chloroform, propylene carbonate 

or ethylene carbonate were used as a solvent for PTMC [30]. Because the natural polymer 

gelatin cannot be dissolved in most organic solvents, DMSO as a polar aprotic solvent was used. 

DMSO is less toxic than other polar aprotic solvents such as dimethylformamide, 

dimethylacetamide and N-methyl-2-pyrrolidone [31]. PTMC is easily soluble in DMSO, but 

gelatin appeared only to swell in DMSO. To make the gelatin fully soluble, formic acid was 

added to DMSO at a concentration of 10% (v/v). PTMC was fully soluble in this mixture as 

well, as shown in Figure 2. Dissolving PTMC-dMA in DMSO/formic acid (90/10 v/v) yielded 

colorless transparent solutions, whereas GelMA solutions were yellow and transparent.  

A series of PTMC-dMA and GelMA mixtures were prepared at a 100:0, 75:25, 50:50, 25:75 or 

0:100 PTMC-dMA:GelMA ratio (v/v). As shown in Figure 2a, mixtures prepared at a macromer 

concentration of 30% (w/v) at RT were turbid, indicating phase separation. Figure 2b shows 

that mixtures prepared at a macromer concentration of 30% (w/v) at 65 oC were also turbid. 

However, at a macromer concentration of 23% (w/v) at 65 oC, the mixtures were transparent, 

see Figure 2c.   

The miscibility of the macromer mixtures was determined by measuring the light transmission 

of the mixtures, see Table 1. Irrespective of concentration and temperature, the transmission of 

PTMC-dMA and GelMA solutions was 98 and 90%, respectively. The transmission of 30% 

(w/v) macromer mixtures with a 75:25, 50:50 or 25:75 PTMC-dMA:GelMA ratio (v/v) at RT 

was 2.0, 1.1 and 1.3%, respectively. The transmission of the mixtures increased by increasing 

the temperature to 65 oC, but the effect was limited. When decreasing the macromer 

concentration to 23% (w/v) at 65 oC, the transmission of the mixtures was in all cases higher 

than 84%. Thus, phase separation of the mixtures can be decreased by increasing the 
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temperature and/or decreasing the macromer concentration, which is in agreement with 

literature [32]. 

  

Figure 2. 30% and 23% (w/v) PTMC-dMA and GelMA solutions and mixtures at RT and 65 ℃. 

From left to right 100% PTMC-dMA, 75:25, 50:50, 25:75 PTMC-dMA:GelMA (v/v) and 100% 

GelMA. 

Table 1. Turbidity of PTMC-dMA/GelMA mixtures prepared at 30% and 23% (w/v) macromer 

concentrations at RT and 65 oC. 

Mixture composition 

PTMC-dMA:GelMA (v/v) 

Transmission at 600 nm (%) 

30% (w/v), RT 30% (w/v), 65 oC 23% (w/v), 65oC 

100 : 0 98.7 98.4 98.4 

75 : 25 2.0 3.8 84.5 

50 : 50 1.1 6.0 86.3 

25 : 75 1.3 1.5 84.3 

0 : 100 90.0 90.2 90.1 

30% RT

30% 65 oC

23% 65 oC

a

b

c
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3.3 Morphology of PTMC-dMA/GelMA networks  

 

Figure 3.  SEM images of cross-sections of photo-crosslinked PTMC-dMA and GelMA single 

and hybrid networks prepared at 30% and 23% (w/v) macromer concentrations at RT and 65 

oC. 

Photo-crosslinked PTMC-dMA/GelMA networks were prepared at the same temperature at 

which the macromers were mixed. The homogeneity of the networks was investigated by 

imaging the cross-sections by SEM. As shown in Figures 3a and b, the cross-sections of photo-

crosslinked 100% PTMC-dMA and 100% GelMA networks were homogeneous. The phase-

separated mixtures prepared at 30% (w/v) macromer concentration at RT and 65oC, were able 
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to be photo-crosslinked. Cross-sections showed inhomogeneous hybrid networks, see Figures 

3c, d, e and f, g, h. However, cross-sections of hybrid networks prepared at 23% (w/v) macromer 

concentration at 65 oC were homogeneous, as shown in Figures 3i, j, k.     

 

3.4 Characterisation of PTMC-dMA/GelMA networks 

The gel content of the networks was determined upon extraction of the sol fraction. As shown 

in Tables 2 and 3, networks prepared at a macromer concentration of 30% (w/v) had a high gel 

content of at least 90% after photo-crosslinking. Decreasing the macromer concentration to 23% 

(w/v) led to lower gel contents of 81-85% for the hybrid networks, see Table 4. At this macromer 

concentration, PTMC-dMA was not able to form a network due to a too low concentration of 

methacrylate groups in the solution. Although for both PTMC-dMA and GelMa the molecular 

weight between methacrylate groups was 10,000 g/mol, the effect of lower macromer 

concentration on gel content was less pronounced in the case of GelMA, as this macromer had 

a higher molecular weight than PTMC-dMA. 

As shown in Tables 2 and 3, the water uptake of 100% PTMC networks was only 1-2%. The 

hybrid networks prepared from 75:25 PTMC-dMA:GelMA (v/v) macromer mixtures had a 

water uptake of 44-66%, which further increased with increasing gelatin content of the networks, 

see Tables 2-4. As the hybrid PTMC/gelatin networks are made of biodegradable and 

biocompatible polymers and behave as hydrogels, they may have interesting properties for a 

variety of biomedical applications [29]. In this respect, the mechanical properties should be 

considered as well. 

As shown in Tables 2 and 3, the 100% PTMC networks were relatively strong, flexible and 

tough. In contrast, the 100% gelatin networks were weak and brittle, see Tables 2-4. Although 

incorporation of gelatin in the PTMC networks resulted in a decrease in mechanical properties, 

the hybrid networks prepared from 75:25 PTMC-dMA:GelMA (v/v) macromer mixtures still  
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Table 2. Properties of photo-crosslinked networks prepared at 30% (w/v) macromer 

concentration at RT. 

GC: gel content, WU: water uptake, Emod: E modulus, Wtensile: toughness. N=3 (standard 

deviation). 

Network 

composition 

PTMC-dMA: 

GelMA 

(v/v) 

GC 

(%) 

WU 

(%) 

Emod 

(MPa) 

Maximum 

strength 

(MPa) 

break  

(%) 

Wtensile  

(N/mm2) 

100 : 0 96(0) 2(2) 1.483(0.020) 1.27(0.19) 1000(81) 1043(125) 

75 : 25 98(1) 66(1) 0.852(0.002) 1.58(0.20) 410(20) 386(10) 

50 : 50 92(3) 222(3) 0.238(0.014) 0.55(0.08) 223(10) 58(5) 

25 : 75 95(1) 450(18) 0.113(0.002) 0.34(0.02) 130(22) 11(4) 

0 : 100 97(1) 524(12) 0.108(0.003) 0.14(0.01) 92(8) 5.4(0.9) 

 

Table 3. Properties of photo-crosslinked networks prepared at 30% (w/v) macromer 

concentration at 65 oC. 

GC: gel content, WU: water uptake, Emod: E modulus, Wtensile: toughness. N=3 (standard 

deviation). 

Network 

composition 

PTMC-dMA: 

GelMA 

(v/v) 

GC 

(%) 

WU 

(%) 

Emod 

(MPa) 

Maximum 

strength 

(MPa) 

break  

(%) 

Wtensile 

(N/mm2) 

100 : 0 92(2) 1(1) 1.480(0.010) 1.89(0.31) 1230(100) 1115(85) 

75 : 25 90(3) 71(6) 0.718(0.020) 1.27(0.06) 380(10) 228(16) 

50 : 50 91(1) 243(5) 0.152(0.010) 0.37(0.04) 190(15) 35(5) 

25 : 75 92(1) 498(10) 0.087(0.002) 0.24(0.01) 140(16) 12.5(3) 

0 : 100 95(1) 647(13) 0.064(0.005) 0.07(0.01) 115(26) 4.6(1.6) 

 

 

showed good mechanical properties especially when prepared at 30% (w/v) macromer 

concentration at RT (Table 2). This hybrid network in the hydrated state had a tensile modulus 

of 0.85 MPa, maximum strength of 1.58 MPa, elongation at break of 410% and a toughness of 

386 N/mm2. For comparison, porcine carotid artery and human mesenteric artery have a 
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maximum tensile strength of 1.55 and 1.89 MPa, and an elongation at break of 207 and 345%, 

respectively [21]. Thus, the 75:25% PTMC/gelatin hybrid network has suitable mechanical 

properties for vascular tissue engineering.      

 

Table 4. Properties of photo-crosslinked networks prepared at 23% macromer concentration 

at 65 oC. 

GC: gel content, WU: water uptake, Emod: E modulus, Wtensile: toughness. N=3 (standard 

deviation). 

Network 

composition 

PTMC-dMA: 

GelMA 

(v/v) 

GC 

(%) 

WU 

(%) 

Emod 

(MPa) 

Maximum 

strength 

(MPa) 

break 

(%) 

Wtensile 

(N/mm2) 

100 : 0 a- - - - - - 

75 : 25 81(2) 44(6) 0.915(0.012) 1.05(0.04) 380(11) 246(18) 

50 : 50 81(3) 115(10) 0.517(0.010) 0.57(0.02) 300(8) 120(13) 

25 : 75 85(1) 301(12) 0.194(0.013) 0.33(0.01) 230(5) 19(1) 

0 : 100 93(3) 782(20) 0.043(0.003) 0.12(0.02) 210(15) 6.4(1.2) 

a: failed to form a network. 

 

3.5 Cell attachment on PTMC-dMA/GelMA networks 

Attachment and proliferation of hSMC on the PTMC-dMA, GelMA and PTMC-dMA/GelMA 

networks was investigated by PrestoBlue assay. After 1 and 4 days of culturing, no significant 

differences in fluorescence values were found on all networks tested, see Figure 4. Fluorescence 

on day 4 was higher than on day 1, suggesting an increase in cell numbers. From day 4 to day 

7, fluorescence further increased. At this time point, the 100% PTMC networks showed 

significantly lower values than all other networks. Live/Dead staining was done on day 7, on 

networks prepared at 30% macromer concentration at RT, see Figure 5. Hardly any dead cells 

were observed on all networks. Moreover, the 100% PTMC networks showed a lower amount 

of cells compared to the other networks, confirming the PrestoBlue data at this time point. Thus, 
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hybrid PTMC/gelatin networks containing as little as 25% gelatin show similar cellular 

interactions as 100% gelatin networks. 

 

Figure 4. PrestoBlue data of hSMC culturing on PTMC-dMA, GelMA and PTMC-dMA/GelMA 

networks. a. Photo-crosslinked networks prepared at 30% (w/v) macromer concentration at RT, 

b. Photo-crosslinked networks prepared at 30% (w/v) macromer concentration at 65 oC, c. 

Photo-crosslinked networks prepared at 23% (w/v) macromer concentration at 65 oC (PTMC 

network in c was made at 30% (w/v) macromer concentration at 65 oC). N=3, ***p<0.05. 

 

 

Figure 5. Live/Dead staining of hSMC cultured for 7 days on PTMC-dMA, GelMA and PTMC-

dMA/GelMA networks prepared at 30% (w/v) macromer concentration at RT. Scale bar = 1000 

µm. 

d.

30% RT
***

30% 65 oC

***

a b

c

100% PTMC
PTMC : Gelatin

75% : 25%

PTMC : Gelatin

50% : 50%

PTMC : Gelatin

25% : 75%
100% Gelatin
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The hybrid networks prepared from 75:25 PTMC-dMA:GelMA (v/v) macromer mixtures had 

the best mechanical properties, when prepared at 30% (w/v) macromer concentration at RT. It 

is worth mentioning that without continuous mixing, the 30% (w/v) macromer mixtures 

separate within 15-20 minutes in two layers. This limits the processing time of these mixtures, 

which may be disadvantageous for the fabrication of more advanced structures than the flat 

network films in the present study. The mixed solutions of PTMC-dMA and GelMA prepared 

at 23% (w/v) macromer concentration at 65 oC do not phase separate without stirring. As the 

75:25% PTMC/gelatin hybrid networks prepared from the latter solutions also have good 

mechanical and biological properties, they are interesting for soft tissue engineering 

applications as well. 

 

4. Conclusions  

Photo-crosslinked PTMC/gelatin networks were prepared from the macromers PTMC-dMA 

and GelMA, both dissolved in DMSO/formic acid (90/10 v/v). Whereas macromer solutions 

mixed at a concentration of 30% (w/v) at RT or 65 oC yielded turbid suspensions, macromer 

solutions mixed at a concentration of 23% (w/v) at 65 oC did not phase separate. PTMC/gelatin 

networks prepared at various PTMC:gelatin ratios were all hydrogels. The hybrid networks 

prepared from 75:25 PTMC-dMA:GelMA (v/v) macromer mixtures at 30% (w/v) macromer 

concentration at RT showed the highest toughness, although this was lower than that of 100% 

PTMC networks. As compared to the latter networks, incorporation of 25% gelatin significantly 

increased the proliferation of hSMC on the networks, similar to that on 100% gelatin networks. 

It is concluded that incorporation of 25% gelatin in a PTMC network is a viable strategy to 

increase cellular interactions with the network, while retaining sufficient mechanical properties 

for soft tissue engineering applications.    
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Abstract 

Electrospun scaffolds prepared from combinations of synthetic and natural macromers 

(macromolecular monomers) are interesting materials for tissue engineering applications. In 

this study, hybrid fibrous mats composed of 10/0, 8/2, 6/4, 3/7, 1/9 and 0/10 (wt/wt) three-

armed methacrylated poly(trimethylene carbonate) (PTMC-tMA) and methacrylated gelatin 

(GelMA) were prepared by electrospinning and photo-crosslinking. The elastomeric PTMC 

fibers only maintained a stable structure when electrospun in combination with GelMA. The 

hybrid materials showed two glass transition temperatures, which indicated the occurrence of 

phase separation. By varying the ratios of PTMC-tMA/GelMA from 8/2-1/9 (wt/wt), 

electrospun mats with a fiber diameter ranging from 1037 to 419 nm, water uptake from 106 to 

315%, porosity from 88.3 to 94.3%, tensile modulus from 0.643 to 0.216 MPa, elongation at 

break from 445 to 96%, maximum strength from 4.127 to 0.381 MPa and toughness from 1023 

to 15 N/mm2 were prepared. Culturing of human smooth muscle cells on hybrid fibrous mats 

made from 6/4, 3/7 and 1/9 PTMC-tMA/GelMA showed similar cell attachment and 

proliferation as compared to 100% GelMA fibrous mats. The toughness of the latter hybrid 

fibrous mats (539, 33 and 15 N/mm2, respectively) was significantly higher than that of the 100% 

GelMA fibrous mats (3 N/mm2). In conclusion, tough hybrid fibrous mats with good cell 

adhesive properties were prepared by electrospinning and photo-crosslinking of mixtures of 

PTMC-tMA and GelMA. 
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1. Introduction 

Electrospinning is a reliable and mature technology to fabricate continuous fibers with 

diameters in the nanometer to micrometer scale, and is a popular method to make tissue 

engineering scaffolds [1-4]. To fabricate such scaffolds, a potential (high voltage) difference is 

applied between a polymeric liquid and a collecting target [5]. The fibrous structure of the 

resulting scaffold has generally a high porosity and can mimic the hierarchically organized 

fibrous structure of the native extracellular matrix (ECM) [6]. The materials that can be used 

for electrospinning are diverse. Various polymers of both synthetic and natural origin have been 

used to prepare electrospun fibers using solvent or melt spinning. During the process, the fibers 

will solidify by solvent evaporation or temperature change, facilitating the formation of a stable 

fibrous structure [7]. Hence, most of the applied materials for electrospinning are thermoplastic 

polymers, whereas the use of elastomeric polymers for electrospinning can be challenging due 

to the viscous behavior of the material at room temperature (RT) [8].  

Poly(trimethylene carbonate) (PTMC) is a non-crystallizing flexible polymer, that is suitable 

for tissue engineering applications because of its biocompatibility and degradation by surface 

erosion without the formation of acidic compounds. Crosslinked PTMC networks are usually 

flexible, elastic and tough [9-11]. A drawback of the use of PTMC for electrospinning is its low 

glass transition temperature (Tg, approximately -20 ℃), because of which it is in a viscous state 

at RT [12, 13]. The collected PTMC fibers will irreversibly deform, resulting in loss of porosity. 

This can be overcome by electrospinning of PTMC together with other polymers which are 

stable at RT, such as PCL [14] and PLA [15]. Gelatin, which has a Tg around 50 ℃, is another 

candidate for this purpose [16]. As a natural polymer, gelatin is a widely used tissue engineering 

material and fibrous structures can be easily manufactured by electrospinning [17]. Moreover, 

scaffolds made from gelatin and gelatin/PCL blends were shown to support the growth of 

various kinds of cells [18]. Recently, Joy et al. reported on the electrospinning of a tubular 
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scaffold for blood vessel regeneration using a gelatin/PTMC blend [19]. The scaffold showed 

minimal in vitro toxicity and good biocompatibility upon subcutaneous implantation in the rat. 

In the present study, three-armed methacrylated PTMC (PTMC-tMA) and methacrylated 

gelatin (GelMA) were synthesized. Single and hybrid macromer mixtures in 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP)/acetic acid (AcOH) were prepared for electrospinning. During 

and after electrospinning, UV irradiation was applied to photo-crosslink the fibers. We used 

PTMC of relatively low molecular weight around 20,000 g/mol, as this would increase the 

amount of methacrylate groups in the macromer mixtures, and thus increase the crosslink 

density of the fibers. For the same reason, three-armed instead of linear PTMC was applied. 

GelMA was used, as we hypothesized this would increase the cell adhesive properties of the 

electrospun meshes. The resulting photo-crosslinked electrospun mats were characterized with 

respect to morphology, fiber diameter, gel content, water uptake, porosity, thermal and 

mechanical properties, in vitro degradation and adhesion and proliferation of human smooth 

muscle cells (hSMCs). 

 

2. Materials and methods 

2.1 Materials 

Trimethylene carbonate (TMC) was provided by Huizhou Foryou Medical Devices, China. 

Gelatin from porcine skin (Type A, gel strength 90-110 g Bloom), tin(II)-2-ethyl-hexanoate 

(Sn(Oct)2), 1,1,1-trimethylolpropane, triethylamine, methacrylic anhydride, hydroquinone, 

Irgacure 2959, deuterated chloroform (CDCl3), deuterium oxide (D2O), HFIP, AcOH, 

phosphate-buffered saline (PBS), cholesterol esterase (260 U/mg), collagenase (1000 U/mg) 

and sodium azide (NaN3) were purchased from Sigma Aldrich, The Netherlands. Ethanol 

(99.8%) and dichloromethane (DCM) were bought from VWR Chemicals, The Netherlands. 



Tough fibrous mats prepared by electrospinning mixtures of PTMC-tMA and GelMA 

107 

Dialysis membrane (MWCO = 12-14 kDa) was purchased from Spectra/Por®, VWR. 

Dulbecco’s PBS (DPBS), advanced Dulbecco’s modified Eagle’s medium (DMEM), fetal 

bovine serum (FBS), glutamax, trypsin/EDTA and penicillin/streptomycin were obtained from 

Gibco, Thermo Fisher, The Netherlands. CyQuant assay reagent and Live/Dead cell viability 

kit were purchased from Thermo Fisher. Gelatin solution (Type B, 2% (wt/v) in H2O) for 

coating of tissue culture flasks and plates was purchased from Sigma Aldrich. 

 

2.2 Synthesis of PTMC-tMA 

Three-armed PTMC macromer with an intended molecular weight of 20,000 g/mol was 

synthesized by ring-opening polymerization of TMC. In a three-neck round bottom flask with 

a magnetic stirring bar, TMC (51 g, 0.5 mol) was heated to 80 ℃ in an argon atmosphere. After 

the TMC monomer was melted, 1,1,1-trimethylolpropane (0.34 g, 2.55 mmol) and 5 drops of 

Sn(Oct)2 were added. Next, the temperature was increased to 130 ℃ and after 2 d the reaction 

was stopped by cooling to RT. Subsequently, the PTMC hydroxyl end groups were converted 

into methacrylate groups by reaction with methacrylic anhydride in DCM in the presence of 

triethylamine and hydroquinone. First, the PTMC (51 g, 7.65 mmol OH end groups) was 

dissolved in 150 mL of DCM, followed by addition of 0.05 g hydroquinone, triethylamine (6.5 

mL, 46 mmol) and methacrylic anhydride (7 mL, 46 mmol). The reaction was conducted for 5 

d at RT under continuous stirring in the dark. The PTMC-tMA macromer was purified by 

precipitation in cold ethanol and dried in a vacuum oven at RT in the dark. The molecular weight 

(Mn) and degree of functionalization of the macromer were calculated from 1H-NMR spectral 

data, using CDCl3 as a solvent (Bruker Ascend 400/Avance III 400 MHz NMR spectrometer). 
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2.3 Synthesis of GelMA 

To 10 g of gelatin, 100 mL of Millipore water was added at RT. The gelatin was swollen for 1 

h and then heated to 50 ℃ with magnetic stirring. After the gelatin was fully dissolved, 

methacrylic anhydride (20 mL, 0.135 mol) was slowly added to the solution under vigorous 

stirring. The resulting emulsion was stirred for 3 h. Subsequently, the mixture was transferred 

to a centrifuge tube and centrifuged at 4,000 g for 5 min while still warm. The supernatant was 

collected and diluted with an equal volume of Millipore water of 40 ℃ to decompose the 

remaining methacrylic anhydride. The resulting solution was transferred to a 12-14 kDa 

MWCO dialysis tube and dialyzed against water for 5 d at 40 ℃. The water was refreshed 4 

times per day. Finally, the GelMA was freeze-dried and stored at -25 ℃. The degree of 

functionalization was analyzed by 1H-NMR spectral data, using D2O as a solvent. 

 

2.4 Electrospinning 

PTMC-tMA and GelMA were dissolved in HFIP/AcOH (20/1, v/v) at different ratios (10/0, 8/2, 

6/4, 3/7, 1/9 and 0/10, wt/wt). The mixtures (12.5%, wt/v) were stirred overnight at a speed of 

300 rpm at RT. Then, Irgacure 2959 (5 wt% relative to macromer) was added to the mixture 

and stirring was continued for 30 min before electrospinning. The mixture (2.5 mL) was 

transferred to a 5 mL syringe equipped with a blunted 27G stainless-steel needle. 

Electrospinning was performed using a syringe pump (Multi-Phaser, Model NE-1000) at a rate 

of 1.0 mL/h and an applied voltage of 16 kV. The working distance from the tip of the spinneret 

to an aluminum collector plate was set at 15 cm. During electrospinning the fibers were 

irradiated with a UV lamp (365 nm, 0.32 mW/cm2). A low intensity lamp was used to avoid 

blocking of the needle by fast crosslinking of the macromers. The collected fibers on the plate 

were exposed to irradiation from an identical UV lamp. The two light bulbs were positioned at 

a distance of 10 cm from the fibers, which were continuously irradiated during spinning (2.5 
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hours). The collected mesh was subsequently immersed in ethanol containing Irgacure 2959 

(3%, wt/v) for 1.5 hours and then post-cured in a UV box (365 nm, 7.0 mW/cm2, 5 cm distance 

to the lamp, Ultra Lum, San Diego, USA) for 40 min. Preparation is shown in Scheme 1. 

 

Scheme 1 Preparation of PTMC-tMA/GelMA electrospun mesh. 

 

2.5 Differential scanning calorimetry (DSC) 

DSC measurements were carried out using a DSC25 (TA Instruments, New Castle, USA). An 

extracted and dried sample (see 2.7) of 10 mg was sealed in an aluminum pan. Samples were 

equilibrated for 1.0 min in the DSC at -75 ℃, after which the temperature was increased to 

150 ℃ at a heating rate of 10 ℃/min. After 1.0 min, the sample was cooled to -75 ℃ at the 

same rate. After 1.0 min, a second heating and cooling scan were recorded for all samples. The 

Tg was determined as the midpoint value of the heat capacity change of the second heating scan. 

 

2.6 Scanning electron microscopy (SEM) and determination of fiber diameters 

The morphology of the electrospun scaffolds was examined by secondary electron SEM (JSM-

IT100, JEOL, Japan). Extracted samples washed with water (see 2.7) were freeze-dried and 

subsequently gold-sputtered with a Cressington Sputter Coater 108 Auto set at 30 mA for 60 s. 

The average fiber diameter and fiber diameter distribution were determined using Adobe 

Photoshop CS4 software by analyzing at least 100 segments per SEM image of which were 
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made for each scaffold. For analysis of fiber cross-sections, samples were frozen in liquid 

nitrogen, broken and examined by high resolution SEM (Zeiss MERLIN, Germany) without 

coating at a voltage of 0.9 kV. 

 

2.7 Gel content, water uptake and porosity of scaffolds 

To determine the gel content, water uptake and porosity, circular specimens with a diameter of 

1 cm and an approximate thickness of 300 m were cut from the electrospun fibrous mats and 

weighed (m0). For all measurements 3 samples were used.  

Samples were extracted in HFIP for 2 d and dried in a fume hood until constant weight (m1). 

The gel content is defined by equation 1: 

𝐺𝑒𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =  
𝑚1

𝑚0
× 100%                 (1) 

Dried samples (m1) were immersed in distilled water for 1 d. The excess water was removed by 

blotting with tissue paper and the samples were weighed (ms). The water uptake was calculated 

according to equation 2: 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 =  
𝑚𝑠−𝑚1

𝑚1
× 100%              (2) 

The porosity of the specimens was calculated using equation (3) in which h is the thickness, V 

is the volume, m0 is the dry mass, and ρ is the density of the polymer mixture. The latter was 

calculated using the densities of PTMC (1.31 g cm−3) and gelatin (1.27 g cm−3) and the 

proportion (a) of PTMC. 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = [1 − (𝑚0/ 𝑉 ∗ 𝜌)] ∗ 100%            (3) 

  𝑉 = 𝜋𝑑2/4 ∗ ℎ          𝜌 = 1.31𝑎 + 1.27(1 − 𝑎)         
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2.8 Mechanical properties 

The electrospun fibrous mats were extracted in HFIP and dried as described above. After 

swelling in water for 24 h, the mechanical properties of dumbbell-shaped specimens (50×9 mm) 

were assessed using a Zwick Z020 tensile tester equipped with a 500 N load cell according to 

ASTM D882. A measurement was started at a grip-to-grip separation of 30 mm and the 

specimen was elongated at a speed of 10 mm/min at RT. From the stress-strain curve the elastic 

modulus (Emod at 10% strain), elongation at break (εb) and maximum strength (Fmax) were 

determined. The toughness was calculated as the area under the stress-strain curve. 

 

2.9 In vitro degradation 

In vitro degradation of the meshes was evaluated under different conditions using extracted 

circular specimens with a diameter of 1 cm, an approximate thickness of 300 μm, and dry mass 

m1. Specimens were placed in well plates containing 1 ml of either PBS (pH 7.4), 20 U/ml 

cholesterol esterase in PBS or 0.02 U/ml collagenase in PBS. All buffers contained 0.02 wt% 

NaN3 as a bactericide and the buffer was refreshed two times per week. After 1, 7, 14 and 21 d 

of incubation at 37 ℃, specimens were rinsed with water and freeze-dried to constant weight 

(md). The percentage of mass remaining (Mr) was calculated from equation 4. In vitro 

degradation experiments were performed in triplicate (3 specimens of each mesh, per time point, 

per incubation solution). 

𝑀𝑟 =
𝑚𝑑

𝑚1
× 100%              (4) 

 

2.10 Cell culturing, proliferation and viability 

hSMCs (passage 4) were cultured at 37 ℃in humidified air containing 5 v% CO2, in 175 cm2 

culture flasks containing culture medium (advanced DMEM with 1% (v/v) glutamax, 1% (v/v) 
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penicillin/streptomycin and 10% (v/v) FBS). The culture flasks were coated with 0.1% (wt/v) 

gelatin solution before seeding the cells. The culture medium was refreshed 3 times per week 

until the cells reached confluence. Upon confluence, the cells were trypsinized and counted 

using a Neubauer cell counting chamber. Circular specimens with a diameter of 11 mm were 

cut from extracted electrospun mats and sterilized in 70% ethanol (n=4). After evaporating the 

ethanol in a sterile environment, the films were placed in 48-well cell culture plates. Cells were 

seeded on the films at a density of 10,000 cells/cm2 and cultured in a cell culture incubator for 

7 d. Culture media were changed every 2-3 d. The proliferation and viability of hSMCs on the 

scaffolds were determined using the following methods: 

CyQuant assay  

On day 1, 3 and 7, the specimens were rinsed with DPBS to remove culture medium and non-

adhering cells. Next, the adhering cells were lyzed by 30 min incubation in CyQuant lysing 

buffer after which the culture plate was stored at -25 ℃. After thawing, the number of adhering 

cells was quantified by adding 20 μl lysate to 180 μl CyQuant GR dye solution diluted 1:400 in 

lysing buffer, and measuring the fluorescence at an excitation wavelength of 480 nm and an 

emission wavelength of 520 nm using a Tecan Saphire fluorometer. 

Live/Dead staining 

Live/Dead staining was performed 7 days after cell seeding. The specimens were rinsed with 

warm DPBS (37 ℃), and incubated with 2 μM calcein-AM/4 μM ethidium homodimer-1 

solution for 1 h at 37 ℃. After rinsing with warm DMEM, pictures were taken using an EVOS 

FL Cell Imaging System. Calcein-AM is retained within living cells, producing an intense 

uniform green fluorescence upon hydrolysis by esterase. Ethidium homodimer-1 enters cells 

with damaged membranes and undergoes a 40-fold enhancement of fluorescence upon binding 

to nucleic acids, thereby producing a bright red fluorescence in dead cells. 
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2.11 Statistical analysis 

All analyses were conducted with at least 3 specimens and presented as mean ± standard 

deviation. Statistical differences between the experimental data of groups were analyzed using 

one-way Analysis of Variance (ANOVA) with GraphPad 8.0. Statistical significance was set to 

a p value <0.05. 

 

3. Results and Discussion 

3.1 Characterization of PTMC-tMA and GelMA 

The Mn of the synthesized PTMC-tMA was 18,500 g/mol. Successful reaction of the oligomer 

with methacrylic anhydride was confirmed by the presence of –C=CH2 and –CH3 peaks of the 

methacrylate group around δ = 6.1, 5.5 and at δ =1.87 ppm, respectively. The degree of 

functionalization of the PTMC-tMA macromer was determined by comparing the integral 

values of the –CH3 of the initiator at δ = 1.32 ppm and the –C=CH2 peaks around δ = 6.1 and 

5.5 ppm (shown in Figure 1). A degree of substitution (DS) of 98% was calculated. 

The 1H-NMR spectra of gelatin and GelMA are shown in Figure 2. The –C=CH2 peaks of the 

methacrylate group are shown at δ = 5.58 and 5.34 ppm. The DS of GelMA was determined by 

comparing the integral value of –CH2NH2 at 2.91 ppm for GelMA to that of the unmodified 

gelatin. A DS of 90% was calculated. 
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Figure 1 1H-NMR spectra of a. PTMC-tMA and b. three-armed PTMC oligomer. 

 

 

Figure 2 1H-NMR spectra of a. GelMA and b. gelatin. 
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3.2 Thermal analysis of PTMC-tMA/GelMA electrospun fibers 

Tg values of the electrospun fibers are shown in Table 1. The Tg of the 100% PTMC-tMA 

specimens (Tg-PTMC-tMA) was -15.9 ℃, which is close to the values for PTMC networks reported 

by Schüller et al. [20]. The Tg of the 100% GelMA fibers (Tg-GelMA) was 44.8 ℃, in agreement 

with values for crosslinked gelatin reported in the literature [16]. Unlike the fibers made from 

a single macromer, the hybrid fibers made from PTMC-tMA and GelMA mixtures showed two 

Tg values, Tg1 and Tg2, which are related to phases rich in PTMC-tMA and GelMA, respectively. 

The presence of a single Tg is commonly used as an indicator to reflect blend miscibility. For 

immiscible polymers multiple Tgs will be observed [21]. Therefore, we inferred that the PTMC-

tMA/GelMA hybrid fibers had a two-phase structure. Although the initial macromer mixtures 

were homogeneous in solution, the evaporation of solvent during electrospinning likely 

decreased the miscibility of the macromers, resulting in phase separation. In addition, with 

increasing amount of GelMA in the fibers the value of Tg1 (-15.5, -14.9, -14.5 and -13.3 ℃) 

slightly increased compared to the value of Tg-PTMC-tMA (-15.9 ℃). Moreover, with increasing 

amount of PTMC-tMA in the fibers the value of Tg2 (52.7, 56.9, 57.4 and 61.1 ℃) increased 

compared to the value of Tg-GelMA (44.8 ℃). The latter increase may be due to a lower amount 

of structured water bound to the gelatin with increasing PTMC content of the fibers. 

Table 1 Tg values of hybrid PTMC-tMA/GelMA electrospun fibers with different PTMC-tMA 

and GelMA ratios. 

Substrate 

PTMC-tMA/GelMA 

Tg 1 

(℃) 

Tg 2 

(℃) 

10/0 −15.9 - 

8/2 −15.5 61.1 

6/4 −14.9 57.4 

3/7 −14.5 56.9 

1/9 −13.3 52.7 

0/10 - 44.8 
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3.3 Morphology of PTMC-tMA/GelMA electrospun fibers 

The morphology of the fibers one week after electrospinning and photo-crosslinking is shown 

in Figure 3. Although it was possible to spin fibers of 100% PTMC-tMA, the fibrous structure 

was not stable as shown in Figures 3a and b. Because of the low Tg-PTMC-tMA and low molecular 

weight of the PTMC-tMA, the electrospun fibers were in a viscous state, resulting in loss of the 

fibrous structure before post-curing. Fiber spinnability during electrospinning is promoted by 

application of linear polymers with high molecular weight, as this increases entanglement and 

alignment of the polymer chains. However, as we aimed to prepare crosslinked networks, we 

used three-armed PTMC of relatively low molecular weight to increase the amount of photo-

crosslinkable methacrylate groups in the electrospun fibers. The Tg-GelMA in this work was 

around 44.8 ℃, indicating that the electrospun GelMA fibers were in the solid state at RT. The 

GelMA electrospun meshes maintained their structure as shown in Figures 3p and q. The 

incorporation of GelMA in PTMC-tMA electrospun fibers improved fiber stability, as shown in 

Figures 3d-n. This can be explained by the presence of a second glass transition in the hybrid 

fibers (Tg2) originating from the gelatin component. The diameter of the hybrid fibers increased 

with increasing GelMA content, see Figures 3f-o. The mean fiber diameters of the 8/2, 6/4, 3/7 

and 1/9 PTMC-tMA/GelMA fibers were 419, 501, 821 and 1037 nm, respectively. This is likely 

due to changing properties of the macromer mixtures during electrospinning, such as viscosity, 

surface tension and conductivity, with varying ratios of PTMC-tMA and GelMA [22, 23]. The 

cross-section of the fibers was investigated with high-resolution SEM, see Figures 3b-q. The 

hybrid fibers had a relatively rough cross-section and surface compared to the GelMA fibers, 

indicating microphase separation of the macromers in accordance with the DSC results. It 

should be noted, however, that the hybrid fibers had a macroscopically homogeneous structure. 

Compared to electrospun hybrid fibers made from unfunctionalized PTMC and gelatin [19], the 

photo-crosslinked PTMC-tMA/GelMA fibers prepared in this work show a superior structure 
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in terms of continuity and uniformity. 

 

Figure 3 SEM images of a. PTMC-tMA, d. 8/2, g. 6/4, j. 3/7 and m. 1/9 PTMC-tMA/GelMA 

as well as p. GelMA electrospun mats (scale bars 10 m); b., e., h., k., n. and q. are the 

corresponding cross-sections imaged by high-resolution SEM (scale bars 1 m); c., f., i., l., o. 

and r. are the corresponding fiber diameter distributions. 
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3.4 Physical and mechanical characterization of the PTMC-tMA/GelMA fibrous mats 

Extraction of the electrospun mats in HFIP revealed that the gel contents of all meshes were at 

least 91%, as shown in Table 2, indicating that both macromers were efficiently crosslinked. As 

PTMC is hydrophobic and gelatin hydrophilic, the mats made from PTMC-tMA and GelMA 

had a water uptake of 3 ± 2% and 445 ± 23%, respectively. The water uptake of the hybrid 

meshes increased with increasing GelMA content of the fibers. As shown in Table 2, the water 

uptake of the 8/2, 6/4, 3/7 and 1/9 PTMC-tMA/GelMA hybrid meshes amounted to 106 ± 9%, 

179 ± 9%, 241 ± 9% and 315 ± 9%, respectively. All hybrid mats, as well as the 100% GelMA 

fibrous mats, had a high porosity of at least 88%. 

 

Table 2 Gel content, water uptake and porosity of the electrospun mats. 

Substrate 

PTMC-tMA/GelMA 
Gel content (%) Water Uptake (%) Porosity (%) 

10/0 92 (2) 3 (2) --- 

8/2 92 (0) 106 (9) 88.3 (1.6) 

6/4 95 (1) 179 (9) 89.6 (2.0) 

3/7 91 (2) 241 (9) 94.2 (0.9) 

1/9 93 (1) 315 (9) 94.3 (2.0) 

0/10 92 (2) 445 (23) 94.4 (0.9) 

 

Table 3 Elastic modulus, strain at break, maximum strength and toughness of GelMA and 

PTMC-tMA/GelMA electrospun fibrous mats in the hydrated state. 

Substrate 

PTMC-tMA/GelMA 

Emod 

MPa 

ɛb 

% 

Toughness 

N/mm2 

8/2 0.643(0.021) 445(20) 1023(59)*** 

6/4 0.450(0.015) 375(5) 539(43)** 

3/7 0.279(0.021) 110(10) 33(6)* 

1/9 0.216(0.013) 96(2) 15(4)* 

0/10 0.121(0,01) 66(4) 3(1) 

Significant difference compared to the 100% GelMA fibrous mat: *p<0.01; **p<0.0001; ***p<0.00001 
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Figure 4 Stress-strain curves of GelMA and PTMC-tMA/GelMA electrospun fibrous mats in 

the hydrated state. 

In addition to affecting hydrophilicity, incorporation of GelMA in the electrospun fibers 

influenced the mechanical properties of the meshes. All fibrous mats except those made from 

100% PTMC-tMA, were mechanically tested to evaluate their tensile behavior in the hydrated 

state. The 100% PTMC-tMA samples were not tested because fibrous mats could not be formed. 

As shown in Figure 4 and Table 3, the Emod, ɛb, Fmax and toughness decreased with increasing 

proportion of GelMA in the fibrous mats, due to the relatively weak mechanical properties of 

gelatin. Despite this effect on the mechanical properties of incorporation of GelMA in the 

meshes, the hybrid fibrous mats showed several times higher toughness values than reported 

for electrospun hydrogel fibrous mats [24-26]. In particular, fibrous mats made from 8/2 and 

6/4 PTMC-tMA/GelMA mixtures showed outstanding mechanical performance, with Emod of 

0.643 ± 0.021 MPa and 0.450 ± 0.015 MPa, ɛb of 445 ± 20% and 375 ± 5% and Fmax of 4.127 

± 0.248 and 2.373 ± 0.015 MPa, respectively. These fibrous mats had a toughness of 1023 ± 59 

and 539 ± 43 N/mm2, respectively. Compared to a non-crosslinked electrospun fibrous scaffold 

made from 60% PTMC and 40% gelatin (toughness 133 N/mm2 [19], the electrospun fibrous 

mesh made from 6/4 PTMC-tMA/GelMA in the present study had a 4 times higher toughness 
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(539 N/mm2). We envisage that our electrospun hybrid fibrous meshes can be useful for 

vascular tissue engineering. Upon collecting the fibers on a rotating mandrel, a porous tubular 

scaffold is formed. A high toughness of the mesh is one of the prerequisites for successful 

vascular tissue engineering. 

 

3.5 In vitro degradation of the electrospun mats 

As PTMC is a surface eroding polymer, the mechanical properties of PTMC scaffolds are 

preserved during a relatively long time in a biological environment [27]. For tissue engineering 

applications, scaffolds must possess suitable degradation profiles to allow successful tissue 

regeneration [28]. Scaffolds prepared from GelMA show a rapid enzymatic degradation in an 

in vivo environment [29]. Incorporation of gelatin in a synthetic polymer fiber can reduce the 

degradation time and the degradation rate can be adjusted with the gelatin proportion [28, 30]. 

The remaining mass of the PTMC-tMA/GelMA fibrous scaffolds during incubation in PBS, 

cholesterol esterase and collagenase solutions is shown in Figure 5. Generally, the degradation 

rate of the mats increased with increasing GelMA content. After incubation for 21 days, 

specimens prepared from 100% PTMC-tMA did not show significant mass loss in any of the 

media. GelMA meshes showed the fastest degradation. They were completely degraded after 

incubation for 21 days in both cholesterol esterase and collagenase solutions. Even in PBS, the 

GelMA scaffolds showed around 30% mass loss after 21 days of incubation. Thus, at the 

enzymatic concentrations used in this work, degradation of the hybrid fibers was dominated by 

the degradation of GelMA in the macromer networks. It is noteworthy that after 21 days of 

degradation in collagenase solution, the remaining mass of the 8/2, 6/4 and 3/7 PTMC-

tMA/GelMA fibrous mats was approximately 79, 66 and 32%, see Figure 5c. This is similar to 

the PTMC amount in the hybrid fibers, and may indicate that the gelatin was mainly located at 

the outside of the fibers. As we used enzyme solutions, the shown degradation profiles are not 
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indicative of degradation upon cell culturing or in vivo application, which needs further 

investigation 

 

Figure 5 In vitro degradation of the electrospun mats in a. PBS, b. 10 U/ml cholesterol esterase 

and c. 0.02 U/ml collagenase. 

 

3.6 Cell culturing on the electrospun mats 

Except for the contribution to stable fiber formation, another important purpose for 

incorporating GelMA in the hybrid fibers was to enhance the biological properties of 

thescaffolds. In our previous study [9], we showed that although PTMC is a biocompatible 

polymer, the incorporation of gelatin in the polymer network further enhanced the proliferation 

of cells on the hybrid networks. As shown in Figure 6, hSMCs adhered and proliferated on the 
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electrospun scaffolds. After 7 days of culturing, cell numbers on the 6/4, 3/7 and 1/9 PTMC-

tMA/GelMA fibrous mats were similar as compared to the 100% GelMA meshes, and 

significantly higher as compared to the 100% PTMC-tMA specimens. This is also reflected by 

the Live/Dead staining images shown in Figure 7. These results are in agreement with reports 

demonstrating that incorporation of gelatin in various electrospun fibers enhanced the 

attachment and proliferation of different cell types [31, 32]. It is well-known that cell 

morphology and orientation are dependent on the architecture of scaffold materials [33, 34]. On 

electrospun fiber substrates, adherent cells will be elongated and oriented in parallel with the 

fiber direction [35]. In the present study, the cells were indeed more elongated than on the flat 

PTMC/gelatin films used in our previous work [9]. As the fibers in the electrospun mats had a 

random orientation, the cells were also randomly oriented. In addition to the high toughness, 

the good adhesion and proliferation of hSMCs on our hybrid fibrous mats indicate that these 

meshes are potentially useful in tubular form for vascular tissue engineering. 

 

Figure 6 Proliferation of hSMCs on PTMC-tMA, GelMA and PTMC-tMA/GelMA 

electrospun mats as assessed by CyQuant assay, *p < 0.05. 
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Figure 7 Live/Dead staining of hSMCs cultured for 7 days on PTMC-tMA, GelMA and 

PTMC-tMA/GelMA electrospun mats (scale bars 400 μm). 

 

4. Conclusions  

The preparation of tough electrospun fibrous mats from homogeneous PTMC-tMA and GelMA 

solutions with a wide range of compositions was demonstrated and discussed. Electrospinning 

solutions of only PTMC-tMA did not yield a fibrous structure upon photo-crosslinking. This 

could be overcome by the addition of GelMA, which conferred form-stability to the electrospun 

fibers, yielding stable photo-crosslinked hybrid meshes. The fiber diameter, water uptake, 

mechanical properties and degradation rate could be controlled by adjusting the ratio of GelMA 

to PTMC-tMA. The incorporation of GelMA in the fibers enhanced the proliferation of hSMCs 

on the fibrous mats. Hybrid electrospun fibrous mats made from 6/4 PTMC-tMA/GelMA 

showed both good mechanical and cell adhesive properties. 
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Abstract  

Networks were prepared by photo-crosslinking mixtures of methacrylated poly(trimethylene 

carbonate) (PTMC), poly(ethylene glycol) (PEG), poly(ε-caprolactone) (PCL) and poly(D,L-

lactide) (PDLLA) in DMSO/FA (9:1 v/v) as a common solvent. To enhance the biological 

properties of the networks, different amounts of GelMA (0, 5, 10, 15, 20, 30 and 40 wt%) were 

incorporated in the networks. A pipetting robot was used to prepare the different mixtures before 

photo-crosslinking. Culturing of human mesenchymal stem cells (hMSCs) on the networks, 

showed that the cell adhesive properties of synthetic networks with low cell attachment 

significantly increased by incorporation of GelMA in the networks. The mechanical properties 

of selected hybrid hydrogel networks were evaluated by compressive and tensile testing. The 

hybrid hydrogel consisting of PTMC-PEG-PDLLA + 30 wt% GelMA had outstanding 

compressive and tensile toughness values of 0.074 ± 0.018 N/mm2 and 337 N/mm2, respectively. 
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1. Introduction 

A hydrogel is considered as an ideal material for tissue engineering [1, 2]. Hydrogels made of 

synthetic polymers are generally used because of their easy processability and good property 

control [3]. On the other hand, because of the lower biocompatibility and bioactivity of 

synthetic polymers, natural hydrogels are frequently used as well. They possess high 

hydrophilicity, good biocompatibility, high bioactivity and low cytotoxicity. The downside of 

these natural hydrogels is that they are more difficult to process, show batch-to-batch variability 

and have poor property control [3]. Therefore, hydrogels possessing both the beneficial 

properties of synthetic and natural hydrogels are needed. As shown in several studies, 

combining synthetic and natural polymers into one hydrogel network is a viable strategy to 

improve the biological and mechanical properties of the hydrogels [4-6].  

Based on the properties of the engineered tissue, hydrogels with different properties are needed. 

A successful method for creating many different materials with interesting mechanical and 

biological properties is ‘combinatorial crosslinking in solution’. By functionalizing oligomers 

with methacrylate end groups to form methacrylated macromers, a covalent crosslink can be 

formed between each macromer when exposed to ultraviolet light. By combining different 

macromers, a large collection of polymer networks with different properties can be fabricated, 

as shown by Zant et al. [2, 7]. Although combining synthetic polymers in a combinatorial 

manner results in material combinations with interesting mechanical properties for tissue 

engineering, the biological properties of these networks are not always good [7]. Our work in 

Chapters 3 and 5 of this thesis showed that by combining synthetic polymers with natural 

polymers, the biological properties of the networks can be improved [5, 8]. In the present work, 

we explored the effect of the addition of methacrylated gelatin (GelMA) to various 

combinations of methacrylated synthetic oligomers, on the water uptake and cell adhesive 



Appendix 

132 

properties of the resulting hybrid networks. Mechanical properties of a few representative 

hydrogels were evaluated by compressive and tensile testing. Since the hybrid hydrogels 

showed different characteristics and properties, they can be used for diverse tissue engineering 

applications. 

 

2. Materials 

Trimethylene carbonate (TMC) was obtained from Huizhou Foryou Medical Devices, China. 

D,L-lactide was purchased from Corbion Purac, the Netherlands. ε-caprolactone (CL), gelatin 

from porcine skin (Type A, Bloom 90-110), PEG 10,000 g/mol, 1,6-hexanediol, stannous 

octoate (Sn(Oct)2), methacrylic anhydride (MaaH), triethylamine (TEA), hydroquinone, 2-

hydroxy-4′-(2-hydroxyethoxy)-2-methyl-propiophenone (I-2959), propylene carbonate (PC), 

ethylene carbonate (EC), N-methyl-pyrrolidone (NMP), N-methyl-formamide (NMF), ethylene 

glycol (EG), formamide, dimethyl sulfoxide (DMSO), 2,2,2-trifluoroethanol (TFE), 

hexafluoroisopropanol (HFIP), acetic acid (AcOH) and formic acid (FA) were obtained from 

Sigma Aldrich. Ethanol, diethyl ether, dimethylformamide (DMF) and dichloromethane (DCM) 

were purchased from VWR Chemicals. Acetonitrile was purchased from Acros Organics. All 

compounds except the CL, which was distilled, were used without further purification. For the 

dialysis of GelMA, a 12-14 kDa MWCO dialysis membrane, obtained from Spectra/Por®, was 

used. Dulbecco’s PBS (DPBS), advanced Dulbecco’s modified Eagle’s medium (DMEM), fetal 

bovine serum (FBS), glutamax, trypsin/EDTA and penicillin/streptomycin were obtained from 

Gibco. CyQuant assay reagent was purchased from Thermo Fisher, The Netherlands. 
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3. Experimental 

3.1 Oligomer synthesis and functionalization 

PTMC and PDLLA oligomers of 10.0 kg/mol and PCL oligomer of 4.0 kg/mol were synthesized 

by adding 1,6-hexanediol and Sn(Oct)2 to melted (80 °C for TMC and CL and 130 °C for DLLA) 

monomer and reacting at 130 °C for 2 days under argon atmosphere and constant stirring. After 

the polymerization reaction was completed, the system was vacuum dried at 120 °C for 2 hours 

and subsequently cooled down to room temperature (RT) under argon atmosphere. To 

functionalize the synthesized oligomers and the PEG, DCM was added to dissolve the 

oligomers, followed by adding hydroquinone (0.05% w/v) as a photo-inhibitor and the dropwise 

addition of TEA and MaaH (6 times the amount of oligomer (mol/mol)). The reaction continued 

in the dark for 5 days under argon atmosphere. After functionalization of the oligomers, the di-

methacrylated (dMA) macromers were purified by precipitation in cold ethanol for the PTMC-

dMA, PCL-dMA and PDLLA-dMA and diethyl ether for the PEG-dMA. The purified synthetic 

macromers were then vacuum dried at RT. The molecular weight (MW) and degree of 

substitution (DS) were determined by dissolving macromer samples in deuterated chloroform 

and performing 1H NMR using a Bruker 400 MHz machine. The MW and DS of the synthetic 

macromers were determined as described by Zant et al. [9]. The synthesis of GelMA and the 

TNBS assay for the determination of the DS of GelMA can be found in Chapter 3 of this thesis.  

 

3.2 Solvent selection for macromers 

To find a common solvent that can dissolve PTMC-10k-dMA, PEG-10k-dMA, PDLLA-10k-

dMA, PCL-4k-dMA and GelMA, 1.65 g of each macromer was added to 5 ml solvent in a glass 

vial with a lid. The test solvents were PC, EC, NMP, DMF, acetonitrile, NMF, EG, formamide, 

DMSO, TFE, HFIP, AcOH, FA, and a mixed solvent consisting of DMSO/FA in different ratios. 
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Subsequently, the vials with macromer/solvent mixtures were put in a shaker at RT. After 24 

hours, the solubility of the macromers in each solvent was checked. In the case of partial 

solubility, this procedure was repeated at 50 ℃. 

 

3.3 Network fabrication by pipetting robot 

Table 1. Combinations of mixed synthetic macromers. 

Network 

combination 

PTMC-10k-

dMA 
PEG-10k-dMA 

PDLLA-10k-

dMA 
PCL-4k-dMA 

1     

2     

3     

4     

5     

6     

7     

8     

9     

10     

11     

12     

13     

14     

15     

Mixing of PTMC-10k-dMA, PEG-10k-dMA, PDLLA-10k-dMA and PCL-4k-dMA can result 

in 15 different combinations (Table 1, when multiple components are present, they are present 

in equal amounts). To these 15 different synthetic macromer combinations, different ratios of 

GelMA were added (0:100, 5:95, 10:90, 15:85, 20:80, 30:70 and 40:60 GelMA/synthetic 

macromer combination (wt/wt)). In this way, 105 different networks can be prepared, with 8 

specimens for each network. To fabricate such a large amount of different macromer mixtures, 

a pipetting robot (Opentrons OT one S pro) was used. The macromers were dissolved in 

DMSO/FA (9:1 v/v) at a concentration of 36.7% wt/v at 50 °C. Photo-initiator I-2959 was 

dissolved in the same solvent at a concentration of 1.65% wt/v. The pipetting robot was 
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calibrated and prepared for pipetting by turning on the heating panel and loading script. The 

macromer and photo-initiator solutions were loaded into the heated holder on the deck 

(temperature was set at 50 °C), as well as a 48 wells plate to mix the solutions in. Subsequently, 

the script was started to make the robot pipette the right amount of each macromer solution into 

the right well to obtain macromer mixtures of 180 µl in each well, followed by adding 20 µl 

photo-initiator solution and mixing by pipetting 10 times. The final macromer solutions had a 

macromer concentration of 33% wt/v and a photo-initiator concentration of 0.5% wt/wt 

compared to the macromer. Then, the mixtures were photo-crosslinked by exposure to 365 nm 

UV light for 1 hour at 50 °C in an UltraLum CEX-1500 UV CrossLinker. Subsequently, the 

DMSO and FA in the networks as well as uncrosslinked macromers were removed by extraction 

in DMSO/ethanol mixtures, starting with 50/50 v/v, followed by 25/75 v/v and pure ethanol, 

each for 1 day. The solvents for extraction were refreshed 3 times per day. Subsequently, the 

networks were equilibrated for 3 days in distilled water to remove the ethanol from the networks. 

The water was refreshed 3 times per day. Finally, the networks were dried in a vacuum oven at 

RT until constant weight. 

 

3.4 Water uptake (WU) by networks 

𝑊𝑈 =
𝑚𝑠𝑤𝑜𝑙𝑙𝑒𝑛−𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
∗ 100%                 (Eq. 1) 

To determine the WU of the formed networks, the extracted networks (N=3) were dried in a 

vacuum oven at RT for 2 days. The dry weight (mdry) of the networks was determined, followed 

by the weight of hydrated networks (mswollen) after submersion in distilled water for 2 days. The 

WU was then calculated by equation 1. 
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3.5 Cell culturing on networks 

The networks were disinfected by soaking in 70% ethanol for 1 min before incubation in DPBS 

solution overnight at 37 °C. After additional incubation in cell culture medium (advanced 

DMEM, 1% v/v Glutamax, 1% v/v penicillin/streptomycin, 10% v/v FBS) at 37 °C overnight, 

the networks were ready for cell culture. 

Human mesenchymal stem cells (hMSCs) (passage=5) were seeded onto the disinfected 

networks at a density of 10,000 cells/cm2 (N=4), and cultured in cell culture medium at 37 °C 

in a cell culture incubator with humidified air (5% CO2) for 7 days. The culture medium was 

refreshed 3 times a week. At day 7, the medium was removed and the specimens were washed 

with DPBS to remove excess medium and non-adhering cells. CyQuant lysing buffer was then 

added to lyse the cells, after which the specimens were stored at -25 °C. After thawing, the 

specimens were frozen and thawed once more. On the day of measuring, 20 µl cell lysate was 

added to 180 µl dye buffer (1:400, CyQuant GR dye solution in lysing buffer). The DNA content 

of the cells was quantified by measuring the fluorescence at an excitation wavelength of 480 

nm and an emission wavelength of 520 nm using a Tecan Saphire fluorometer. 

 

3.6 Compressive testing of networks 

Compressive testing of hybrid networks containing 30% GelMA and of 100% GelMA networks 

was carried out by dynamic mechanical analysis (DMA, TA Instruments). Samples were 

prepared using the pipetting robot and tested one year after storage at -25 oC under vacuum. 

After swelling in demi water for 3 days, the specimens were cut to the shape of a cylinder with 

a diameter of 5 mm. As the hydrogels had different swelling properties, the cylinders were of 

different heights (1-5 mm). The compressive properties of the swollen networks were 

determined at RT with 1*10-4 N preload force at a compression rate of 0.1 mm/min until 60% 

compression. The compressive modulus (EC) was determined at 5% strain and the compressive 
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toughness (WC) was calculated as the area under the stress-strain curve. 

 

3.7 Tensile testing of networks 

To determine the tensile properties of the networks, macromer solutions with the same 

macromer and photo-initiator concentrations as used with the pipetting robot (see above) were 

cast in a 1 × 35 × 100 mm PDMS mold. After photo-crosslinking and extraction using the same 

procedures, the networks were swollen in distilled water for 2 days and cut to dumbbell-shape 

specimens (50×9 mm). Subsequently, the tensile modulus (ETensile), elongation at break (ɛbreak), 

stress at break (Fbreak) and toughness (WTensile) of the networks were assessed using a Zwick 

Z5.0 TH tensile tester equipped with a 2.5 kN load cell according to ASTM D882. The 

measurements were started at a grip-to-grip separation of 30 mm and the specimens were 

elongated at a speed of 10 mm/min at RT. The ETensile was determined at 10% strain and WTensile 

was calculated as the area under the stress-strain curve. 

 

3.8 Statistical analysis 

Data were analyzed by two-way ANOVA using GraphPad Prism, p < 0.05 was considered 

statistically significant. 

 

4. Results and discussion 

4.1 Macromer characterization 

After synthesis of the PTMC-10k-dMA, PEG-10k-dMA, PDLLA-10k-dMA, PCL-4k-dMA and 

GelMA macromers, the MW and DS were determined by 1H-NMR (Table 2). The MWs of the 

synthetic macromers were 10.6, 10.0, 9.9 and 4.1 kg/mol for PTMC-10k-dMA, PEG-10k-dMA, 
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PDLLA-10k-dMA and PCL-4k-dMA, respectively. These MWs were close to the aimed for 

MWs. DSs of 95%, 88%, 90% and 100% were found for the same macromers, respectively. A 

high DS was necessary for all macromers to be incorporated in the networks during crosslinking. 

The functionalized gelatin had a DS of 36%.  

Table 2.  Molecular weight and degree of functionalization of the different macromers. 

Macromer MW (kg/mol) DS (%) 

PTMC-10k-dMA 10.6 95 

PEG-10k-dMA 10.0* 88 

PDLLA-10k-dMA 9.9 90 

PCL-4k-dMA 4.1 100 

GelMA 22.5* 36 

*MW according to the manufacturer. 

 

4.2 Common solvent selection 

Before polymer networks were fabricated and characterized, a common solvent for the synthetic 

and natural macromers needed to be determined. Therefore, the solubility of the macromers in 

various solvents was tested. It was observed that TFE, HFIP, AcOH and FA could dissolve all 

the macromers at RT. However, TFE and HFIP are expensive, toxic and volatile and are 

therefore not suitable to be processed by the pipetting robot, which was placed outside of a 

fume hood. AcOH and FA can both enable hydrolysis of ester bonds present in polyesters and 

peptide bonds present in gelatin, and are therefore also not suitable to function as a common 

solvent for the macromers.  

DMSO, a non-volatile and non-toxic solvent, could dissolve PTMC, PEG and PDLLA at RT. 

PCL was soluble in DMSO when heated to 50 °C. Gelatin could only be swollen in DMSO. To 

improve the solubility of PCL-dMA and gelatin in DMSO, FA was added at a 9:1 v/v ratio of 

DMSO:FA, resulting in the ability to dissolve gelatin. Unfortunately, PCL-dMA was not soluble 
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in DMSO/FA at RT but did again dissolve at 50 °C. FA was chosen to be added to DMSO over 

AcOH because PTMC showed low solubility in AcOH. Also, it has less odor and is therefore 

more pleasant to use outside of a fume hood. The DMSO/FA mixture was chosen as a common 

solvent for the different macromers due to the combination of 1) DMSO being a non-volatile 

and non-toxic solvent that can be safely used and 2) the ability of the DMSO/FA mixture to 

dissolve PTMC-dMA, PEG-dMA, PDLLA-dMA and GelMA at RT and PCL-dMA at 50 °C 

(Figure 1).  

 

Figure 1. 33% (wt/v) polymer solutions in DMSO/FA (9:1). a. PTMC-dMA†, b. PEG-dMA†, c. 

PDLLA-dMA†, d. PCL-4K-dMA* and e. GelMA†. † Dissolved at room temperature. * 

Dissolved at 50 °C. 

 

4.3 WU and proliferation of hMSCs on the networks 

A high WU is favorable for tissue engineering applications to increase the diffusion of oxygen, 

nutrients and waste products through the hydrogel network. Since PEG and gelatin are 

hydrophilic polymers, hydrogels of PEG-dMA and GelMA are capable of absorbing large 

amounts of water. As shown in Figure 2, networks made from 33% (wt/v) PEG-dMA and 

GelMA in solution had a WU of 670% and 760% (wt/wt), respectively. PEG-GelMA hybrid 

networks did not show a higher WU than the pure PEG networks. The networks made from the 

hydrophobic macromers PTMC-dMA, PCL-dMA and PDLLA-dMA had a WU of 2%, 4% and 
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7% (wt/wt), respectively. For these single polymer networks as well as their combinations, 

incorporation of GelMA in the networks resulted in an increase of the WU with increasing 

GelMA content. 

 
Figure 2. Water uptake of 105 networks containing 0 (blue), 5 (orange), 10 (grey), 15 (yellow), 

20 (indigo), 30 (green) and 40 (dark blue) wt% GelMA. Water uptake of a pure GelMA network 

is shown in red. N=3. 

 

A measure for the number of hMSCs on these networks (DNA content), after culturing for one 

week is shown in Figure 3. A pure GelMA network was used as a positive control. Thus, a 

hybrid network with a DNA content comparable to that of the GelMA network can be 

designated as a cell adhesive network. In the case of PTMC-dMA-based networks, the 

incorporation of GelMA increased DNA content. The improved cell adhesive properties are in 

agreement with the results reported in chapter 5, where we found higher cell numbers on 

hydrogels fabricated from PTMC-dMA and GelMA in ratios of 75:25, 50:50 and 25:75 

compared to pure PTMC-dMA networks. In the present work, we found that even the addition 

of 5% GelMA to a PTMC network improved the cell adhesive properties of the network to the 

same level as found for the GelMA hydrogel. For synthetic networks showing good cell 

proliferation, i.e. networks of PCL-PDLLA and PTMC-PDLLA-PCL, the addition of GelMA 

did not result in higher cell numbers. For the other networks, cell numbers generally increased 

with increasing GelMA content of the network. The enhanced cell adhesive properties of the 
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networks were not dependent on their WU. For instance, after the incorporation of different 

amounts of GelMA in PEG networks, the networks showed a similar WU while the DNA 

content after one week of culturing significantly increased. 

 
Figure 3. DNA content after one week of hMSCs culturing on 105 networks containing 0 (blue), 

5 (orange), 10 (grey), 15 (yellow), 20 (indigo), 30 (green) and 40 (dark blue) wt% GelMA. DNA 

content on a pure GelMA network is shown in red. *Significantly different compared to the 

network without GelMA in the same group, p< 0.05. N=4. 

 

4.4 Mechanical properties of the networks 

In addition to water uptake and biological properties, the mechanical properties of hydrogels 

are also essential factors to consider for biomedical application. Table 3 shows the compressive 

properties and WU of GelMA hydrogel and hybrid hydrogels made from synthetic macromers 

mixed with 30% GelMA. The compressive modulus and toughness of the GelMA hydrogel 

were 0.083 ± 0.006 MPa and 0.175 ± 0.023 N/mm2, respectively, while the values for the hybrid 

hydrogels were lower. Usually, for similar types of hydrogels, a lower WU will lead to a higher 

modulus [10]. We did not find this for the hybrid hydrogels in the present study (Table 3). Also, 

Zant et al., who prepared hydrogels from the same synthetic macromers as in our study, reported 

deviations from this general rule [11]. As in both studies hydrophobic and hydrophilic 
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macromers were mixed, this may have led to phase separation affecting water uptake and 

mechanical properties of the resulting hydrogels. Some of the hybrid hydrogels in our study 

showed good compressive properties. The hydrogels made from B + 30% GelMA, AB + 30% 

GelMA, BC + 30% GelMA and ABC + 30% GelMA, had a compressive toughness of 0.150 ± 

0.024, 0.124 ± 0.032, 0.107± 0.014 and 0.074 ± 0.018 N/mm2, respectively. As the latter 

hydrogel did not fail until 60% compression, it had a higher toughness than calculated from the 

experimental data. 

AB + 30% GelMA, BC + 30% GelMA and ABC + 30% GelMA hybrid hydrogels were also 

subjected to tensile testing. The WU of networks made from AB, BC and ABC was 15, 192 and 

107%, respectively. After incorporation of 30% GelMA in the networks, the WU increased to 

253, 275 and 168%, respectively. As shown in Table 4, the networks made from AB + 30% 

GelMA and BC + 30% GelMA had a relatively low Wtensile of 17 and 23 N/mm2, respectively, 

while the hybrid hydrogel consisting of ABC + 30% GelMA had an excellent tensile toughness 

of 337 N/mm2. This is in line with work reported by Zant et al., who showed high water uptake 

and excellent mechanical properties for hydrogels consisting of PTMC-dMA, PEG-dMA and 

PDLLA-dMA macromers [7].  
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Table 3 WU and compressive properties of hybrid hydrogels containing 30 wt% GelMA. 

Hydrogel1 
WU 

(%) 

EC at 5% 

(MPa) 

WC 

(N/mm2) 

A + 30% GelMA 64 ± 6 0.013 ± 0.001 0.033 ± 0.011 

B + 30% GelMA2 649 ± 38 0.041 ± 0.007 0.150 ± 0.024    

C + 30% GelMA 42 ± 3  -3 - 

D + 30% GelMA 34 ± 4  -3 - 

AB + 30% GelMA2 253 ± 8 0.017 ± 0.003 0.124 ± 0.032  

AC + 30% GelMA2 36 ± 2 0.0124  0.034
4
   

AD + 30% GelMA 53 ± 4  -3 - 

BC + 30% GelMA2 275 ± 11 0.016 ± 0.002 0.107 ± 0.014 

BD + 30% GelMA2 395 ± 10 0.013 ± 0.003 0.025 ± 0.009 

CD + 30% GelMA 49 ± 2  -3 - 

ABC + 30% GelMA 168 ± 14 0.013 ± 0.001 0.074 ± 0.018  

ACD + 30% GelMA 188 ± 6 0.015 ± 0.002 0.071 ± 0.026  

ABD + 30% GelMA 57 ± 4  -3 - 

BCD + 30% GelMA 130 ± 6 0.005 ± 0.001 0.068 ± 0.017  

ABCD + 30% GelMA 144 ± 7 0.010 ± 0.002 0.045 ± 0.009  

GelMA2 762 ± 32 0.083 ± 0.006 0.175 ± 0.023  

1. A: PTMC-dMA, B: PEG-dMA, C: PDLLA-dMA, D: PCL-dMA. Multiple synthetic 

components are present in equal amounts. 

2. Specimen broke before 60% compression. 

3. Could not be determined. 

4. One specimen. All other samples N=3.  
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Table 4 WU and tensile properties of selected hybrid hydrogels1. 

Hydrogel2 
WU 

(%) 

ETensile 

(MPa) 

ɛbreak 

(%) 

Fbreak 

(MPa) 

WTensile 

(N/mm2) 

AB + 30% GelMA 253(8) 0.57 95 0.3 17 

BC + 30% GelMA 275(11) 1.06 72 0.6 23 

ABC + 30% GelMA 168(14) 1.47 397 1.4 337 

1. Only one specimen of each network was used for tensile testing. 

2. A: PTMC-dMA, B: PEG-dMA, C: PDLLA-dMA. 

 

 

 

5. Conclusions and outlook 

To investigate the effect of incorporation of GelMA into synthetic polymer networks on their 

cell adhesive properties, a combinatorial fabrication method was used. It was found that the 

proliferation of hMSCs on synthetic polymer networks can be improved by the incorporation 

of GelMA in the networks. This shows that combining GelMA with single or multiple 

component synthetic polymer networks is a viable strategy to improve the cell adhesive 

properties of the networks. A hybrid hydrogel made from PTMC-PEG-PDLLA + 30 wt% 

GelMA had a water uptake of 168% and showed both outstanding hMSCs attachment and 

mechanical properties. 

By combining a strategy to create large libraries of synthetic biomaterials with the above 

strategy to improve the biological properties of these biomaterials, the combinatorial fabrication 

of hybrid hydrogels has shown to be a useful tool to discover new materials for tissue 

engineering applications with improved cell adhesive properties. Combining of synthetic 

macromer and GelMA solutions was automated by means of a pipetting robot. Using such an 

efficient combination method, the possibilities of creating new material combinations with 

different properties are virtually endless. For example, by changing the molecular weight of the 

macromers, by creating star-shaped macromers or by using different macromer concentrations, 
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uncountable different macromer combinations can be created. Also, different natural polymers 

such as hyaluronic acid, collagen and chitosan, which can all be functionalized by 

methacrylation, could be used to improve the biological properties of synthetic polymer 

networks. When a suitable material is selected, the next step is to fabricate a functional scaffold 

with a desired design.  
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Summary and Future Prospects   

1. Summary  

Hybrid hydrogels are created from components with chemically, functionally, and 

morphologically distinct building blocks, such as synthetic polymers and proteins. Combining 

these two types of macromolecules in one system can produce hydrogels with both excellent 

mechanical and biological properties [1, 2]. This thesis presents the results of research on the 

manufacturing of hybrid hydrogel networks based on synthetic oligomers (PEG, PTMC, PCL 

and PDLLA) and gelatin, and discusses their potential in biomedical applications. 

In Chapter 1, a general introduction on the development of biomaterials in biomedical fields 

and the future directions of biomaterials is presented. It gives the scope of the thesis on the 

development of different types of materials to be used in the development of biodegradable 

scaffolds applicable in tissue regeneration. The chapter ends with the aim and outline of the 

research topics and contents presented in the subsequent chapters. 

Chapter 2 is a review on hybrid hydrogels prepared from methacrylated gelatin (GelMA) and 

synthetic polymers, and gives an overview of the different methods of preparing biomedical 

devices from these materials. We summarized the fabrication of three different types of 

frequently used hybrid hydrogel networks: co-networks, interpenetrating networks (IPNs) and 

semi-interpenetrating networks (semi-IPNs). Co-networks and IPNs were used in our 

subsequent research to fabricate tough hybrid hydrogels with enhanced biological properties. 

In Chapter 3, we report a series of hybrid hydrogels prepared by photo-polymerization of PEG-

dimethacrylate (PEG-dMA) and GelMA in a common aqueous solution. The mixing of PEG-

dMA and GelMA caused aqueous two-phase separation (ATPS). Addition of acetic acid was 
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used to minimize phase separation of the mixed solutions. Compared to hybrid hydrogels 

prepared in water, hybrid hydrogels prepared in acetic acid solution showed higher tensile 

toughness and better proliferation of human mesenchymal stem cells (hMSCs). Hybrid 

hydrogels prepared from 50:50 PEG-dMA:GelMA (v/v) at 20% (w/v) macromer concentration 

in 0.5% (v/v) acetic acid solution in water had a higher toughness than the single polymer 

hydrogels made from PEG-dMA or GelMA. Hybrid hydrogels of various compositions 

crosslinked in 0.5% (v/v) acetic acid solution supported the proliferation of hMSCs to the same 

extent as 100% gelatin hydrogel, whereas the cells did not proliferate on 100% PEG hydrogel. 

Thus, both the cell adhesive and mechanical properties of a photo-crosslinked PEG network 

can be improved by incorporation of gelatin in the network. 

In Chapter 4, GelMA and tyramine-conjugated 8-arm PEG (8PEGTA) were used to create an 

IPN hydrogel by subsequent photo-crosslinking and enzymatic crosslinking. Rheological 

evaluation of the hydrogels showed that the IPN was an elastic hydrogel compared to a soft and 

viscous GelMA hydrogel. Using a BioMaker bioprinter, hydrogels without and with hMSCs 

were printed. hMSCs in the GelMA/8PEGTA IPN hydrogels had a high cell viability (>98%) 

after 21 days of culturing.  

To fabricate high toughness hybrid hydrogels for biomedical applications, the hydrophobic 

macromer dimethacrylated PTMC (PTMC-dMA) was used together with GelMA in Chapter 

5. In this case, a common organic solvent had to be found for both PTMC-dMA and GelMA, 

i.e. dimethyl sulfoxide/formic acid (9/1 v/v). Upon UV irradiation of mixtures of PTMC-dMA 

and GelMA in this solvent, co-networks of PTMC and gelatin were obtained. Hybrid networks 

prepared from 75:25 PTMC-dMA:GelMA (v/v) at 30% (w/v) macromer concentration had a 

tensile modulus of 0.85 MPa, maximum strength of 1.58 MPa, elongation at break of 410% and 

a toughness of 386 N/mm2 in the hydrated state. Human smooth muscle cell (hSMC) culturing 

on PTMC-dMA/GelMA hybrid hydrogel networks showed better cell proliferation than on 100% 
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PTMC networks. For comparison, porcine carotid artery and human mesenteric artery have a 

maximum tensile strength of 1.55 and 1.89 MPa, and an elongation at break of 207 and 345%, 

respectively [3]. 

In Chapter 6, three-armed methacrylated PTMC (PTMC-tMA) and GelMA were used for 

electrospinning. Single and hybrid macromer mixtures in a solvent mixture of hexafluoro 

isopropanol/acetic acid (20/1 v/v) were used. By varying the ratios of PTMC-tMA/GelMA from 

8/2 to 1/9 (wt/wt), electrospun mats with a fiber diameter from 1037 to 419 nm, water uptake 

from 106 to 315%, porosity from 88.3 to 94.3%, tensile modulus from 0.643 to 0.216 MPa, 

elongation at break from 445 to 96%, maximum strength from 4.127 to 0.381 MPa and 

toughness in the hydrated state from 1023 to 15 N/mm2 were prepared. Culturing of hSMCs on 

hybrid fibrous mats made from 6/4, 3/7 and 1/9 PTMC-tMA/GelMA showed similar cell 

attachment and proliferation as compared to 100% GelMA fibrous mats, while the toughness 

of the hybrid fibrous mats was significantly higher than that of the 100% GelMA fibrous mats. 

In the Appendix, a combinatorial fabrication method for the preparation of hybrid hydrogels is 

introduced. A series of hybrid hydrogels were prepared by photo-crosslinking mixtures of 

methacrylate-functionalized PTMC, PEG, PCL and PDLLA as well as GelMA in dimethyl 

sulfoxide/formic acid (9:1 v/v). A pipetting robot was applied to prepare the large number of 

polymer mixtures. Cell culturing experiments showed that the proliferation of hMSCs on 

synthetic polymer networks with low cell attachment significantly increased by incorporation 

of GelMA in the networks. The hybrid hydrogel consisting of PTMC-PEG-PDLLA in equal 

amounts + 30 wt% GelMA had an outstanding tensile toughness of 337 N/mm2 in the hydrated 

state. This shows that combining GelMA with multi-component synthetic polymer networks is 

a viable strategy for the fabrication of hydrogels with excellent cell adhesive and mechanical 

properties. 
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2. Future prospects 

The work in this thesis shows that GelMA and synthetic macromers with different properties 

can form hybrid hydrogels that possess enhanced features over the single hydrogels in terms of 

mechanical and biological properties. The combinatorial fabrication of hybrid hydrogels has 

shown to be a useful method to discover new materials for tissue engineering applications. By 

changing the molecular weight of the macromers, creating star-shaped macromers or using 

different macromer concentrations, uncountable different macromer combinations can be 

created. Also, different natural polymers such as hyaluronic acid, collagen and chitosan, which 

can all be functionalized by methacrylation, could be used to improve the biological properties 

of synthetic polymer networks.  

For future hydrogel fabrication, materials and methods with increased cell compatibility need 

to be developed, such as non-harmful photo-initiators and long wave length photo-crosslinking. 

Additionally, innovative and functional manufacturing methods are needed to meet the demands 

of new applications in tissue engineering. To achieve superior function of biomaterial scaffolds, 

precise control at different length scales (from nanometer to centimeter) is required for various 

biofabrication technologies. Beyond the techniques reported in this thesis (solvent casting, 3D 

printing, electrospinning), the combination with other techniques, such as microfluidics or 

laser-assisted technologies [4], to prepare multi-scale hydrogels is a promising and novel 

direction. 
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Samenvatting 

Hybride hydrogelen worden gemaakt van componenten met verschillende chemische, 

functionele en morfologische eigenschappen, zoals synthetische polymeren en eiwitten. Het 

combineren van deze twee typen macromoleculen in één systeem kan leiden tot de vorming van 

hydrogelen met zowel excellente mechanische als biologische eigenschappen [1, 2]. In dit 

proefschrift worden de resultaten gepresenteerd van onderzoek naar het vervaardigen van 

hybride hydrogel netwerken gebaseerd op synthetische oligomeren (PEG, PTMC, PCL en 

PDLLA) en gelatine, en wordt hun potentieel voor biomedische toepassingen bediscussieerd. 

In Hoofdstuk 1 wordt een algemene inleiding over de ontwikkeling en het toekomstig gebruik 

van biomaterialen gepresenteerd. Het beschrijft de strekking van het proefschrift met 

betrekking tot de ontwikkeling van verschillende typen materialen die kunnen worden gebruikt 

voor het vervaardigen van biodegradeerbare structuren voor toepassing in weefselregeneratie. 

Het hoofdstuk wordt afgesloten met de doelen en hoofdlijnen van het onderzoek dat wordt 

gepresenteerd in de volgende hoofdstukken. 

Hoofdstuk 2 begint met een beschrijving van hybride hydrogelen gemaakt van 

gemethacryleerd gelatine (GelMA) en gemethacryleerde synthetische polymeren, en geeft een 

overzicht van diverse methoden voor het vervaardigen van biomedische hulpmiddelen van deze 

materialen. Er wordt een samenvatting gegeven van de fabricage van drie typen veel gebruikte 

hybride hydrogel netwerken: co-netwerken, interpenetrerende netwerken (IPN) en semi-

interpenetrerende netwerken (semi-IPN). In de volgende hoofdstukken worden taaie hybride 

hydrogelen met goede biologische eigenschappen gemaakt in de vorm van co-netwerken en 

IPN. 
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In Hoofdstuk 3 wordt gerapporteerd over een serie hybride hydrogelen vervaardigd middels 

foto-polymerisatie van PEG-dimethacrylaat (PEG-dMA) en GelMA in een gezamenlijke 

waterige oplossing. Het mixen van PEG-dMA en GelMA in water leidde tot ontmenging in 

twee fasen. Deze fasescheiding kon worden beperkt door het toevoegen van azijnzuur aan de 

gemengde oplossingen. Vergeleken met hybride hydrogelen gemaakt in water, vertoonden de 

hybride hydrogelen gemaakt in azijnzuuroplossing een hogere taaiheid en betere proliferatie 

van humane mesenchymale stamcellen (hMSC). Hybride hydrogelen vervaardigd van 50:50 

PEG-dMA:GelMA (v/v) met een macromeer concentratie van 20% (w/v) in 0.5% (v/v) 

azijnzuuroplossing in water hadden een hogere taaiheid dan de enkelvoudige hydrogelen 

gemaakt van PEG-dMA of GelMA. Hybride hydrogelen van diverse samenstellingen 

gecrosslinkt in 0.5% (v/v) azijnzuuroplossing bevorderden de proliferatie van hMSC in 

dezelfde mate als 100% gelatine hydrogel, terwijl de cellen niet prolifereerden op 100% PEG 

hydrogel. Zowel de cel-adhesieve als mechanische eigenschappen van een gefotocrosslinkt 

PEG netwerk kunnen dus verbeterd worden door toevoeging van gelatine aan het netwerk. 

In Hoofdstuk 4 werden GelMA en tyramine-geconjugeerd 8-armig PEG (8PEGTA) gebruikt 

voor het creëren van een IPN hydrogel door middel van fotocrosslinking gevolgd door 

enzymatische crosslinking. Uit rheologische evaluatie van de hydrogelen bleek dat de IPN 

hydrogel elastisch was terwijl een GelMA hydrogel zacht en visceus was. Gebruikmakend van 

een BioMaker bioprinter werden hydrogelen zonder en met hMSC geprint. hMSC in de 

GelMA/8PEGTA IPN hydrogel vertoonden een hoge cel-viabiliteit (>98%) na 21 dagen 

kweken. 

Voor het fabriceren van zeer taaie hybride hydrogelen voor biomedische toepassingen, werd in 

Hoofdstuk 5 het hydrofobe macromeer PTMC-dimethacrylaat (PTMC-dMA) gebruikt in 

combinatie met GelMA. In dit geval moest een gezamenlijk organisch oplosmiddel worden 

gevonden voor zowel PTMC-dMA als GelMA: dimethylsulfoxide/mierenzuur (9/1 v/v). Door 
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UV-belichting van mengsels van PTMC-dMA en GelMA in dit oplosmiddel werden co-

netwerken van PTMC en gelatine verkregen. Hybride netwerken vervaardigd van 75:25 PTMC-

dMA:GelMA (v/v) met een macromeer concentratie van 30% (w/v) hadden een trekmodulus 

van 0,85 MPa, maximale treksterkte van 1,58 MPa, rek bij breuk van 410% en een taaiheid van 

386 N/mm2 in gehydrateerde staat. Humane gladde spiercellen gekweekt op PTMC-

dMA/GelMA hybride hydrogel netwerken prolifereerden beter dan op 100% PTMC netwerken. 

Ter vergelijking, de varkens carotide arterie en humane mesenterische arterie hebben 

achtereenvolgens een maximale treksterkte van 1,55 en 1,89 MPa, en een rek bij breuk van 207 

en 345% [3]. 

In Hoofdstuk 6 werden drie-armig gemethacryleerd PTMC (PTMC-tMA) en GelMA gebruikt 

voor elektrospinnen. Enkelvoudige en hybride macromeer mengsels opgelost in hexafluoro-

isopropanol/azijnzuur (20/1 v/v) werden verwerkt. Door de ratio’s van PTMC-tMA/GelMA te 

variëren van 8/2 tot 1/9 (w/w), werden matten gesponnen met een fiberdiameter van 1037 tot 

419 nm, wateropname van 106 tot 315%, porositeit van 88,3 tot 94,3%, trekmodulus van 0,643 

tot 0,216 MPa, rek bij breuk van 445 tot 96%, maximale treksterkte van 4,127 tot 0,381 MPa 

en taaiheid van 1023 tot 15 N/mm2 in gehydrateerde staat. Humane gladde spiercellen hechtten 

en prolifereerden op hybride fibreuze matten van 6/4, 3/7 en 1/9 PTMC-tMA/GelMA even goed 

als op 100% GelMA fibreuze matten, terwijl de taaiheid van de hybride fibreuze matten 

significant hoger was dan die van de 100% GelMA fibreuze matten. 

In de Appendix wordt een combinatorische fabricagemethode voor de vervaardiging van 

hybride hydrogelen geïntroduceerd. Een serie hybride hydrogelen werd gemaakt middels foto-

crosslinken van mengsels van methacrylaat-gefunctionaliseerd PTMC, PEG, PCL en PDLLA 

alsmede GelMA in dimethylsulfoxide/mierenzuur (9/1 v/v). Vanwege het grote aantal 

polymeermengsels werd een pipetteerrobot gebruikt. De proliferatie van hMSC op synthetische 
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polymeernetwerken met een lage celhechting nam significant toe door toevoeging van GelMA 

aan de netwerken. De hybride hydrogel bestaande uit PTMC-PEG-PDLLA in gelijke 

hoeveelheden + 30 gewichtsprocent GelMA had een zeer hoge taaiheid van 337 N/mm2 in 

gehydrateerde staat. Het combineren van GelMA met multi-component synthetische polymere 

netwerken is dus een geschikte strategie voor het fabriceren van hydrogelen met excellente cel-

adhesieve en mechanische eigenschappen. 
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概要及展望 

1. 论文概要 

杂化水凝胶是由化学上、功能上和形态上各不相同的单元组成的，如合成聚合物

和蛋白质。由这两种类型的大分子结合在一个体系中制备的水凝胶通常具有优异的力

学和生物性能[1,2]。本文介绍了基于合成低聚物(PEG, PTMC, PCL 和 PDLLA)和生物大

分子明胶的混合水凝胶网络的制备及研究结果，并讨论了其在生物医学领域的潜在应

用。 

第一章概述了生物材料在生物医学领域的发展，并对生物材料的未来发展方向进

行了展望。提出了本论文的研究范围，即开发不同类型的材料用于开发可组织再生的

可生物降解支架。在本章的结尾，提出了研究的目的和大纲，并归纳了后续章节的研

究主题和内容。  

第二章对由甲基丙烯酸明胶与合成聚合物制备的杂化水凝胶进行了综述，并对这

些材料制备生物医疗器械的不同方法进行了综述。本文综述了三种常用的混合水凝胶

网络的制备方法:共聚网络、互穿网络和半互穿网络。我们在后续的研究中通过构建共

聚网络和互穿网络制备了具有增强生物学性能的韧性杂化水凝胶。 

在第三章中，我们报告了一系列由 PEG-二甲基丙烯酸甲酯(PEG-dMA)和 GelMA在

水溶液 UV 聚合制备的混合水凝胶。PEG-dMA 和 GelMA 的混合导致水性两相分离

(ATPS)。醋酸的加入使得混合溶液的相分离最小化。与在水中制备的混合水凝胶相比，

在醋酸溶液中制备的混合水凝胶显示出更高的拉伸韧性和更好的人类间充质干细胞
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(hMSCs)相容性。在 20%(w/v)大分子单体浓浓度时 50:50 PEG-dMA:GelMA (v/v)在 0.5% 

(v/v)乙酸水溶液中制备的混合水凝胶比 PEG-dMA 或 GelMA 单一聚合物水凝胶具有更

高的韧性。在 0.5% (v/v)乙酸溶液中交联的各种成分的混合水凝胶支持 hMSCs增殖的程

度与 100% 明胶水凝胶相同，而细胞在 100% PEG 水凝胶上不增殖。因此，通过在网络

中加入明胶，可以改善光交联 PEG 网络的细胞粘附和机械性能。 

在第四章中，通过光交联和酶促交联 GelMA 和酪胺偶联的 8 臂 PEG (8PEGTA)创

建了互穿网络（IPN）水凝胶。水凝胶的流变学结果表明，与柔软粘稠的 GelMA 水凝

胶相比，IPN 是一种弹性水凝胶。使用 BioMaker 生物打印机，打印了不含和含 hMSCs

细胞的水凝胶。 GelMA/8PEGTA IPN 水凝胶中的 hMSC 在培养 21 天后具有高细胞活力

(>98%)。 

为了制造用于生物医学应用的高韧性混合水凝胶，第五章介绍了甲基丙烯酸酯化

疏水低聚物 PTMC（PTMC-dMA）与 GelMA 制备的杂化交联网络。优于疏水聚合物并

不溶于水，所以必须为 PTMC-dMA 和 GelMA 找到一种共同的溶剂，即二甲亚砜/甲酸 

(9/1 v/v)。在该溶剂中的 PTMC-dMA 与 GelMA 混合溶液在紫外线照射后，获得了 

PTMC 和明胶的共聚网络。由 75:25 (v/v) PTMC-dMA:GelMA 在 30% (w/v)单体浓度下

制备的混合网络具有 0.85 MPa 的拉伸模量，1.58 MPa 的最大拉伸强度，410%的断裂伸

长率，其在水合状态下的韧性为 386 N/mm2。PTMC-dMA/GelMA 混合水凝胶网络上平

滑肌细胞(hSMC)的增值结果显示出比 100% PTMC 网络更好的细胞增殖。相比之下，

猪颈动脉和人肠系膜动脉的最大拉伸强度分别为 1.55 和 1.89 MPa，断裂伸长率分别为

207%和 345% [3]。 

第六章介绍了通过静电纺丝制备三臂甲基丙烯酸酯 PTMC (PTMC-tMA)和 GelMA

交联网络的方法。聚合物在六氟异丙醇/乙酸(20/1 v/v)中进行混合。通过改变 PTMC-
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tMA/GelMA的比例从8/2到1/9 (wt/wt)，获得的静电纺丝的纤维直径从1037到419 nm，

吸水率从106%到315%，孔隙率从88.3%到94.3%。其在吸水情况下的拉伸模量为0.643

至 0.216 MPa，断裂伸长率为 445 至 96%，最大强度为 4.127 至 0.381 MPa 以及韧力为

和 1023 至 15 N/mm2。由 6/4、3/7 和 1/9 PTMC-tMA/GelMA 成的混合纤维垫上培养

hSMCs 显示出与 100% GelMA 纤维垫相似的细胞附着和增殖，而混合纤维垫的韧性显

着高于 100% GelMA 纤维垫。 

附录介绍了一种通过组合的方法开发制备混合水凝胶。通过对甲基丙烯酸酯官能

化的 PTMC、PEG、PCL和 PDLLA以及 GelMA在二甲亚砜/甲酸(9:1 v/v) 的共混物进行

光交联制备了一系列杂化水凝胶。自动移液机器人被用于制备大量聚合物混合物。细

胞培养实验表明，通过合成高分子网络中掺入 GelMA，hMSCs 在具有低细胞附着的合

成聚合物网络上的增殖显着增加。由等量的 PTMC-PEG-PDLLA + 30 wt% GelMA 组成

的混合水凝胶在水合状态下具有 337 N/mm2的拉伸韧性。这表明将 GelMA 与多组分合

成聚合物网络相结合是制备具有优异细胞粘附性和机械性能的水凝胶的可行策略。 

 

2. 前景展望 

本论文的工作表明，性质不同的 GelMA 和合成大分子单体可以形成杂化水凝胶，

其在机械和生物性能方面比单一水凝胶具有更强的特性。混合水凝胶的组合制造已被

证明是开发用于组织工程应用的新材料的方法。通过改变大分子单体的分子量、使用

星形大分子单体或使用不同的大分子单体浓度，可以生产出无数不同的大分子单体组

合。此外，不同的天然聚合物，如透明质酸、胶原蛋白和壳聚糖，都可以通过甲基丙

烯酸化进行功能化，可用于改善合成聚合物网络的生物学特性。 
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对于未来的水凝胶制造，需要开发具有更高细胞兼容性的材料和方法，例如无害

的光引发剂和长波长光交联。此外，需要开发新的具有功能性的制造方法来满足组织

工程中新应用的需求。为了实现生物材料支架的卓越功能，各种生物制造技术需要在

不同长度尺度（从纳米到厘米）进行精确控制。除了本论文中报道的技术（溶剂浇铸、

3D 打印、静电纺丝）之外，与其他技术（如微流体或激光辅助技术[4]）相结合来制备

多尺度水凝胶。 
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