
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Development and characterisation of a new bioink for additive
tissue manufacturing

Citation for published version:
Melchels, FPW, Dhert, WJA, Hutmacher, DW & Malda, J 2014, 'Development and characterisation of a new
bioink for additive tissue manufacturing', Journal of Materials Chemistry B, vol. 2, no. 16, pp. 2282-2289.
https://doi.org/10.1039/c3tb21280g

Digital Object Identifier (DOI):
10.1039/c3tb21280g

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Peer reviewed version

Published In:
Journal of Materials Chemistry B

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1039/c3tb21280g
https://doi.org/10.1039/c3tb21280g
https://researchportal.hw.ac.uk/en/publications/416291bc-c0ed-415c-905e-44966ca30a1d


J Mater Chem B 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

ARTICLE  
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Development and Characterisation of a New Bioink for Additive Tissue 
Manufacturing 

Ferry P.W. Melchels,*a,b Wouter J.A. Dhert,b,c Dietmar W. Hutmachera,d,e and Jos Maldaa,b,c 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 5 

Additive manufacturing forms a potential route towards economically viable production of cellular 

constructs for tissue engineering. Hydrogels are a suitable class of materials for cell delivery and 3D 

culture, but are generally unsuitable as construction materials. Gelatine-methacrylamide is an example of 

such a hydrogel system widely used in the field of tissue engineering, e.g. for cartilage and cardiovascular 

applications. Here we show that by the addition of gellan gum to gelatine-methacrylamide and tailoring 10 

salt concentrations, rheological properties such as pseudo-plasticity and yield stress can be optimised 

towards gel dispensing for additive manufacturing processes. In the hydrogel formulation, salt is partly 

substituted by mannose to obtain isotonicity and prevent a reduction in cell viability. With this, the 

potential of this new bioink for additive tissue manufacturing purposes is demonstrated. 

Introduction 15 

Additive manufacturing (AM) is an emerging class of technologies 

in which materials are joined layer upon layer to fabricate objects 

from three-dimensional (3D) model data.1 Advantages of AM as 

opposed to traditional subtractive manufacturing technologies are 

reduced product development times (rapid prototyping, rapid 20 

manufacturing), freedom of design (customisation) and limited 

material waste.2 These features make AM attractive for medical 

applications, as instruments, implants, devices and time in the 

clinic are costly and scarce. Moreover, AM technology platforms 

can be integrated in personalised medicine concepts, which is a 25 

rapidly increasing area of interest in modern medicine. AM 

techniques are being applied clinically to personalise treatment 

concepts, such as for fabricating anatomical models for pre-

operative planning3 or for guides used intra-operatively for 

resections, drilling4 and reconstructing5. AM and specifically 30 

bioprinting does form a potential route towards engineering of 

living (containing viable cells) or tissue inductive constructs for 

regenerative medicine as the current paradigm of manually seeding 

cells onto prefabricated scaffolds often does not allow for 

recapitulation of the complex architecture of native tissues; neither 35 

can it be scaled up to meet clinical demands in an economically 

and logistically feasible manner.6  

 Bioprinting uses a computer controlled printing device to 

accurately deposit cells and/or biomaterials in form of a hydrogel 

into precise forms, shapes and volumes with the goal to build 40 

anatomically organised structures. Several technology platforms 

are available such as extrusion printing, microvalve printing, inkjet 

printing and laser-assisted printing.7 Whereas the latter two are 

unsurpassable in terms of spatial resolution, the former two are 

generally more suited for building up larger 3D structures and may 45 

therefore have more clinical relevance for tissue engineering. 

However, an important limitation in clinical translation of these 

techniques is that it requires specialised (bio)material platforms, 

which bear the for bioprinting required physiochemical as well as 

biological properties. When focussing on extrusion printing of 3D 50 

structures, there is a number of common hydrogel formulations 

that hold potential for use as so called bioink. These are based on 

biopolymers of natural origin such as collagen,8 gelatine, 

hyaluronic acid,9 chitosan10 and alginate,11 or synthetic origin such 

as poly(ethylene glycol).12 and/or poly(N-55 

hydroxypropylmethacrylacrylamide lactate).13  Bioinks in form of 

hydrogels require contrasting properties of a hydrogel material. 

For manufacture, highly viscous gel precursors, that can be swiftly 

cross-linked into stiff and strong gels, are favoured for constructing 

high-fidelity structures.14 However, cells are preferably 60 

encapsulated in soft gels with maximal water content and low 

crosslink densities, in which their metabolism, proliferation and 

migration are only minimally restricted.15 Unfortunately, bioinks 

which fulfil this catalogue of requirements are currently not readily 

available. Plotted cell-free hydrogel structures with very well 65 

defined (pore) architecture have been reported,16, 17 however, 

inclusion of cells in the fabrication process generally comes at the 

cost of shape fidelity.11, 18 Hence, we postulate that the current lack 

of suitable hydrogel systems for additive tissue manufacturing and 

specifically bioprinting forms the major bottleneck for the further 70 

maturation of this field.6 Therefore, in the current paper we 

describe the development of a novel bioink, including the 

characterisation of the properties that govern its behaviour in 

bioprinting processes. We report on the design and characterisation 

of a gelatine-based biomaterial platform that is suitable for the 75 

fabrication of well-defined hydrogel structures (precise forms, 

shapes and volumes) using an extrusion-based bioprinting process 

that enables the building of highly reproducible 3D custom-shaped 

tissue constructs. 
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 Gelatine, a protein-based hydrogel, is a well-established 

biomaterial and is favoured for its wide availability, inherent cell 

adhesion domains, low immunogenicity and enzymatic 

degradability.19 Gelatine can be functionalised with 

methacrylamide groups20, enabling irreversible cross-linking (e.g., 5 

by UV-irradiation in the presence of a photo-initiator) for shape 

preservation under physiological conditions. For these reasons, 

gelatine-methacrylamide (gelMA) is receiving increasing  

 
Fig. 1 Schematic representation of gelMA/gellan plotting (A) followed by 10 

UV curing (B). In the syringe the gellan chains (in white) form a 

temporary network in the presence of cations, and induce gel-like 

behaviour (i). Upon dispensing through a nozzle, the temporary network 

is broken up by shear forces and all polymer chains align resulting in a 

reduction of the viscosity (ii). Directly after removal of shear stress, the 15 

temporary network is restored and the plotted filament solidifies instantly 

(iii), after which the slower thermal gelation of gelMA further increases 

the stability of the printed bars and struts. Upon UV exposure the gelMA 

chains (in red) form a permanent polymer network (B). 

interest in the biofabrication and tissue engineering fields.21-25 Its 20 

low viscosity and slow thermal gelation make gelMA suitable for 

casting and micro moulding21, however restrict its application for 

bioprinting. Extrusion printing of gelMA has been successfully 

performed with ultra-precise control of ink and nozzle temperature, 

combined with cooling of of the build platform (to ~5 °C).26 Here 25 

we demonstrate how the ability to manufacture gelatine-based 

structures and constructs can be greatly facilitated and improved 

by other means than critical hardware modifications or by 

increasing the polymer concentration or crosslink density. We 

modified the rheological behaviour of gelatine gels by the addition 30 

of the high-molecular weight polysaccharide gellan gum at tailored 

salt concentrations, thereby inducing pseudo-plastic behaviour and 

yield stress in addition to the thermosensitivity inherent to gelatine. 

Results and Discussion 

Gellan gum is a hydrolysable bacterial polysaccharide, which has 35 

FDA approval as a food additive and is also being investigated for 

its application in tissue engineering.27 The low-acyl variant is the 

most commonly encountered gellan gum, which on its own   forms 

brittle gels in the presence of cations (of any valence) under 

physiological conditions. As the gellan chains bind through ionic 40 

cross-linking, the ionic interaction and gel strength are strongly 

dependent on the salt concentration. Here, we use small 

concentrations of gellan gum with tuned salt concentrations added 

to gelMA solutions to induce desirable rheological behaviour for 

gel plotting. These desired rheological phenomena include pseudo-45 

plasticity (a form  

 
Fig. 2 Rheological behaviour of gelMA/gellan at 37 °C. (A) The viscosity 

of 10/0.75 % gelMA/gellan in water is 1-3 orders of magnitude higher 

than that of the individual components, depending on salt concentration. 50 

(B) Cation concentration dependency of yield stress and yield strain for 

10/0.75 % gelMA/gellan. (C) Uncured 10 % gelMA discs at 37 °C spread 

in the absence of gellan, flow to blobs with 0.75 % gellan in water but 

keep their shape at 16 mM cations due to yield stress. Scale bars are 5 

mm. 55 

of shear thinning) and yield stress (Fig. 1A). The cations in the 

hydrogel precursor solution –both dissolved sodium ions and 

protonated groups on the gelMA chains- form ionic crosslinks 

between the gellan chains, inducing gel-like behaviour below 42 

°C (i, concentration-dependent). Upon application of shear by 60 

dispensing, the physical network is broken up and the flow is 

initiated. As the solution passes through the nozzle, the increased 

shear rates provoke alignment of the polymer chains which results 

in reduction of its viscosity (pseudo-plasticity), facilitating the 

dispensing (ii). As the shear loading is removed after exiting the 65 

nozzle, the ionic network is reformed instantly (iii) resulting in 

deposition of a solid hydrogel filament. This preserves the shape 

of the fabricated construct, which is further reinforced as the 

gelMA component forms additional physical crosslinks by 

forming triple helices below 32 °C (at 10 % concentration). 70 

Finally, the gelMA is chemically crosslinked by UV-initiated 

crosslinking (Fig. 1B), thereby resulting in irreversible shape 

fixation. 

These rheological phenomena induced by the transient physical 

crosslinking of gellan gum were further investigated (Fig. 2). The 75 

viscosity of 10/0.75 % gelMA/gellan mixtures in water was 1 order 

of magnitude higher than that of the individual components, which 

can be explained from the interaction between the deprotonated 

(negatively charged) glucuronic acid residues on the gellan gum 

chains and the protonated (positively charged) lysine groups on the 80 
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gelMA chains (Fig. 2A). The addition of small quantities of 

monovalent cations further increased the viscosity by almost 2 

orders of magnitude for low shear rates representative for sagging 

(10-2 s-1), but less 1 than order of magnitude for shear rates 

representative for plotting (102 s-1). The pseudo-plasticity is 5 

apparent, with a flow index of 0.33 when fitting the data to the 

Herschel-Bulkley model28 in which n=1 designates a Newtonian 

fluid, and  n<1 indicates pseudo-plasticity or shear-thinning. Next, 

yield stress was assessed. Whereas solutions of gelMA in water (10 

%) spread completely, the addition of 0.75 % gellan gum reduced 10 

the flow considerably to formation of a slightly spread droplet (Fig.  

 
Fig. 3 Plotting of grid structures from 10/0.75 % gelMA/gellan at 24 mM 

salt and 500 mm/min stage speed. (A) The strand diameter strongly 

depends on the dispensing rate, and to a lower extent on nozzle gauge 15 

used. (B) Photograph of grid plotted with 27G nozzle with increasing 

dispensing rate (left to right). (C) 10 layer high grid structure with 1 mm 

strand spacing (line centre to line centre) (D). Scale bars are 2 mm. 

2C). However, in the presence of 24 mM added cations, the casted 

disc shape was fully retained. The absence of flow is evidenced by 20 

sharp edges of the gel disc, which means a yield stress is present 

that is stronger than the sum of surface tension and gravity, 

ensuring shape preservation. 

Yield stress was quantified by performing compression tests on 

uncured casted cylindrical gel specimen at 37 °C, and appeared 25 

strongly dependent on the salt concentration (Fig. 2B). In this 

study, we used a range of dilutions of phosphate buffered saline 

(PBS), which has a concentration of monovalent cations (Na+ plus 

K+) of 162 mM. Where the gel mixture in water did not exhibit a 

compressive yield stress within the detection limit of our setup, the 30 

same composition at 8.1 mM salt concentration (equivalent to 20x 

diluted PBS) showed a clear yield point at 3.4 ± 0.8 kPa. The yield 

stress shows a steep increase with cation concentration up to 34.3 

± 2.7 for 81 mM, with the yield strain gradually decreasing from 

approximately 50 to 43 %. At 162 mM (undiluted PBS) however, 35 

both yield stress and strain are considerably decreased as the 

mixture phase-separates due to too strong interactions between the 

gellan gum chains. 

The obtained rheological properties of 10/0.75 % gelMA/gellan at 

24 mM salt enable plotting of gel structures using an adapted fused 40 

deposition modelling (FDM) method. Continuous filaments are 

deposited by moving the collection platform under the nozzle at 

close proximity. Both stage and piston movement are computer 

controlled from the same source code. As a result, strands with 

diameters close to the diameter of the used nozzle can be deposited. 45 

To achieve this, the translational speed of the collecting stage has 

to match the flow velocity of the gel precursor through the nozzle. 

The flow velocity v (mm/min) can be derived from the volumetric 

flow rate  (mm3/min) and the diameter of the nozzle D (mm): 

    50 

    

 (1) 

 

 

 55 

Fig. 4 Examples of plotted gelMA/gellan structures. (A, B) Solid pyramid 

and hemisphere plotted from 10/0.75 % gelMA/gellan at 24 mM salt. (C) 

30 % porous hemisphere plotted from 10/1.0 % gelMA/gellan in 0.16 mM 

salt. (D) Porous hollow cylinder plotted from 10/1.0 % gelMA/gellan in 

0.16 mM salt, after UV curing and immersion in blue dye. Scale bars are 60 

5 mm. 

Thicker filaments can be easily obtained by increasing the 

dispensing rate relative to the stage speed, allowing the extruded 

filament to ‘swell’. In this way a wide range of strand diameters 

can be obtained with a single nozzle gauge (Fig. 3A&B). This 65 

enables to select between plotting at high resolution (with thin 

filaments) or at high throughput (with thick filaments), even within 

different regions of a single construct. The lower limit for filament 

diameter corresponds approximately to the inner diameter of the 

nozzle (0.21 mm for 27G); as the gel filament is composed mainly 70 

of water and there is only a low extent of entanglement between 

the polymer chains, it tends to break when the stage speed exceeds 

the flow velocity considerably.  

3D structures can be plotted by depositing gel filaments in a layer-

by-layer fashion. Hereto, the distance between nozzle and 75 

collection platform is increased by a set value (typically 60-80 % 

of the filament diameter to ensure proper fusion) after each layer 

is completed. Porous grid structures of 10 layers height were 

prepared in this manner, in which the individual filaments in 

2

4

D
v
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different layers of the stack can be clearly distinguished (Fig. 3C). 

Choosing an appropriate step height is crucial in ensuring proper 

fusing of the deposited strand to the preceding layer to obtain a 

mechanically integer construct. When the z-step height is too large, 

drift occurs and the nozzle moves further away from the plotted 5 

structure with every subsequent layer, leading to filament 

interruptions and eventually, low fidelity constructs. However, 

when the z-step height is too small, the deposited layer can sink 

into the previous layer considerably which leads to loss of porosity 

and shape fidelity. 10 

The dispensing rate, stage speed, inter-filament distance and layer 

step height can be matched to result in solid structures, as 

demonstrated by the pyramid and hemisphere in Fig. 4A&B. A 

video of the gel printing process is available online as supporting 

information. Besides fabricating geometrical shapes such as these, 15 

in additive manufacturing it is possible to use data from medical 

scans to create patient-specific structures with anatomical shapes.5 

Porosity can be introduced into plotted structures by reduction of 

the dispensing rate. For example, 30 % reduction in dispensing rate 

corresponds to 30 % porosity (defined as the volume fraction of 20 

void space in the structure) (Fig. 4C). In the context of additive 

tissue manufacturing, the main function of porosity would be to 

allow rapid transport of oxygen, nutrients and metabolites to and 

from cells encapsulated in the gels.29 In a porous construct 

(regardless of its overall dimensions) built from gel filaments of 25 

0.4 mm diameter, the diffusion length between a cell and a 

perfused channel will be no more than 200 m, similar to the 

maximum distance between cells and blood capillaries in native 

tissues.30 In this respect, gel constructs do not need to be as highly 

porous as scaffolds, in which a high porosity is required to provide 30 

space for seeded cells to proliferate and produce tissue. When 

using cell-laden gels the pore channels merely act as a perfusion 

network as the cells are inside the gel strands where they form 

tissue whilst remodelling the gel. The porous hollow cylinder 

prepared from 10/1.0 % gelMA/gellan at 16 mM salt shown in Fig. 35 

4D has been fabricated before in poly(-caprolactone) as a scaffold 

designed specifically for a tibial segmental defect, for which a pre-

clinical model has been developed in our group.31 When fabricated 

using this hydrogel, structures could potentially contain bone-

forming cells, as well as blood-vessel forming cells to facilitate 40 

bone repair. Alternatively or additionally, growth factors could be 

released in a spatiotemporally controlled manner, by design of the 

architecture and the properties of the hydrogel (mesh size, 

degradation rate, inclusion of drug-releasing microspheres etc.). 

Dimensions and structural parameters of gel structures prepared 45 

here were analysed using CT (Fig. 5). Scans were performed 

directly after fabrication (on non-cured gels), as well as one day 

post UV-curing, after overnight immersion in PBS. The diameter, 

height and weight of the freshly fabricated structures were slightly 

lower than designed, caused by slight dehydration from 50 

evaporating water during fabrication (due to the lack of humidity 

control in the applied setup). A larger decrease  

 
Fig. 5 Structural evaluation of plotted gel construct by CT. Quantitative 

parameters are of 3 structures directly after plotting, and after UV curing 55 

and PBS immersion. Scale bars represent 5 mm. 

was seen for the cured structures, which can be explained by 

shrinkage, a phenomenon commonly observed for UV-cured 

hydrogels. As the shrinkage is fairly isotropic (10 % in diameter, 

11 % in height and 23 % in weight, which corresponds to 8 % 60 

unidirectional shrinkage assuming density to remain unchanged), 

it does not influence the shape of the fabricated construct and can 

be taken into account in the design. The porosity of the fabricated 

structures was close to the designed/predicted porosity both before 

and after UV curing. Moreover, the ~10 % shrinkage was too low 65 

to induce a significant decrease in average filament diameter and 

spacing, which both were approximately 1 mm in all cases. The 

CT visualisations in Fig. 5 demonstrate the porous constructs 

were plotted with highly regular filaments almost comparable to 

fused deposition modelling of thermoplastics. Such high shape 70 

fidelity is rarely demonstrated with other hydrogel platforms. 

As application of this gel system for additive tissue manufacturing 

would imply cells to be incorporated in the hydrogel, it is important 

to create an isotonic environment as hypotonic conditions lead to 

osmotic stress, which could result in cell damage or possibly cell 75 

death through osmolysis.32 The salt concentrations used here to 

tailor the rheological properties of the gels are far below 

physiological levels (10-15 %), hence we investigated the use of 

the sugar mannose as a non-ionic temporary replacement for PBS 

to provide the cells with an isotonic environment during 80 

fabrication. Mannose has been used before as a regulator of 

tonicity, in the osmotic selection of mesenchymal stem cells from 

umbilical cord blood.33 The combined effect of replacing PBS by 

isotonic mannose and of adding 0.75 % gellan to 10 % gelMA on 

cell viability was investigated using the Alamar blue assay for 85 

metabolic activity (Fig. 6A). The hydrogel precursors mixed with 

cells were UV-cured and incubated overnight, after which the 

metabolic activity was assessed. The metabolic activity was 

normalised to that of in 10 % gelMA in PBS. In this positive 

control, the absolute viability was determined using live/dead 90 

staining at 81 ± 4 %, which is in the normal range for UV-cured 

gels. While the absence of PBS or mannose led to immediate cell 

death, no decrease in metabolic activity was observed for the 

gelMA/gellan in mannose group. This indicates that neither the 

addition of gellan gum, nor the short-term lack of ions is 95 

detrimental for cell survival, as long as mannose is used to 

maintain isotonic conditions. This gives the user the freedom to 

independently tailor salt concentrations towards optimal 

rheological properties  
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Fig. 6 Viability of cells encapsulated in gelMA/gellan gels. (A) Metabolic 

activity (24 h post UV-curing) of cells encapsulated in 10/0.75 % 

gelMA/gellan in isotonic mannose  (0.30 M) or 10 % gelMA in water, 

normalised to 10 % gelMA in PBS. (B) Live/dead staining (4 d post UV-5 

curing) of plotted cell-laden construct of 10/1.0 % gelMA/gellan in isotonic 

solution of 16 mM NaCl and 0.27 M mannose. Dashed white lines indicate 

pores in grid (scalebar is 1 mm). 

for biofabrication, without compromising cell viability. The 

metabolic activity was not reduced for up to 1 hour exposure to 10 

isotonic mannose-containing gel precursors in the absence of salts 

(data not shown). By comparison, fabrication of the ~16x11 mm 

construct shown in Fig. 5 takes 13 minutes. Constructs of 10/1.0 % 

gelMA/gellan were successfully plotted with encapsulated cells 

(Fig. 7B). The addition of 0.5 million cels per mL did not visibly 15 

affect plotting characteristics. The plotted grid structure can be 

recognised in the fluorescent image showing live (green) and dead 

(red) cells in the image. Due to resuspending of cells in the gel at 

a supraphysiological temperature of 40-50 °C the viability is 

approximately 50 %, which is lower than in non-plotted controls 20 

that contained less gellan and no salt (81 ± 4 % viability). Current 

research efforts are aimed at decreasing the gelation temperature 

of gelMA/gellan mixtures, to enable resuspending cells at 37 °C, 

thus decreasing cell death. 

The physical properties of crosslinked gelMA-gels (10 %) with 25 

different concentrations of added gellan gum were evaluated. The 

gels were prepared in isotonic mannose, including 10 % gelMA in 

PBS as a reference. The gel percentage (weight fraction of gel 

precursor incorporated in the final network) was not affected by 

gellan concentration or the medium; it was 78 ± 4 % across the 30 

whole range. The crosslinking reaction is incomplete (gel fraction 

< 100 %) as the crosslinking conditions –UV exposure time in 

particular- have been optimised to obtain a mechanically robust gel 

while retaining high cell viability.25 

The compressive modulus (tangent of stress-strain curve at 10-15 35 

% strain) was shown to increase progressively upon addition of 

gellan gum (Fig. 7A). Replacing PBS by mannose decreased the 

modulus from 26 ± 3 kPa to 18 ± 1 kPa, which was counteracted 

by the addition of 0.5 % gellan gum (28 ± 2 kPa). Adding more 

gellan increased the modulus considerably (50 ± 4 kPa for 0.75 % 40 

and 59 ± 7 kPa). This can be explained by the formation of a 

physically crosslinked network of gellan that forms and 

interpenetrating network with the chemically crosslinked gelMA 

network. The physical network is formed as the UV cured gels are 

incubated in PBS and cations diffuse into the gel to crosslink the 45 

gellan. The compressive modulus of a 10 % gelMA + 1 % gellan 

gum gel (after UV-curing in mannose followed by PBS immersion) 

is slightly higher than the sum of those of a UV-cured 10 % gelMA 

gel and an ionic 1 % gellan gum gel: 59 ± 7 kPa vs. 18 ± 1 kPa plus 

24.8 ± 0.2 kPa. This can be expected as the total crosslink density 50 

(with which the modulus scales linearly) is the sum of the crosslink 

densities of the two independent networks, plus the trapped 

entanglements which act as additional crosslinks. 

 
Fig. 7 Effect of gellan and mannose on physical properties of UV-cured 55 

gelMA gels. (A) Compressive modulus for different gellan concentrations 

(in mannose) compared to gelMA or gellan alone (in PBS). (B) Scanning 

electron micrographs showing microstructure of gelMA vs. gelMA/gellan 

gels (scale bars are 10 m). (C) Effective swelling for different gellan 

concentrations (in mannose) compared to gelMA alone (in PBS). 60 

 

Scanning electron microscopy revealed no change in 

microstructure down to the micrometer level upon addition of 1 % 

gellan gum to 10 % gelMA (Fig. 7B). This indicates that these 

components are fully miscible at these concentrations, and remain 65 

mixed upon UV curing. Both images show uniform foams with 

pores of far below 1 m in size, implying isotropic homogeneous 

crosslinking. 

Shrinkage - common for UV-cured gelMA gels25 - was reduced 

upon replacing PBS by mannose, and further reduced as the gellan 70 

concentration increased (Fig. 7C). The shrinkage for 10/1.0 

gelMA/gellan was only 2 ± 2 % (by weight) in these series, 

whereas the porous structures prepared from this composition 

shrunk by 23 % (Fig. 5). The difference can be explained by a 

combination of UV attenuation into the much larger plotted 75 

structure, and inhibition of chain crosslinking polymerisation by 

oxygen. The gels used for characterisation of their physical 

properties were only 2 mm thick and UV cured in a fully enclosed 

mould, which minimises oxygen inhibition that free-radical 

polymerisations are sensitive to.34 The porous structures however 80 

were 11 mm tall and immersed in a solution of photo-initiator in 

PBS to avoid direct atmospheric exposure and depletion of 

initiator. However, the oxygen dissolved in the immersion medium 

would have had an inhibiting effect on the photo-initiated 

crosslinking, resulting in incomplete crosslinking. Assessing local 85 

methacrylamide conversion and stiffness throughout the structures 

are points for future investigation. Nevertheless, thermally stable, 

fully elastic hydrogel structures of the designed shapes were 

obtained with this fabrication and UV curing approach. 

 90 

We presented a study of modifying a widely used hydrogel, namely 

gelatine-methacrylamide, for applications in additive 

manufacturing and specifically bioprinting. In the young field of 

hydrogel-based bioprinting, the optimal range of material 

properties for gel plotting has not yet been established. However, 95 

for our system the best results were obtained in the same range of 

viscosity (of about 1 up to several Pa.s) as was previously reported 

for another biomaterial which was used as bioink, namely sodium 

alginate.35 Even so 2 or 3 % alginate solutions (with 0.9 or 2.0 Pa.s 

viscosity, respectively) can be printed, the spatial resolution and 100 

form stability of the strands and struts as well as the overall shape 

of a printed construct is far from being optimal. Having a 

sufficiently high viscosity is important for bioprinting, as it 

prevents surface tension-driven droplet formation at the nozzle tip, 
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as well as collapse of the plotted structure. Conversely, higher 

viscosities imply higher shear stresses imposed on encapsulated 

cells, and mixing of cells into gel precursor solutions becomes 

more challenging without introducing air bubbles. The most 

practical way is to mix in the cells just above the gelation 5 

temperature of the gellan, when the viscosity is low (mPa range). 

The effect of short exposure to temperatures slightly above body 

temperature (the gelation temperature of gellan at 1% w/v in PBS 

is 42 °C) on cell viability and function is yet to be determined. 

However, the gelation temperature can be decreased by 10 

oxidation36, which will be a point of further study for this 

application. Besides viscosity, the kinetics and timing of gelation 

are crucial for shape preservation. To our knowledge, the 

gelMA/gellan gum system described here is the first one that 

exhibits a three-stage gelation mechanism for bioprinting. First, 15 

almost instant formation of a loose, physically crosslinked gellan 

network arrests the flow of gel directly after plotting, which is 

manifested as yield stress. After that, the plotted structure further 

increases in strength and stiffness as the gelatine cools and forms 

a thermal gel. This process, which takes place over the course of 20 

minutes, prevents any noticeable deformation caused by gravity 

and therefore enables the construction of large and tall structures. 

Finally, UV-initiated crosslinking of the gelMA component fixes 

the shape irreversibly so it can be handled, cultured at 37 °C while 

submerged in culture media, and potentially mechanically loaded 25 

in a bioreactor to stimulate encapsulated cells for improved tissue 

regeneration.26 By adjustment of dispensing rate relative to stage 

speed, filaments of a wide range of diameters can be plotted. 

Constructs can be fabricated according to compute designs either 

in solid gel or porous, allowing perfusion and fast exchange of 30 

solutes.  

The addition of gellan gum was shown to not affect gel 

microstructure or cell viability, even when PBS was replaced by 

isotonic mannose for up to one hour. Gels with higher gellan gum 

concentrations showed higher compressive moduli and less 35 

swelling behaviour. 

In conclusion, to our knowledge we are the first group to show that 

the addition of small quantities of gellan gum to gelatine-

methacrylamide hydrogels and tailoring of salt concentration 

enables additive manufacturing with high shape fidelity without 40 

compromising cell viability. 

Experimental 

GelMA synthesis: Gelatine (Sigma Aldrich, type A from porcine 

skin, 300 g Bloom) was reacted with methacrylic anhydride 

(Sigma Aldrich 92 %) at 0.6 g anhydride per g gelatine in PBS at 45 

10 % at 50 °C for one hour, followed by removal of excess 

anhydride by centrifugation and decanting and dialysis (cellulose 

membrane with 12-14 kDa cut off, Sigma Aldrich) at 40 °C for 24 

h against demineralised water (refreshed twice), freeze-dried and 

stored at -20 °C until further use. Irgacure 2959 (gift from BASF) 50 

was recrystallised from water and dissolved in water at 70 °C for 5 

min, final concentration 0.05 %. GelMA, low-acyl gellan gum 

(Gelzan Gelrite, Sigma Aldrich), D-(+)-mannose (Sigma Aldrich, 

5.4 % for isotonic solution), PBS were dissolved separately in 

water and mixed in the desired ratio at 90 °C. All concentrations 55 

are in % w/v (or g/100 mL water). 

Viscosity measurements were performed at 37 °C on an AR-G2 

rheometer (TA Instruments) fitted with a cone-and-plate 

attachment. Yield stress was measured by unconfined compression 

on non-cured cylindrical (6x2 mm Dxh) injection-moulded gels at 60 

37 °C in air at 0.01 mm/s on an Instron Microtester 5848 (5 N load 

cell). 

Gel plotting was performed at 34 °C on a custom-made 

BioExtruder bioprinter using a stepper motor driven xyz-stage and 

syringe pump designed to fit disposable 5 mL syringes. Cell-laden 65 

gel constructs were prepared on a SysEng BioScaffolder bioprinter 

inside a laminar air flow cabinet, otherwise using the same 

materials and conditions. Gels for physical characterisation and the 

cell experiment were casted in a 50x4x2 mm Teflon mould, 

covered with a glass microscope slide, exposed to 365 nm UV (2.6 70 

mW/cm2) for 15 min (UVP CL-1000) and cut in 6 equal pieces 

using a scalpel blade. Plotted gel structures were UV cured for 30 

mins while immersed in a 0.1 % Irgacure 2959 solution in PBS. 

Cell viability experiment: suspensions of MC3T3 pre-osteoblasts 

in gel precursor solutions were UV cured for 15 min and incubated 75 

overnight in of Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10 % foetal bovine serum and 1 % 

penicillin/streptomycin, then in DMEM + 8 % Alamar Blue 

(Invitrogen) for 3 h after which the fluorescence was measured in 

a black 96 well plate (Corning) using a POLARStar OPTIMA plate 80 

reader (BMG Labtech) at excitation 544 nm/emission 590 nm. For 

plotting, chondrocytes of the ATDC5 cell line were resuspended in 

isotonic mannose at 37 °C, then mixed with gelMA/gellan of 50 

°C using a gel pipet (Gilson) and transferred to a 3 mL syringe for 

plotting. Constructs plotted at 34 °C were UV-cured for 15 min and 85 

cultured in DMEM for 4 days prior to 20 min staining with 4 mM 

calcein AM (live) and 2 mM EtBr (dead) in PBS at 37 °C, and 

visualised on an Olympus BX51 microscope. 

Characterisation of physical properties: Cell-free gels were 

compression tested while immersed in PBS at 37 °C at 0.01 mm/s 90 

on an Instron Microtester 5848 (5 N load cell). After 24 h in PBS 

at 37 °C gels were blotted dry and weighed; effective swelling was 

defined as swollen weight divided by initial weight. 

Imaging: A Scanco CT scanner was employed at 55 kV/145 A 

for structural characterisation of porous plotted gel structures. For 95 

scanning electron microscopy imaging, samples were fixed in 3% 

glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 24 

h at 4 °C, then post-fixed in 1% osmium tetroxide for 45 min. 

Samples were then dehydrated in an ascending ethanol series (50, 

70, 90, 100 % and 100 % again) before being critically point dried 100 

in CO2.  A 10 nm sputter coating of gold was deposited (Leica EM 

SCD005 sputter coater) prior to examination using a FEI Quanta 

3D Focused Ion Beam SEM, operating in HV mode at 10 kV. Cell-

laden gels were also stained with 10 g/mL fluorescein diacetate 

(stains live cells) and 5 g/mL propidium iodide (stains dead cells) 105 

for 5 min and imaged on a Leica SP5 confocal microscope. 
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