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Abstract: Gelatin and transglutaminase (TG) ink is increasingly popular in direct ink writing three-dimensional (3D) 
printing of cellular scaffolds and edible materials. The use of enzymes to crosslink gelatin chains removes the needs for 
toxic crosslinkers and bypasses undesired side reactions due to the specificity of the enzymes. However, their application 
in 3D printing remains challenging primarily due to the rapid crosslinking that leads to the short duration of printable 
time. In this work, we propose the use of gelatin preheated for 7 days to extend the duration of the printing time of the 
gelatin ink. We first determined the stiffness of freshly prepared gelatin (FG) and preheated gelatin (PG) (5 – 20% w/w) 
containing 5% w/w TG. We selected gelatin hydrogels made from 7.5% w/w FG and 10% w/w PG that yielded similar 
stiffness for subsequent studies to determine the duration of the printable time. PG inks exhibited longer time required 
for gelation and a smaller increase in viscosity with time than FG inks of similar stiffness. Our study suggested the 
advantage to preheat gelatin to enhance the printability of the ink, which is essential for extrusion-based bioprinting and 
food printing.
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1 Introduction

This paper discusses the effects of preheating 
gelatin on its printability through direct ink 
writing (DIW) three-dimensional (3D) printing. 
Recent developments in 3D printing and additive 
manufacturing have extended into the fields 
of tissue engineering[1,2], sensing[3], and food 
engineering[4,5]. In the field of tissue engineering, 
anatomical replicas of human organs such as skin, 
heart, lung, kidney, and liver have been printed. 
These 3D printed organs have been shown to 

express the characteristics of tissue markers and 
spatial orientations as native human organs[1]. 
Strategies have been developed to improve 
the resolution, shape fidelity, and complexity 
of these 3D printed organs. Examples include 
delaying cell sedimentation within the bioink 
through the addition of non-adhesive polymers or 
weakly crosslinked hydrogels[2]. In sensing, 3D 
printing has been used to fabricate multi-material, 
multifunctional stretchable electronic devices, 
ranging from wearable electronics, energy 
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harvesting devices, to prosthetic bionic skins[3]. 
The adoption of 3D printing technology offers 
multiple advantages over traditional techniques 
to fabricate scaffolds, including uniformity and 
reproducibility in manufacturing, reduction of 
user error, and precise control over scaffold pore 
size, connectivity, and geometry[6]. Among the 
materials used in extrusion-based printing, natural 
biopolymers such as collagen, gelatin, and chitosan 
are promising candidates for bioprinting and food 
printing due to their excellent biocompatibility 
and abundance of cell recognition sites[7,8]. In 
addition, natural biopolymers such as gelatin 
are inexpensive to fabricate, and they can be 
synthesized with relative ease[9]. Essential physical 
properties (such as stiffness and water content) 
can be altered to obtain similar elastic modulus 
of native tissues such as skeletal muscle, which 
was previously reported to be within the range 
of 10 – 50 kPa[10]. Finally, gelatin is a generally 
edible material and can eventually be used for 
food printing as a ready-to-eat product without 
the need for post-processing. These properties 
make the gelatin as a desirable candidate for the 
application in 3D printing. 

3D printing of gelatin would require adequate 
control over the physical properties of the gelatin 
inks. The melting point of gelatin is 30 – 37°C, 
depending on their bloom strength, pH, and 
concentration[11]; gelatin is unable to hold/retain 
its structure and would melt at physiological 
temperature. Permanent peptide bonds need to 
be formed between amino acids to ensure the 
integrity of the structure in a liquid medium and 
at physiological temperature. Among the most 
employed techniques to achieve permanent 
crosslinking are photocrosslinking and enzymatic 
crosslinking. Photocrosslinking between 
methacryloyl groups in Gelatin-Methacryloyl 
happens relatively fast (in the order of seconds), 
which rapidly confers structural stability to the 
printed scaffold[12]. Enzymatic crosslinking (i.e., 
using transglutaminase [TG]), on the other hand, 
takes place relatively slower (in the order of 
minutes) than photocrosslinking. Although slower, 
TG has been widely used as a meat glue to mediate 
the crosslinking of gelatin; the crosslinked product 

remains edible, which is the requirement for 3D 
food printing. In addition, enzymatic crosslinking 
does not produce free radicals and uncrosslinked 
monomers derived from photocrosslinking 
reactions that might adversely affect the cellular 
conditions. Both photocrosslinking and enzymatic 
crosslinking are permanent and confer mechanical 
strength to the crosslinked gelatin chains required 
for 3D printing. TG is often added to gelatin 
to facilitate the formation of the peptide bond 
between the γ-carbonyl group of glutamine 
residue and the ε-amino group of a lysine residue 
within the gelatin[9]. The formation of peptide 
bonds stabilizes the structure of the printed 
scaffold and improves its structural integrity. 
This enzymatic crosslinking is favored among 
other available methods of crosslinking (such as 
chemical crosslinking) due to the low occurrence 
of side reactions (due to substrate specificity) and 
no cellular toxicity of the enzymes. The use of 
enzymes also eliminates the need for specialized 
equipment and other photo-sensitive additives that 
may be toxic in nature[9].

DIW 3D printing has been widely demonstrated 
in 3D printing for polymers, foods, hydrogels[13, 14]. 
Polymers such as polyvinyl alcohol were 3D printed 
to serve as coating layers for controlling the 
drug release of active ingredients[15]. For the 
application in food printing, rheology-modified 
food inks have been printed using a DIW 3D 
printer to model complex 3D shapes without 
temperature control[5]. Potato starch-containing 
anthocyanin and lemon juice was 3D printed as 
a two-part gel system exhibited time-dependent 
color change in response to the diffusion of 
hydrogen ions from the lemon juice layer into the 
anthocyanin layer[16]. Such 3D-printable hydrogels 
included photo-curable polyethylene glycol 
acrylate, poly(2,6-dimethyl-1,4-phenylene oxide) 
acrylate, gelatin-methacrylate, and hyaluronan-
methacrylate[17-19]. In addition, gelation can be 
triggered by printing a hydrogel-forming polymer 
solution into a bath of the reactive substance. It was 
reported that alginate printed into calcium solution 
using this method has yielded complex cell-laden 
3D structures maintaining cell viability[20]. DIW 
of these hydrogel-forming polymers offers a 
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rapid and relatively cell-friendly method for 
the making of cellular scaffolds[21]. In DIW 3D 
printing, a continuous ink filament is extruded 
through a nozzle onto a stationary substrate from a 
microscale syringe tip driven by either pneumatic 
pressure or mechanical force[22]. Although gelatin 
and TG ink is an ideal material for 3D printing, 
its application in 3D printing remains challenging 
because of the difficulty to control the physical 
and rheological properties of the ink. 

In particular, 3D printing with gelatin and TG is 
limited by the rate of enzymatic crosslinking; the 
rapid crosslinking influenced the gelation time of 
the ink[9]. The fast crosslinking would result in the 
rapid gelation of the liquid gelatin ink. The gelation 
of the ink increases its viscosity and results in 
clumps in ink. These clumps diminish the quality 
of the printed structures and clog the nozzle during 
printing. It was reported that printing was only 
possible for approximately 3 min at 37°C before 
the crosslinking reaction prevents ink flow due 
to blockage[9]. Future optimization was therefore 
required to identify other approaches to extend the 
printing time. 

To enhance the usability of the freshly prepared 
gelatin (which we term FG) inks crosslinked 
with TG in 3D printing, we propose to use 
preheated gelatin (which we term PG) inks to 
extend the printing time. We first evaluated the 
stiffness of hydrogels prepared from FG and PG 
crosslinked with TG. Envisaging applications 
in bioprinting, we identified the concentrations 
of gelatin and TG in ink. We then 3D printed 
grid patterns for FG and PG possessing similar 
stiffness and assessed their printability, gelation, 
and viscosity profiles. Finally, we incubated 
hydrogels in phosphate-buffered saline (PBS) to 
determine their swelling profiles. Our experiments 
suggested that hydrogels prepared from PG (10% 
w/w) offered approximately 4 to 10 times longer 
printing time. Finally, we found that PG inks 
exhibited greater shrinkage at low concentrations 
(i.e., 7.5% and 10% w/w) and greater swelling 
at high concentrations (i.e., 20% w/w) than FG 
inks of the same concentrations. The shrinkage 
of PG may allow reducing the size of the printed 
models by post-processing. Our study suggested 

the preheating of gelatin as a simple way to 
influence the printability and the volume change 
of the ink. The insights gained in this study shall 
be applicable for applications in 3D printing to 
extend the printing time of the gelatin and TG ink 
to fabricate large cellular scaffolds or intricate 
structures for bioprinting and food printing.

2 Results and discussion

2.1 Justification of approach

Several approaches are possible to extend the 
duration of the printable time for the gelatin inks 
crosslinked with TG, including (1) lowering 
the concentration of gelatin, (2) lowering the 
concentration of TG, and (3) altering printing 
temperature. In this paper, we excluded the 
alteration of the concentration of the materials 
from our possible approaches to achieve the goal. 
It was previously reported that changing gelatin 
concentration had a small effect on the gelation 
time of the gelatin and TG ink[9]. Lowering the TG 
concentration to increase the duration of printing 
was reported to lower the overall hydrogel 
stiffness greatly[9]; the resulting hydrogels 
possessed poor stability in aqueous environments 
due to the reduced degrees in crosslinking 
between gelatin chains. The uncrosslinked gelatin 
chains would be washed out in the surrounding 
aqueous environment, destabilizing the printed 
gelatin structure. Because of this reason, we fixed 
the concentration of TG as 5% w/w throughout 
the current study. Alteration of the printing 
temperature would influence the viscosity of the 
ink and the stability of TG, and we did not employ 
that approach to achieve extended printable time. 

We selected to investigate the effect of 
preheating of gelatin. Gelatin absorbs water and 
swells in liquid media[23]. Preheating of gelatin has 
been reported to reduce its extent of swelling[24]. 
When the gelatin is preheated, the internal 
hydrogen bonds responsible for holding the triple 
helical structure of gelatin are broken. A previous 
study reported that the unfolding of the triple 
helical structure exposes more hydrophobic amino 
acids, increasing the surface hydrophobicity of 
the gelatin[25]. However, when gelatin undergoes 



Tan, et al.�

	 International Journal of Bioprinting (2020)–Volume 6, Issue 4� 121

chemical crosslinking, the formation of a rigid 
network reduces the extent of swelling in the 
resulting hydrogel[26]. In this study, we investigated 
the effect of swelling of FG and PG crosslinked 
with TG. 

2.2 Evaluation of hydrogel stiffness

Initially, stiffness of hydrogels prepared from 
FG and PG crosslinked with TG (5% w/w) was 
investigated. Stiffness is an essential mechano-
physical property that influences cell growth and 
function[27]. We intended to show that PG would 
be able to confer better printability than FG for 
the hydrogels yielding similar stiffness. We have 
chosen hydrogels yielding an estimated elastic 
modulus of 10 kPa, which is tissue-like stiffness 
deemed suitable for the culture of many cell types, 
including myoblasts, human primary keratinocytes, 
and human embryonic stem cells[28-30]. Amplitude 
sweep tests were conducted for FG and PG with 
the concentrations ranging from 5 to 20% w/w 
while keeping TG concentration at 5% w/w. We 
use the following nomenclature to describe the 
composition of FG and PG throughout the current 
study. For instance, FG10 indicates that the ink 
contained 10% w/w FG and 5% w/w TG, while 
PG10 indicates that the ink contained 10% w/w 
PG and 5% w/w TG. The hydrogel stiffness was 
determined by its elastic modulus, which was 
estimated from the storage modulus obtained 
from the viscoelastic region of the flow diagrams, 
as reported.[31] The estimated elastic modulus of 
both FG and PG hydrogels increased with gelatin 
concentrations. Exposure of gelatin to high 
temperatures for extended periods resulted in 
the thermal hydrolysis of the polypeptide chains. 
Thermal hydrolysis caused a decrease in the gel 
rigidity (i.e., gel strength)[32]. The stiffness of 
hydrogels of FG7.5 was similar to PG10, both 
of which yielded an estimated elastic modulus of 
approximately 10 kPa ( Figure 1). We chose these 
two hydrogel compositions for our subsequent 
work because they yielded a tissue-like stiffness 
which deemed suitable for the culture of many cell 
types. Highly stiff substrates were not favored for 
cell cultures, as multiple studies have shown that 

cells preferentially grow and differentiate on soft, 
tissue-like substrates[33-35]. We also included FG10 
for our later study as a control for preheating; 
FG10 and PG10 contained the same gelatin 
concentration, and the observed differences, if 
any, shall be attributed to the consequences of 
preheating. After identifying suitable inks (that is, 
FG7.5, FG10, and PG10), we proceeded to assess 
their printability.

2.3 3D printing of gelatin and TG inks and 
printability characterization

The printability of the inks was assessed at selected 
time points using the printability value (Pr)[36]. Pr 
indicated the degree of gelation of the extruded 
filament at the respective time points[36]. Three states 
of gelation were considered for the printed inks: 
Under-gelation, proper-gelation, and over-gelation. 
Under-gelation would yield obvious chamfers in 
the printed grids due to the fusion of the subsequent 
two layers of the interconnected filaments (Pr < 1). 
During proper-gelation, the interconnected filaments 
would demonstrate a perfect square shape or close to 
a square with regular edges (Pr = 1). Over-gelation, 
however, led to the formation of irregularly printed 
and interconnected filaments (Pr > 1). The larger 
values of Pr indicated the higher degree of gelation 
while the smaller Pr indicated the lower degree of 
gelation. We set the acceptable range of Pr to be 
0.9 – 1.1, as reported previously with 3D printed 
hydrogel constructs[36].

FG7.5, FG10, and PG10 were printed in a grid 
pattern on a glass surface at 3 min, 5 min, 10 min, 
and every 5 min after that. The printing was 
stopped when the inks became clumpy or when 
the ink could not be extruded at the maximum 
pressure of the dispenser. The Hagen-Poiseuille 
equation suggested that the volumetric flow rate 
was inversely proportional to the viscosity of 
fluids[37]. Continuous increase in the viscosity 
required compensation by the increase in the 
applied pressure. We observed that extruding FG 
inks were more challenging than PG due to the 
rapid increase in the viscosity (Figure 2A and 2B).

Under-gelation was observed for FG7.5 at 3 
min but not for FG10 (Figure 2A). The duration 
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of under-gelation was the longest for PG10, which 
lasted at least 15 min (Figure 2B). The duration 
of proper-gelation was 5 min for FG7.5 and 20 
min for PG10, respectively, while it was 2 min for 
FG10 (Figure 2B). Over-gelation was observed for 
FG7.5 and PG10 as the printed ink was clumpy and 
yielded the grids with irregular edges (Figure 2A). 
Over-gelation was also identified by a fractured 
grid morphology and disconnected filaments such 
as  FG10 after 10 min. The gelation occurred most 
rapidly for FG10 among the three inks, where over-
gelation manifested in a clogging nozzle and the 
filament barely extruded at the highest extrusion 
pressure (0.7 MPa). This clogging resulted in the 

inconsistent square grids with multiple broken 
interconnected filaments at 10 min, and the ink was 
hardly extruded at 15 min (Figure 2A). However, 
perfect squares may not be achieved even during 
proper gelation for every smaller square grid 
within the printed lattice. The discontinuity in the 
printed filament was due to a mismatch between the 
gelation state of the ink and the extrusion pressure. 
The ink became gradually gel-like in the nozzle 
with time due to crosslinking by TG. The increase 
in gelation required a corresponding increase in 
extrusion pressure to extrude the gel-like ink onto 
the substrate. However, as a single pressure was 
used to print the ink at every time point, small break 

Figure 1. Flow diagrams of hydrogels made of different concentrations of FG and PG cross-linked with 
TG (5% w/w). (A) FG5. (B) FG7.5. (C) FG10. (D) FG20. (E) PG10. (F) PG20.

A B

C D

E F
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Figure  2. (A) Images of three-dimensional printed grid pattern using FG7.5, FG10, and PG10 each 
representing under-gelation, proper-gelation, and over-gelation, respectively. (Scale bar = 2.86 mm) (B) 
Evaluation of the duration of acceptable printability of the inks. The plot shows average Pr of the grid 
pattern at respective time points for FG7.5, FG10, and PG10.

A

B
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(or discontinuity) could have occurred at specific 
points of the printed lattice. This error may not 
be critical due to the sufficiently large 3D printed 
lattice structure. We chose small square grids (n 
= 5) to calculate the average of Pr values at the 
respective time points. The values of Pr for FG7.5, 
FG10, and PG10 were plotted with respect to time 
to predict the duration for acceptable printability 
(0.9 < Pr < 1.1). Assuming linear changes in Pr 
between the data points, we estimated the duration 
of time that offered acceptable printability; the 
duration was the longest for PG10 (~20 min), 
which was higher than for FG7.5 (~5 min) and 
FG10 (~2 min) (Figure 2B). 

2.4 Effect of PG ink on gelation time

The gelation of the ink triggered the phase change 
of the ink from liquid to gel due to enzymatic 
crosslinking. The viscosity of the ink became 
effectively infinite when the gelation completed[38]. 

The time point for the gelation allows us to 
approximate when the ink is printable with 
acceptable morphology and mechanical stability. 
We performed a time-sweep experiment to identify 
the gelation time of FG7.5, FG10, and PG10. The 
experiment was conducted at 40°C, which was 
consistent with the printing temperature of the 
inks. This temperature ensured that the gelation 
was solely due to enzymatic crosslinking but not 
due to the temperature at which the experiment 
was performed. The time point where the storage 
modulus matched with the loss modulus was 
recorded as the gelation time. Note that the 
reported values in this section include an extra 2.5 
min (150 s) in addition to the time recorded by 
the rheometer (shown in the graphs in Figure 3). 
This extra time accounts for the time required to 
prepare the samples (i.e., mixing the gelatin with 
TG and loading it into the instrument). After the 
completion of the gelation, both storage and loss 

Figure 3. Rheological characterization of freshly prepared gelatin (FG7.5, FG10) and preheated gelatin 
(PG10). Time sweep tests indicating the storage modulus (G’) and loss modulus (G”) of FG and PG at the 
respective concentrations: (A) FG7.5, (B), FG10, and (C) PG10. Regions of the curves were expanded 
to identify the gelation time point for each curve. (D) A plot showing the viscosity of FG7.5, FG10, and 
PG10 with time.

A B

C D
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modulus reached a plateau. As observed with FG7.5 
and FG10, the change in gelatin concentration had 
little effect on the gelation time for FG. However, 
the shorter gelation time in FG10 (~168 s) than 
FG7.5 (~174 s) may explain the mild spreading of 
FG7.5 ink at 3 min (Figure 2A), which was not 
apparent for FG10 (Figure 2A). PG10 exhibited 
the longest gelation time of 1169 s (19.4 min) 
(Figure  3C). This measurement was consistent 
with the spreading of PG10 ink at 20 min where 
proper-gelation was observed (Figure 2B).

2.5 Effect of preheating on ink viscosity

Viscosity is an essential parameter for extrusion-
based printing as it determines the printability of 
the ink with a given pressure. A previous study has 
shown that the extrusion pressure is proportional to 
the zero-shear viscosity of the extruded filament[39]. 
The time-dependent change in the viscosity of the 
ink required us to control the extrusion pressure 
throughout the printing. We measured the viscosity 
of FG7.5, FG10, and PG10 over time (Figure 3D). 
The increase in the viscosity of FG and PG was due 
to the crosslinking of the gelatin by TG. The rate 
of increase in viscosity was evident by the gradient 
of the slope reflected in the viscosity-time curves, 
suggesting the required pressure to extrude the 
ink from the nozzle. The initial sharp increase in 
the viscosity of FG implied that the rapid increase 
in the extrusion pressure was required to ensure 
smooth printing. This rapid increase in the extrusion 
pressure resulted in somewhat unpredictable print 
quality with discontinuous or spread inks, which was 
observed for the FG inks (Figure 3D). The sharp 
increase in the viscosity for FG also explains the 
short duration of acceptable printability (Figure 2B) 
and rapid gelation (Figure 3A, 3B), both of which 
made the DIW 3D printing challenging for FG. 
In contrast, the increase in the viscosity occurred 
slower for PG10 than FG7.5 and FG10 (Figure 3D), 
allowing for relatively easy control over the printing 
pressure and smooth extrusion of the ink.

2.6 Swelling of hydrogels

The swelling test was performed on the hydrogels 
prepared from FG and PG. An isotonic environment 

was simulated with 1 × PBS, which would be an 
important consideration if the samples were used 
as cellular scaffolds. We studied the swelling 
of hydrogels by placing the hydrogel samples 
prepared from FG (FG7.5, FG10, and FG20) 
and PG (PG7.5, PG10, and PG20); all samples 
were crosslinked with TG (5% w/w) in 1 × PBS. 
The hydrogels were weighed at the beginning of 
the experiment and every 24 h post-soaking in 
1 × PBS for 4 days. Their swelling ratios were 
plotted against the incubation time with 1 × PBS. 
(Figure 4) 

For FG7.5, FG10, PG7.5, and PG10, a decrease 
in gel weights was observed post-soaking in 1 × 
PBS because 1 × PBS had a much higher ionic 
strength than the water contained in each gel. The 
gel placed in the hypertonic environment lost water 
due to the osmotic pressure. This effect surpassed 
the ability of hydrogels to absorb water, causing an 
overall decrease in the gel weights[26]. FG7.5 and 
FG10 showed a 20% reduction in gel weights after 
24 h; the gel weights remained relatively constant 
up till 96 h subsequently. (Figure 4) In contrast, 
PG7.5 and PG10 exhibited up to 40% reduction 
in gel weights at 72 h, and remained relatively 
constant up till 96 h. At a high concentration of 
gelatin (i.e., FG20 and PG 20), we observed the 
swelling of the gel. FG20 showed 5% increase 
in gel weight after 24 h and remained relatively 
constant thereafter until 96 h. PG20 showed a 30% 

Figure 4. Swelling of the hydrogels. Changes in 
the swelling ratio for the respective FG and TG 
over 96 h incubation in 1× PBS. All samples of 
hydrogels contained 5% (w/w) of TG.
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increase in gel weight after 24 h and equilibrated 
to a ~20% increase in gel weight until 96 h. The 
overall swelling could be attributed to a high 
concentration of gelatin (20%) in the hydrogel. 
Interestingly, FG exhibited smaller changes in 
gel weights than PG regardless of swelling or 
shrinking. This observation could be attributed 
to the rigidity of the gelatin network. Extended 
heating may cause the polypeptide chains of PG 
to be partially hydrolyzed. The resulting network 
in PG gel is more pliable than that in FG and may 
permit physical changes in the structure of the 
gel network. The flexibility of the gel network in 
PG allowed for an increased degree of shrinking 
or swelling in 1 × PBS, depending on the 
concentration of gelatin within the composition. 
Overall, the preheating of gelatin altered the 
properties to shrink or swell when placed in 
aqueous environments. The consideration of 
volume changes is essential when intending to 
create precise structures of gelatin by 3D printing. 
For the ink of PG10 that offered adequate printing 
duration, we shall account for the shrinkage if the 
printed model is used in aqueous environments. 

3 Conclusions

In this paper, we explored the effect of preheating 
of gelatin to improve the duration of printable 
time in DIW 3D printing. Our study suggested 
that preheating gelatin for 7 days extended the 
duration of the acceptable printability 10 times 
longer than freshly prepared gelatin of the same 
concentration (10% w/w), and 4 times longer than 
freshly prepared gelatin with similar stiffness 
(10 kPa). The preheating of the gelatin altered the 
shrinking and swelling behaviors of the resulting 
hydrogels over 4 days in 1 × PBS, which provides 
an important consideration when the printed 
models are used in aqueous environments such as 
cell culture media. We believe the preheating of 
gelatin shall serve as a facile route to enhance the 
usability of gelatin in extrusion-based processes. 
Gelatin inks are increasingly used in DIW 3D 
printing to fabricate single-layered structures and 
multi-layered complex 3D structures that require a 
long duration of time for printing. 

4 Materials and methods

4.1 Preparation of the inks and hydrogels

Freshly prepared gelatin (FG) was defined as 
gelatin (Porcine skin, Bloom 300, type A) (Sigma-
Aldrich, USA) that had not undergone preheating. 
Briefly, FG stock was prepared by dissolving 
and mixing 12 g of gelatin powder with 18 g of 
distilled water in a water bath at 40 – 50°C with 
stirring until a clear yellow solution was obtained. 
Subsequently, the FG stock was kept at 4°C 
until further use. PG was prepared by placing 
an FG stock in a heat oven at 65°C for 7 days. 
Both gelatins were mixed with a 5% w/w TG 
(Moo Gloo TI TG) (Modernist Pantry, USA) to 
achieve their desired final concentrations before 
the experiments. To produce hydrogels, the final 
mixture was placed in the incubator at 37°C for 
24 h to complete the crosslinking of gelatin by 
TG. The inks were prepared by mixing the gelatin 
stock solution that was pre-warmed to 40°C with 
TG. The mixture was subsequently stirred for 
30 s before transferring into a metal syringe for 
printing. The addition of TG to gelatin initiated 
the gelation. The temperature of the ink was 
maintained in the syringe at 40°C throughout the 
printing. 

4.2 DIW 3D printer and printability 
characterization

FG and PG inks were printed using a DIW 3D 
printer using a commercial 3D printing robot 
and a dispenser (SHOTmini 200 Sx and IMAGE 
MASTER 350 PC Smart, Musashi Engineering 
Inc., Japan). The dispenser was equipped with 
a single metal syringe (to maintain constant 
printing temperature) and a precise pressure 
controller (ML-5000XII and ML-808GX, 
Musashi Engineering Inc., Japan). MuCAD V 
software (Musashi Engineering Inc., Japan) was 
used to generate the design of the grid. Printing 
was performed with a metal nozzle head with a 
diameter of 200 μm under the dispending pressure 
ranging from 0.001 MPa to 0.7 MPa and the 
writing speed of 16 mm/s. The print speed was 
maintained at 16 mm/s to ensure the uniformity of 
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the printing condition for all printing. The printing 
temperature was at 40°C. 

4.3 Assessment of the printability

FG7.5, FG10, and PG10 were prepared at 0 min. 
The inks were printed in a grid pattern on a glass 
surface at 3 min, 5 min, 10 min, and every 5 
min after that. The printing was stopped when 
the inks became clumpy or when the ink could 
not be extruded at the maximum pressure of the 
dispenser. The value of Pr was calculated from the 
printed grid pattern of the inks at respective time 
points. The entire printed grid pattern was a square 
measuring 2 cm by 2 cm, with a size of 4 cm2. 
Briefly, Pr was calculated from the perimeter (L) 
and area (A) of each square shape (n = 5) within the 
printed grid pattern formed by the interconnected 
filaments using the formula: Pr = L2/16A[36]. Optical 
images of the printed constructs were analyzed 
to determine the L and A of the interconnected 
filaments. All image processing was done using 
ImageJ software[40].

4.4 Rheological analysis of gelatin and TG ink

Rheometer (Discovery HR-2, TA Instruments, 
USA) with a 20 mm parallel plate was used to 
measure the gel storage modulus (G’), loss modulus 
(G”), gelation time, and viscosity for the various 
compositions of FG and PG samples at 40°C. G’ 
and G” were determined by the oscillatory stress 
sweep test at a constant angular frequency of 10 
rad s−1 with a logarithmic shear strain ramp from 
1% to 100%. Gelation time was measured at 1% 
oscillation strain and 1 Hz frequency. Viscosity 
testing was performed at a constant shear rate of 
0.01 s−1.

4.5 Gel swelling

10 g of the gel solutions containing respective 
final concentrations of FG and PG were poured 
into a Petri dish (90 mm × 15 mm) and incubated 
at 37°C for 24 h to allow complete crosslinking 
of the gelatin chains. Subsequently, a square 
acrylic mold (20 mm × 20 mm × 2 mm) prepared 
from laser cutting was pressed into the hydrogel 
to create square pieces of the samples at 600 

mg each. Each piece of hydrogel prepared from 
respective concentrations of FG or PG was placed 
into a Petri dish (30 mm × 15 mm) and incubated 
with 1 × PBS (Nacalai Tesque, Japan) for 4 days. 
The hydrogels were weighed before soaking in 
the media, and every 24 h up post-soaking until  
Day 4 (n = 3). The swelling ratio was calculated 
from the following equation:

  100−
= ×t o

o

W WSwelling ratio
W

where Wt was the weight of the swollen sample 
at the respective time point and Wo was the initial 
weight of the sample.
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