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SHORT COMMUNICATION

3D Printed and Electrospun, Transparent, Hierarchical 
Polylactic Acid Mask Nanoporous Filter
Haijun He1, Min Gao2, Balázs Illés3, Kolos Molnar1,4,*
1Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and Economics, 
Műegyetem rkp. 3-9, H-1111, Budapest, Hungary
2Department of Mechatronics, Optics and Engineering Informatics, Faculty of Mechanical Engineering, Budapest University 
of Technology and Economics, Műegyetem rkp. 3-9, H-1111, Budapest, Hungary
3Department of Electronics Technology, Faculty of Electrical Engineering and Informatics, Budapest University of Technology 
and Economics, Műegyetem rkp. 3-9, H-1111, Budapest, Hungary
4MTA–BME Research Group for Composite Science and Technology, Műegyetem rkp. 3, H-1111, Budapest, Hungary

Abstract: Face masks are becoming one of the most useful personal protective equipment with the outbreak of the coronavirus 
(CoV) pandemic. The entire world is experiencing shortage of disposable masks and melt-blown non-woven fabrics, which is 
the raw material of the mask filter. Recyclability of the discarded mask is also becoming a big challenge for the environment. 
Here, we introduce a facile method based on electrospinning and three-dimensional printing to make changeable and 
biodegradable mask filters. We printed polylactic acid (PLA) polymer struts on a PLA nanofiber web to fabricate a nanoporous 
filter with a hierarchical structure and transparent look. The transparent look overcomes the threatening appearance of the 
masks that can be a feasible way of reducing the social trauma caused by the current CoV disease-19 pandemic. In this study, 
we investigated the effects of nozzle temperature on the optical, mechanical, and morphological and filtration properties of 
the nanoporous filter.

Keywords: Coronavirus disease-19, Electrospinning, Mask nanoporous filter, Nanofibers, Three-dimensional printing

1 Introduction 

There are various biological aerosol particles in 
the outdoor air, including viruses, bacterial cells, 
bacterial and fungal spores, fragments, and pollen 
grains which may cause health issues, especially 
infectious diseases[1]. These particles of small sizes 
can easily penetrate the human respiratory system 
and cause flu, colds, pneumonia, and others. 
For example, the diameter of the 2019-novel 
coronavirus (nCoV) particles varies from about 60 

to 140 nm[2], which poses a threat to global public 
health. One of the latest studies has indicated 
that surgical masks can prevent transmission of 
human CoVs from symptomatic individuals[3]. 
Therefore, it is essential and practical to wear 
personal protective equipment (e.g., face masks 
and respirators) during the outbreak period[4]. In 
general, good quality face masks are comprised 
of 3-4 textile layers. Melt-blown PP microfibers 
are widely used as the filter layer to capture the 
particles. However, to fulfill the requirement of 
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mask with high filtration efficiency, the thickness 
of the filter has to be increased due to its microsized 
fiber diameter and large pore size[5]. The thickness 
of the mask can cause difficulty to breathe through, 
and as a result, the wearer will inhale unfiltered 
air through the edge of the mask. In comparison 
with melt-blown fibers, electrospun nanofiber web 
is an alternative candidate as a filtration media 
because of their small pore size, small diameter 
and large specific surface area. Liu et al.[6] 
prepared polyacrylonitrile (PAN)/polyacrylic acid 
composites nanofiber membranes as the filtration 
medium and it had a removal efficiency (99.994%) 
against the 300-500 nm NaCl aerosol particles 
at an airflow velocity of 5.3 cm/s. Zhang et al.[7] 
reported the use of PSU/PAN/PA-6 hybrid fibrous 
membranes to capture airborne particles and it 
can almost completely remove ~300 nm particles 
with an extremely small pore size of 270 nm. 
Most of the studies investigated the air filtration 
performance with 300 nm aerosol particles that 
are slightly bigger than the viruses. Although there 
is no direct measurement reported so far, we can 
still conclude that nanofibers are extremely good 
at capturing bigger airborne virions. Furthermore, 
severe acute respiratory syndrome-CoV-2 virus is 
usually transmitted by large respiratory droplets 
rather than by separate and individual virions. 
Therefore, based on the literature, the nanofiber 
filters can capture the vast majority of respiratory 
virions.

Although the electrospun nanofibers have 
such good advantages, including better filtration 
performance in the nanoscale compared with 
melt-blown fibers, optimizing their mechanical 
properties is still a big challenge. Therefore, the 
electrospun nanofibers must be combined with 
other supporting materials, for example, textile 
fabric, plastic mesh, and metallic mesh to make 
air filters[8]. Direct coating, where the electrospun 
nanofiber layer is deposited on the surface of the 
substrate, is the most common method to make such 
combined structure. However, there are a few issues 
with this process: (1) The conductive substrate can 
result in non-uniform deposition of nanofibers; (2) 
as the nanofibers are very sensitive, it is difficult to 
handle such flexible sheets without damaging the 

nanofibers; and (3) it is not possible to change such 
filter, so the mask can only be disposable.

Recently, three-dimensional (3D) printing 
technology is introduced to easily integrate 
nanofibers with 3D printed parts to support 
nanofibers. In the literature, fused deposition 
modeling (FDM) is the most common 3D 
printing technology to be combined with 
electrospinning[9-11]. In all these studies, the 
electrospun nanofibers were directly deposited 
onto the 3D printed objects. However, Kozior 
et  al.[12] pointed out that the adhesion between 
the polylactic acid (PLA) printed objects and the 
PAN electrospun nanofibers was low. It could be 
better when soft TPU was used as the collecting 
substrate. To improve the adhesion between the 
nanofiber mat and the 3D printed object, the 
same research group[13] proposed another reverse 
method. They directly introduced 3D printed 
PLA on the electrospun PAN nanofiber mats, 
and it was found that the adhesion between the 
nanofibers and the printed polymer was stronger 
than the connection among the nanofibers within 
the nanofiber mat. However, as the nanofiber mat 
had glued onto the printing bed before printing, it 
is difficult to detach the composite, which is a big 
issue. 

As the recyclability of disposable masks is 
going to become a big issue to the environment, 
it is necessary to make the disposable masks 
from biodegradable polymers urgently. It is also 
a good concept only if the filter within the mask 
is disposable, so the mask itself can be used 
multiple times after disinfection. PLA is the 
most popular material for FDM due to its easy 
processability and commercial availability[14,15]. It 
is an environmentally friendly polymer material 
and can be entirely biodegradable under certain 
conditions. Thus, the main goal of this study is 
to prepare PLA electrospun nanofibers combined 
with 3D printed PLA part for disposable filters of 
future masks. The layered filaments with a proper 
spacing support the nanofibers and simultaneously 
allow easy breath through. The transparent look 
can help to avoid the threatening appearance of 
the mask and can allow lipreading for people with 
mutism or hearing impairment.
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In this study, we propose a simple transfer 
method to combine the nanofiber layer with a 
3D printed substrate. As the printed filament and 
the nanofiber were made from identical material, 
the nozzle temperature is a crucial parameter to 
influence the morphology during the printing 
process. Therefore, we investigated the effects 
of nozzle temperature on the morphological, 
mechanical, optical, and filtration properties. 

2 Materials and methods

2.1 Materials

PLA (Mw = 140,000 g/mol) (HP3100, NatureWorks 
LLC, USA) solution in a 10 wt% concentration 
was prepared by dissolving PLA pellets in a 9:1 
wt. mixture of chloroform (Azure Chemicals, 
Hungary) and n,n-dimethylformamide (DMF, 
Merck). The solution was stirred at 50°C for 10 h 
at 250 rpm with a magnetic stirrer and then stored 
for 24 h. All the chemicals were used without 
further purification.

2.2 Sample preparation 

2.2.1 Fabrication of nanofiber mat

The nanofibers were prepared with a vertical single 
needle electrospinning setup. The PLA solution 
was electrospun with the following parameters: 
25 kV voltage, 0.51 mm nozzle diameter, and 20 
cm distance between the needle and the grounded 
plate collector.

A syringe pump (Aitecs SEP-10S plus, 
Lithuania) supplied the PLA solution from a 
20 ml syringe at a feeding rate of 0.3 ml/h. 
The high voltage was provided by a DC high-
voltage generator (MA2000 NT 75/P, Hungary). 
Nanofibers were collected for 5 min (~1.0 μm 
thick) onto an aluminum foil.

2.2.2 Fabrication of the nanofiber filter

For the 3D printing and the electrospinning, we used 
the identical PLA grade to make a self-reinforced 
structure. Before the extrusion process, the PLA 
pellets were dried at 80°C for 12 h. We prepared 
custom filaments with a 1.75 mm diameter by 
extrusion. For the filament production, we used a 

Labtech LTE 26-44 type twin-screw extruder with 
a custom die. The first zone of the extruder and the 
die was set at 165°C and 185°C, respectively. The 
filaments were calibrated manually, cooled by air, 
and then wound up.

A CraftBot Plus (CraftUnique, Hungary) FDM 
printer with a nozzle diameter of 0.4 mm was 
used for processing the filters. The layer height 
and the printing speed were 0.2 mm and 50 mm/s, 
respectively. Even 100% infill setting results 
in a proper spacing between the laid filaments 
(struts). The porosity of the printed structure can 
be easily adjusted by this parameter. We set the 
infill density to 30% for filtration tests, as this 
setting made the filter even more comfortable to 
breathe through.

The fabrication process of the nanofiber filter is 
illustrated in Figure 1. The aluminum foil covered 
with the nanofiber mat was glued on the printing 
bed. Two layers (50 × 50 mm square) were printed 
directly on the nanofiber mat (30 × 30 mm) for 
optical transparency tests, while for the tensile 
tests, 30 × 10 mm samples were generated. Then, 
the nanofiber mat combined with the printed 
layers was easy to peel off from the foil without 
damaging the nanofiber structure. The technology 
allows us to make the filter in any shape (circle, 
oval, etc.) to fit any type of masks, and the filter 
is flexible.

2.3 Characterization 

2.3.1 Microscopy

The morphology of the nanofibers was investigated 
with a scanning electron microscope (JEOL-
JSM-6380 LA, Japan). The nanofiber sample was 
finely coated with gold-palladium (Au/Pd) alloy 
before the examination. We measured 100 random 
fibers and obtained the diameter frequency 
distributions using the ImageJ software. The pore 
size distribution was also evaluated with the same 
software.

We used a digital light microscope Olympus 
BX51M (Olympus, Hamburg, Germany) to 
observe the surface structure of the 3D printed 
nanofiber filter. 
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2.3.2 Optical properties

The prepared specimens were directly placed 
into the ultraviolet (UV) spectrophotometer 
(UV-1600, AOE, Shanghai, China) and analyzed 
at the wavelength of 200-1000 nm. Before each 
specimen measurement, the environment air was 
measured, respectively, as background.

2.3.3 Differential scanning calorimetry (DSC)

DSC was carried out with a DSC-Q2000 (TA 
Instruments, USA). All the samples were weighted 
with around 5 mg mass and sealed in an aluminum 
pan. They were subjected to heat/cool/heat cycles 
with a ramp rate of 5°C/min in the temperature 
range of 25°C and 200°C. 

2.3.4 Mechanical properties 

Tensile tests of the filters were performed with 
a Zwick Z005 (ZwickRoell, Germany) machine 
with a 5 kN load cell (0.01 N sensitivity). All 

the filter specimens were printed in a rectangular 
shape (30 mm × 10 mm × 0.4 mm). The crosshead 
speed and the gauge length were set at 10 mm/
min and 10 mm, respectively. We measured three 
specimens for each group. 

2.3.5 Particle filtration properties 

Since the respiratory virus is airborne, we 
tested the filtration efficiency of the 3D printed 
nanofiber filters with ambient air. The particle 
filtering properties of the nanoporous filters were 
analyzed by an aerosol particle counter (Lasair 
III 310C, Artisan Technology Group, USA). It 
has six channels to detect the particle sizes of 
0.3, 0.5, 1, 5, 10, and 25 µm, respectively. The 
PM particles in the air of our laboratory had a 
broad size distribution ranging from <300 nm to 
>25 µm. The median mass aerodynamic diameter 
(MMAD) of the particles in the air was between 
500 and 600 nm, the size is similar to the criterion 

Figure 1. (A) The schematic of the fabrication of mask filter with the combination of three-dimensional 
(3D) printing and electrospinning, and the different components (aluminum foil, nanofiber mat, 3D 
printed mesh, and nanofiber filter); (B) printing in progress; (C) after printing; (D) peel-off (the sample 
is reflected on the base plate).

DCB

A
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for filtering facepieces standard tests, which 
works with~600 nm NaCl aerosol particles. The 
filtration efficiency was calculated, respectively, 
from particle number difference (n%) and mass 
difference (wt%) before and after 1 min filtration. 
Filtration efficiency (n%) was used to describe the 
filtration performance with different particle sizes. 
Filtration efficiency (wt%) was mainly used to 
evaluate the particle removal ability of a mask for 
particles between 0.3 and 5 µm because they are 
the most harmful particulate matter pollutants to 
humans and can reach the lower respiratory tract. 
The nanoporous filters were printed into a 35 mm 
diameter circular shape and fixed into the filter 
holder connected to the particle counter. All the 
tests were conducted with an airflow of 30 l/min, 
which is approximately the average breathing flow 
of humans in a resting position. Five specimens 
were tested from each sample type. As good 
quality commercial masks contain several filtering 
layers, we also stacked the specimens in 2, 3, 4, 
and 5 layers after the single layer measurements.

4. Results and discussion

Figure 2A presents the morphology of electrospun 
PLA nanofibers. The average fiber diameter was 
825.2 ± 80.0 nm. Figure 2B shows the DSC curve 
of the PLA nanofiber mat. We found that the glass 
transition and melting temperature of the PLA 
nanofibers were 60.5°C and 174.3°C, respectively. 
We also observed a broad peak related to cold 
crystallization at around 85°C. To keep the stable 

properties of the nanofibers, but achieve proper 
adhesion with the printed layer, we adjusted the 
bed temperature to 60°C.

The optical properties of all the filters printed 
with variable nozzle temperatures are shown in 
Figure  3. On the black background, the whitish 
nanofiber mat incorporated with the printed part 
was visible, as shown in Figure  3A. Compared 
with the reference samples without nanofibers, our 
university logo underneath the filter was a little bit 
blurry, but visible, as shown in Figure  3B. The 
UV–visible spectra were measured to examine 
the transmittance of the printed nanocomposite 
quantitatively. The results are shown in Figure 3E. 
It is worth noting that the reference sample (without 
nanofibers) presented better optical transmittance, 
and the reference sample printed at 210°C had 
the lowest transmittance amongst the references. 
In comparison with the reference samples, the 
fabricated filters had lower transmittance. The 
reason for the lower transmittance of the printed 
nanocomposite may be due to the nanofiber mat 
was suspended between the gaps between the 
printed struts, as shown in Figure  3C and D, 
leading to light loss caused by light reflection 
and scattering on the nanofiber mat. Besides, 
the filters printed at 220°C and 230°C became 
less transparent compared with the filter printed 
at 210°C. It can be explained that at a higher 
temperature, the printed strut with a lower modulus 
cannot support itself to suspend through the gap 
between the struts. Then, the strut sagged down 
and contacted the nanofiber mat, which increased 

Figure  2. (A) Scanning electron microscope image of polylactic acid (PLA) electrospun nanofibers; 
(B) differential scanning calorimetry curve of PLA electrospun nanofibers.

BA
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the contact area between the printed strut and the 
nanofiber mat and reduced the porosity. Therefore, 
the light which went through the nanofiber mat 
was less. The change in the contact area is clearly 
seen in Figure  3D (230°C), in which a grid 
structure can be observed. This suggests that at 
higher temperatures, a larger interface was formed 
between the nanofiber mat and the printed layer. 
As the nanofibers were produced from the same 
polymer as the printing filament, we supposed that 
the hot printed filament might melt and destroy 
the nanofibers when it contacts with nanofibers. 
However, we observed in Figure 3C and D that 

nanofibers kept their original morphology in the 
printed filters, which proves that we had obtained 
the proper filter structure. 

Figure  3F shows the typical stress-strain curves 
of the nanofiber filters printed with different nozzle 
temperatures. The results obtained from tensile testing 
are also listed in Table 1. The results presented that the 
tensile strength of the 3D printed nanoporous filters 
increases greatly as the nozzle temperature increase 
from 210°C to 220°C. The tensile strength slightly 
increased when the nozzle temperature was increased 
from 220°C to 230°C. Whereas the breaking strain 
decreased with an increase in the nozzle temperature. 

Figure 3. Optical images of the samples with different background (A) black background; (B) white 
background; (C) optical microscopic image of the filter with 210°C; (D) optical microscope image of the 
filter with 230°C (E) ultraviolet–visible spectra of the reference samples and filters; (F) the stress-strain 
curves of the filters with different nozzle temperatures.
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Interestingly, it is noted that there was no significant 
change in the breaking strain when the nozzle 
temperature increased from 220°C to 230°C. It 
indicates that the nozzle temperature is a substantial 
factor in influencing the mechanical properties of 
printed nanofiber filters. It is because the higher nozzle 
temperature can enhance the interlayer adhesion which 
was also confirmed by the microscope image results. 
At higher temperatures, polymer chains have more 
mobility and take more time to form interdiffusion 
between the two layers. All the samples have provided 
proper mechanical characteristics to apply them as 
filters; therefore, we can conclude that the limiting 
factor is the change in morphology, i.e., fiber fusion.

To evaluate the filtration efficiency of the 
nanoporous filters, we investigated their particle 
filtration properties. Figure  4A illustrates the 
filtration efficiency of the filters printed at different 
temperatures against the various filtered particle size 
(which are also summarized in  Supplementary 
File Table 1). For the particle size with 5 µm and 
above, the filtration efficiency of the filters achieved 
more than 95 n%, except for the filter with 230°C 
(which had a filtration efficiency of 91.78 n%). For 
the air itself (500-600 nm MMAD), Figure  4C 
shows the single-layered specimens filtered 79 
wt.%, 77 wt.%, and 66 wt.%, respectively, for 
210, 220, and 230°C (the standard deviations can 
be found in Supplementary File Table  2). That 
means that the filters can overperform the standard 
surgical/sanitary masks (minimum 55% filtration 
efficiency at 700 nm MMAD according to the 
MSZ 4209 national standard).

We also found that the filters printed with 
higher temperatures had lower filtration efficiency 
when the particle size was smaller than 10 µm. 

Table 1. Main tensile properties of the 3D printed 
PLA filters
Nozzle 
temperature (°C) 

Tensile strength 
(MPa)

Strain at break 
(%)

210 51.76±0.27 12.88±1.97
220 58.75±3.63 7.53±0.49
230 60.18±1.20 7.63±1.08

Figure 4. (A) Filtration efficiency of nanoporous filters with various particle size, (B) pore size distribution 
of nanoporous filter printed with different temperatures, (C) the filtration efficiency (wt%) of nanoporous 
filters with various stacking layers, (D) scanning electron microscope image of the nanoporous filter after 
filtration. Inset is the bent single-layered filter.

DC
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To understand the reason behind the observation, 
we evaluated the pore size distribution of all 
the filters (Figure  4B). The results of the pore 
size indicated that the average pore diameter of 
the filters with 210°C, 220°C, and 230°C was 
0.58, 0.62, and 0.81 µm, respectively. The pore 
structure was observed at the area between the 
printed struts, and it was primarily determined 
by the electrospinning process instead of the 
printing temperature. Therefore, we conclude 
that the higher filtration efficiency was resulted 
from the smaller pore size and not directly 
related to the printing temperature. We further 
tested the filtration efficiency (in both [n%] 
and [wt.%]) by stacking multiple filter layers 
(Supplementary  file Tables  2-5). The results 
we obtained are shown in Figure 4C. We found 
that a significant increase in filtration efficiency 
was obtained with an increase in the number of 
layers. Especially for the filter with 230°C, its 
filtration efficiency was increased from 66.32 
wt.% to 95.24 wt.%. One layer performs better 
than a surgical mask, and two-layered filters 
had a filtration efficiency of more than 80 wt.%, 
which is the criterion for FFP1 respirators. 
Furthermore, when we stacked more than four 
layers of the filters, all of them achieved the 
filtration efficiency of FFP2 (≥94 wt%). Some of 
them even had a similar filtration performance 
as KN95/N95 (≥95 wt%). In Figure 4D, we can 
observe the trapped particles on the surface of 
the filter. The inset image shows that the printed 
filter was flexible and can be bent.

5 Conclusions

In this study, we introduced a simple and facile 
method to combine nanofiber mats to a 3D printed 
substrate successfully for making mask filters. 
Our main concept is that nanofibers give excellent 
filtration, while the 3D printed structure supports 
the fibers to avoid their damage. This technique 
allows printing slightly flexible mask filters in any 
shape achievable by 3D printing technology. The 
custom production also allows us to fit the mask 
to any face shape or to put such filters in existing 
masks.

As a result, we obtained a nanoporous PLA 
self-reinforced structure that is transparent. The 
transparent look overcomes the threatening 
appearance of the masks that can be effective in 
reducing the social trauma caused by the current 
CoV disease-19 pandemic. The transparency 
can also allow lipreading which can reduce 
communication barrier to people with mutism or 
hearing impairment when wearing mask. The all-
PLA, self-reinforced structure renders the masks 
easy recyclability.

We explored the effects of nozzle temperature 
on the transmittance and mechanical properties 
of the filters developed. In comparison with the 
purely 3D printed mesh, the transmittance of the 
3D printed filter was decreased, but they were still 
transparent with the transmittance around 20%. 
Among the filters printed with different nozzle 
temperatures, the filter printed at 210°C was the 
most transparent. The higher nozzle temperature 
can increase the tensile strength and decrease 
the breaking strain because of the better fusion 
between the adjacent layers. One layer can perform 
better than a classical surgical mask. Furthermore, 
the multiple layer filter can have a similar filtration 
performance as KN95/N95 and FFP2 filters. The 
results are particularly useful for future mask filter 
studies. Instead of stacking the layers, we can try 
to print the filters with multiple nanofiber layers, 
which can to be further investigated.
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1 Introduction 

Severe acute respiratory syndrome-related 
coronavirus 2 (SARS-CoV-2) that causes 
coronavirus disease 2019 (COVID-19) has become 
a great challenge for not only separate populations 
but also the whole mankind[1]. This new pathogen 
has almost conquered the world due to the lack 
of knowledge of COVID-19 pathogenesis and the 
absence of any vaccines or approved therapy[2].

The use of models enables the possibility to 
learn more about SARS-CoV-2 and infection-
related conditions and to screen drugs and vaccines 
efficiently. Unfortunately, the number of approved 
models is limited, and researchers have to mainly 
rely on the past experience related to other viruses 
(SARS-CoV, Middle East respiratory syndrome 
coronavirus [MERS-CoV], influenza A virus 
[IAV], etc.) to develop new relevant models. 

Models based on susceptible animals (ferrets[3,4], 
rhesus and cynomolgus macaques[5,6], transgenic 
mice[7], etc.) are highly demanded in investigations 
to study SARS-CoV-2 pathogenesis as well as 
clinical signs, and test drugs and vaccines as a part 
of the trials. However, high costs, virus species 
specificity, and ethical issues do not allow their 
use as a routine model. Hence, cell-based models 
can be a good option for screening and precise 
analysis of molecular pathways of COVID-19 
pathogenesis. However, 2D cultures cannot provide 
biomimetic environment that can significantly 
influence virus spreading, infectivity, and drug 
efficiency. Therefore, 3D tissue models are of 
particular interest. To date, there is only one 3D 
model which is presented by organoids and used for 
studying SARS-CoV-2 infection[8]. Due to the past 
experience, its combination with 3D bioprinting 
and microfluidics, and fabrication of a multi-tissue 
integrated platform can help create a responsive and 
efficient immune-competent organism-like system 
tailored for SARS-CoV-2 infection (Figure 1).

Thus, this review aims to describe the 
background of previously used models for viral 
studies and an approach to design an “ideal” tissue 
model to study SARS-CoV-2 infection.

The main advantages of each technique and 
thus, their combination can allow the fabrication 

of a highly responsive immune-competent 
organism-like platform which is tailored for 
SARS-CoV-2 infection and enable real-time and 
high-throughput screening.

2 Modeling viral infections

2.1 Humans

Nowadays, humans are not a typical object to 
model viral infections that is mainly caused by 
ethical issues. However, there is a pool of studies 
describing controlled human infection (CHI) 
trials on influenza viruses, respiratory syncytial 
virus (RSV), etc. For instance, the CHI model 
was used to assess susceptibility and resistance 
to Norwalk virus infection[9]. DeVincenzo et al. 
experimentally infected adult volunteers with 
wild-type RSV (it usually infects children) and 
showed that viral load can significantly influence 
the disease manifestation and its variation 
permit achieving the manifestation similar to 
natural infection[10]. Such controllable adult RSV 
infection model was claimed to be useful for 
proof-of-concept trials of antivirals candidates. 
Human challenge model provided valuable data 
on immune response to influenza infection[11-14]. 
Particularly, Huang et al.[14] revealed that antibody-
secreting cells are virus-specific and can be the 
earliest marker of new influenza infection. In the 
case of especially dangerous infections (Ebola 
virus, Zika virus, yellow fever virus, etc.), CHI 
trials are significantly limited and almost cannot 
be performed. The significant efforts have been 
carried out to develop a dengue human infection 
model which has minimum harm and represents 
wild-type infection[15]. Hence, if such infection 
occurs naturally, blood, mucosa, urine, stool, tissue 
biopsies, etc., can serve as appropriate materials 
for studying lifecycle, entry, and pathogenesis of 
virus, and drug efficacy.

Usually, humans are involved in clinical trials 
of actively developed vaccines and phage-based 
drugs. Particularly, a novel dengue vaccine was 
tested using the DEN2Δ30 model[16]. Moreover, 
CHI models have enabled the development of the 
first vaccines against the influenza virus[17] and the 
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first anti-influenza drug, amantadine[18], and other 
antivirals[19-23]. Phage-based drugs are particularly 
interesting as a therapeutic agent to treat multidrug-
resistant bacteria, such as Staphylococcus 
aureus or Pseudomonas aeruginosa[24,25], and to 
modify microbiota to decrease specific microbial 
populations[26].

2.2 Animals

Animals are widely applied to study viral infections 
and antivirals. Among them, rodent models are 
the most common, especially used in studies to 
reveal features of respiratory diseases caused by 
IAV and RSV[27,28]. Their advantages include the 
possibility to use standardized animals that allow 
comparison and analysis of data obtained from 
different experiments. They are well-characterized 
and can be easily modified to delete particular 
genes or transfer them from other species that 

enables the extrapolation of results and detection 
of virus targets and pathogenesis. For instance, 
type-I interferon receptor-deficient mice were 
engineered and used to study the Zika virus entry 
process[29]. Moreover, handling rodents are easy 
and low-cost; they reproduce rapidly, have small 
sizes, can accustom to standard diet, and do not 
require much space. However, their use is limited 
because of species-determined differences in 
anatomy, pathophysiology, immune response[27], 
and host-determined virus infectivity[28].

Another well-established animal model is 
ferrets, which are susceptible to most human 
respiratory viruses[3,4,28,30]. Their respiratory tract 
is very similar to human’s, and they manifest 
a wide range of clinical signs[31]. Therefore, 
they have become a good model to test antiviral 
drugs. Particularly, using them, the efficacy of 
lopinavir-ritonavir, hydroxychloroquine sulfate, 
and emtricitabine-tenofovir was proven for 

Figure 1. Bioprinting, microfluidics, and organoids as tools to defeat coronavirus disease 2019.
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SARS-CoV-2 treatment[3]. Nevertheless, ferret 
models have many limitations which include the 
lack of standardized strains, detailed molecular 
profiling, and higher handling and housing costs.

Interestingly, there is a pool of studies describing 
domestic animals, such as cats and dogs, as a viral 
model. For instance, a recent study has shown that 
cats are susceptible to human SARS-CoV-2[4]. 
Such findings provide novel insights into virus 
targets and its lifecycle. However, cat and dog 
models have similar issues as ferret ones as well 
as ethical concerns. 

Cattle, sheep, and pigs are also used to study 
human viruses. Particularly, sheep and cattle are 
susceptible to RSV and have human-like virus 
spreading due to similar sizes[27]. The application 
of such models is limited by high handling and 
housing costs and biosafety considerations (e.g., 
pigs can be a reservoir for the reassortment and 
transgenic shift of influenza viruses).

The animal model closest to humans is, 
undoubtedly, primates that have similar genetic, 
anatomical, and physiological features. For 
instance, RSV infection of chimpanzees has all 
symptoms and complications (inflammation, 
acute respiratory distress syndrome, lung edema, 
etc.) that are typical in humans[32,33]. Primates 
are perfect candidates for preclinical studies 
of vaccines[27]. Despite all of the mentioned 
advantages, they cannot be treated as a routine 
viral model due to extensive economic, ethical, 
and logistical burdens. 

However, in general, virus strains are highly 
selective and host-specific; therefore, only a 
subset of data can be extrapolated to humans. 
Phylogenetically close viruses often have 
different hosts and targets, and these viruses 
also cause different pathophysiologic conditions. 
Some drugs, whose efficacy was confirmed using 
animal models, failed in clinical trials[34]. One 
of the approaches to overcome these issues is 
humanization. Humanized animals (usually mice) 
have specific human expression profiles and are 
immunodeficient due to the mutation caused by 
severe combined immunodeficiency. They are 
widely used to model human immunodeficiency 
viruses (HIV), herpesviruses, cytomegaloviruses, 

dengue virus, Epstein-Barr virus, and Ebola virus 
infections[35,36]. However, such models require 
expensive specific handling and housing and are 
not flexible to study different viral infections. 

2.3 Tissue models

Compared to the above-mentioned models, tissue 
models can be considered as the most flexible and 
ethically humane tools to study viral infections. 
While designing such models, a researcher can use 
different cell types, biomaterials, and fabrication 
methods (including bioprinting) that can work with 
a wide range of host-specific viruses. Studying 
viruses in vitro under controllable conditions allow 
better understanding of host-pathogen interactions 
and high-throughput screening of drug candidates. 

All tissue models can be divided into three 
types with ten subtypes: 2D models (monolayer 
culture of cell lines and primary cells), 2.5D 
models (suspension culture using microcarriers 
and simple air-liquid biointerfaces), and 3D 
models (explants, organoids/spheroids, embedded 
cells, cell-seeded scaffolds, bioprinted constructs, 
and combined systems [organ-on-a chip]).

Monolayer (2D) cultures are the oldest and the 
most widely used model. Cell lines are usually 
applied to isolate viruses, develop new serological 
assays, and produce diagnostic reagents or 
vaccines. The current “gold-standard” cell line 
is Vero, an interferon-deficient aneuploid line of 
kidney epithelial cells[37,38]. A549 and Madin–
Darby canine kidney cell lines are mostly applied 
for influenza viruses[39].The most common cell 
line for the foot-and-mouth disease virus is the 
mammalian baby hamster kidney cells[40] which 
have been used since 1964[41]. Compared to cell 
lines, primary cell cultures have some advantages. 
For instance, cells isolated from ovine pulmonary 
adenocarcinoma are a unique platform to reveal 
mechanisms of epithelial transformation in a 
case of the lung cancer caused by the retrovirus 
infection[42]. Despite of the availability of cell 
variety and easy handling and scaling, 2D cultures 
are not capable of recapitulating fully cell-cell and 
cell-matrix interactions.

Suspension culture is also the oldest model 
for viral infections and very common for the 
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industrial production of diagnostic reagents, 
vaccines, etc., due to a simple scaling procedure[40] 
V. However, it was significantly improved by 
adding microcarriers – small particles of a cell 
adhesive substrate (e.g., Cytodex 3). Such method 
modification was approved for the production 
of a RSV vaccine[43] and research on virus-host 
interactions[44]. 

Compared to 2D ones, 3D models are highly 
attractive because they are more relevant to the 
conditions in vivo (Figure 2). Such models can be 
fabricated through various approaches and were 
approved for different viruses (Table 1). The most 
common technique to form 3D tissue models is cell 
or spheroid/organoid encapsulation (embedding). 

Organoids and spheroids can establish cell-cell 
and cell-matrix interactions and are genotypically 
and phenotypically stable[45]. They were shown 
to be an efficient model to study virus infectivity 
and host-pathogen interaction[46-48]. For instance, 
using intestinal organoids, Zhou et al. confirmed 
that MERS-CoV might infect the gastrointestinal 
tract[49].

Explant cultures can also be used in studying 
viral infections. Their main advantage is that 

they are native tissues with relevant morphology. 
However, their application is significantly limited 
because of low availability and shortage of donor 
materials, short viability, and rapid necrosis[50].

Scaffold- and hydrogel-based models can 
provide a 3D microenvironment that mimics 
conditions in vivo for cells. Biomaterials that 
ensure necessary cell-matrix interactions and 
appropriate spatiotemporal surrounding cells are 
used to form a structure of such models. It was 
shown that they could ensure physiologically 
relevant cell responses to virus infection and 
drugs[39,51]. For instance, Bhowmick et al.[39] 
revealed that compared to monolayer culture, the 
3D chitosan-collagen-based cell model had the 
native airway epithelium-like morphology and 
high expression and release of pro-inflammatory 
cytokines and chemokines after IAV infection. 
The virus expression in such conditions has 
been shown to be higher. Particularly, Archer 
et al.[42] found out that compared to monolayer 
cultures, cultures of tumor-derived alveolar type 
II cells on a surface coated with fibronectin and 
collagen type I or Matrigel exhibited efficient 
maintenance of reverse transcriptase activity and 
stable expression of Jaagsiekte sheep retrovirus. 
Moreover, biomaterials have been shown to 
significantly influence virus spreading ability 
and even determine its mode. For instance, Imle 
et al.[52] revealed that cell-laden collagen gel 
significantly limited the transmission of cell-free 
HIV and shifted it to cell-associated transmission. 
To fabricate complex tissue-like constructs, 
bioprinting is a good option[53], and bioprinted 
models were shown not only to be susceptible to 
viruses but also to recapitulate virus-associated 
morphological patterns similar to in vivo[54,55]. 

Microfluidic-based tissue models additionally 
allow mimicking air and fluid flows typical to in vivo 
conditions. Organ-on-a-chip systems consisting of 
various cell types, perfusion chambers, air-liquid 
interfaces, etc., mimic and create physiological 
conditions relevant to viral infection of native 
tissues. Microfluidic-based tissue models have many 
advantages. Particularly, microfluidics enables 
liquid handling at a microscale through a system of 
microchannels; therefore, the total consumption of 

Figure  2. Viral infection: 2D versus 3D tissue 
models.
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reagents is relatively low that makes high-throughput 
screening easier and cheaper[56]. Such models 
are flexible to be automated[57,58], providing the 
possibility for real-time monitoring[59,60]. Moreover, 
they allow culturing cells in physiologically relevant 
dynamic conditions and controlling them[61]. 
Particularly, such system was tested to study the 
mechanism of the fusion of feline coronavirus with 
host cell membrane[62].

3 In vitro tissue models for modeling an infection 
caused by different viruses

3.1 Respiratory viruses

Tissue models that are used to study respiratory 
viral infections vary and include both monolayer 
cultures and functional airway organoids, enabling 
to obtain reliable data on virus infectivity, targets, 
and drug efficacy. Coronaviruses, a group of 
respiratory viruses, mostly infect epithelial cells 
that are used in designing relevant 3D models. The 
recent studies are based on organoids as a tissue 
model. For instance, Monteil et al.[8] revealed 
the efficacy of human recombinant soluble 
angiotensin-converting enzyme 2 against SARS-
CoV-2 using infected blood vessel and kidney 
organoids. Moreover, intestinal organoids were 
used to prove that the intestine is a target organ 
for MERS-CoV[49]. Study of IAV using monolayer 
cultures fails to recapitulate the natural clustered 
pattern of disease transmission, but bioprinted 
3D model was shown to be more relevant[54]. 
Using bioprinting, it was revealed that even 
geometrical position can significantly influence 
cell susceptibility to the virus[55]. Screening of 
drugs against RSV infection and detecting its 
pathogenesis was also successfully performed 
using airway and lung bud organoids[46,47]. 

3.2 Hepatotropic viruses

The hepatotropic viruses include different types 
and hepatitis A, B, C, D, and E viruses, which 
are the most common causes of viral hepatitis 
leading to liver failure worldwide[63]. Hepatitis 
B virus (HBV) and hepatitis C virus (HCV) 
induce chronic liver inflammation that results in 



� Bioprinting, microfluidics, and organoids to defeat COVID-19

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

cirrhosis and hepatocellular carcinoma[64]. Cell 
polarity and micro-environmental complexity 
and interactions are absent in 2D culture systems. 
Due to the drawbacks of 2D model systems, 
researchers are looking for alternative 3D models. 
The establishment of 3D models including 
spheroids, organoids with multi-cellular structures, 
and their specific extracellular matrix (ECM), 
was shown to exhibit higher tissue-specific 
environmental complexity, more mature cells, 
and better physiological functionality compared 
to simple 2D counterparts. For instance, several 
studies established liver spheroid models to study 
the hepatotrophic virus lifecycle in liver tissue. 
Chong et al. generated primary human hepatocyte 
spheroids from uninfected liver resections and 
inoculated the spheroids with HCV-positive 
serum[65]. Data showed that spheroids have 
differentiated phenotype and expressed putative 
HCV receptors; the HCV RNA was detected 
in the cells as well as supernatant of culture 
media[65]. Moreover, Nie et al. used a coculture 
system of human induced pluripotent stem cell 
(hiPSC)-derived endoderm, human umbilical 
vein endothelial cells, and mesenchymal stem 
cells in a 3D microwells to assess the potential 
of liver organoids for HBV infection and virus-
host interactions[66]. The cells self-organized and 
differentiated into the functional liver organoids. 
Then, organoids were infected with the HBV 
genome. The liver organoids exhibited more 
functionality and higher susceptibility to HBV 
infection compared to human iPSC-derived 2D 
hepatic-like cells. These organoids could sustain 
HBV propagation and produce infectious virus up to 
20 days. HBV infection decreased the expression of 
hepatic-specific genes and increased the expression 
of early biomarkers for acute liver failure, alanine 
aminotransferase, and lactate dehydrogenase in the 
supernatant of infected organoids. The advantage 
of hiPSC-derived 3D liver organoids was that 
they provided HBV infection models for precision 
medicine[66]. In addition, other cell culture models 
including, specific scaffold embedded cells and 
single-channel microfluidic devices are promising 
platforms in vitro models to study hepatotropic 
viruses[63]. 

3.3 Herpesviruses

Epithelial tissue is the initial site of infection for 
most herpesviruses. Although they cause latent 
infection mainly in neurons, they are still able to 
infect other cells. Therefore, there are numerous 
tissue models available, which include various 
cell types to study this virus group. For example, 
Tajpara et al. developed a model based on the 
microneedle-pretreated human abdominal skin 
explant to test antivirals and their combinations 
against human simplex virus (HSV-1) infection[67]. 
Zhu et al. fabricated 3D air-liquid interface 
culture consisting of human normal vaginal 
epithelial cells to describe viral transmission of 
HSV-2 and related pathological changes[68]. To 
study viral effects on neural tissue and acyclovir 
efficacy, D’Aiuto et al. proposed a scaffold-free 
3D hiPSC-based neuronal model and showed 
that the IC50 of acyclovir in 2D cell cultures was 
lower than that in 3D culture[69]. Sison et al. also 
used iPSCs to fabricate cortical organoids to study 
human cytomegalovirus infection and revealed 
the organoid structure disruption and alterations 
in specific markers expression[70].

3.4 HIV 

HIV infection is one the most difficult infections 
to study due to high selectivity and host specificity. 
HIV mainly infects immune cells, and the recent 
study has offered a novel efficient 3D model based 
on CD4+ T-lymphocytes[52]. By varying density of 
collagen gel embedding cells, Imle et al. evaluated 
the virus transmission and revealed that it can be 
significantly influenced by 3D environment.

4 Designing an “ideal” tissue model to study 
SARS-CoV-2 infection

4.1 Models and their limitations

To date, there is only a limited number of models 
available to study the SARS-CoV-2 infection. 
The most susceptible animals to this coronavirus 
are ferrets[3,4], cats[4], and rhesus and cynomolgus 
macaques[5,6]. The latter is considered to be a 
rapidly established SARS-CoV-2 model without 
any additional modifications[6]. Rhesus macaques 
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were successfully applied to test siRNA to treat 
and prevent SARS-CoV infection[79]. Moreover, 
transgenic mice expressing human ACE2 can 
become a great option as ACE2 is one of the main 
SARS-CoV-2 targets[7]. Nevertheless, almost all 
animal models are expensive and do not allow 
researchers to fully overcome species specificity 
for such host-specific virus as well as their use is 
limited because of ethical issues.

Cell-based models are a good alternative 
to animal models. Particularly, Vero cell line 
cultured in 2D conditions was used for anti-
SARS-CoV-2 drug screening[80]. However, the 
main limitation of such cell lines is the deficiency 
of interferon, which is an important regulator 
of binding proteins involved in SARS-CoV-2 
infection[81]. This requires the use of other cell 
types and biofabrication methods that would 
better recapitulate in vivo conditions, including 
3D environment, flows dynamics, and immune 
response. Moreover, blood vessel and human 
kidney organoids are still the only 3D models used 
to study SARS-CoV-2 infection[8]. 

4.2 Specific targets

Despite SARS-CoV-2 is a novel virus infecting 
humans, understanding of its possible entry 
mechanisms was already pre-defined because 
of earlier studies on other coronaviruses, for 
example, SARS-CoV[82-85]. Therefore, after its 
appearance, most research teams have been 
focusing on SARS-CoV receptor ACE2 and other 
related enzymes. Particularly, Hoffmann et al.[86] 
proved that the entry of SARS-CoV-2 into a cell 
occurs due to binding of the viral surface spike 
glycoprotein (S protein) to ACE2 and its priming 
by the transmembrane protease serine protease 
2 (TMPRSS2). Zang et al. also revealed that the 
transmembrane protease serine protease 4 plays 
a crucial role in virus entry using human small 
intestinal enteroids as a model[87]. 

Actually, the entry mechanisms are considered 
the main targets for designing drugs treating and 
preventing COVID-19. Hence, their inhibition 
can block the infection that was proven to be true 
in several studies. For instance, Monteil et al. 

showed that human recombinant ACE2 prevented 
the virus entry into cells that form blood vessel 
and kidney organoids[8]. Hoffmann et al. revealed 
that Camostat mesylate, a serine protease inhibitor, 
blocked SARS-CoV-2 infection in lung cell line 
Calu-3[86].

These target enzymes, i.e., ACE2 and TMPR
SS2, are widely expressed by tissues in human 
organisms. ACE2 is a monocarboxypeptidase 
that regulates the peptide cleavage in the renin-
angiotensin system, and high levels of its expression 
could be found in alveolar epithelial type II cells, 
esophagus keratinocytes, small intestine, ileum 
and rectum enterocytes, stomach epithelial cells, 
colon colonocytes, liver cholangiocyte, arterial 
and venous endothelial cells, arterial smooth 
muscle cells, myocardial cells, sustentacular cells 
of the olfactory epithelium, spermatogonia and 
Leydig and Sertoli cells, prostate epithelial cells, 
bladder urothelial cells, and kidney proximal 
tubules cells[88-94]. TMPRSS2 regulating viral 
uptake by S protein priming is highly expressed 
by sustentacular cells of the olfactory epithelium, 
small intestine enterocytes, bronchial transient 
secretory cells, prostate epithelial cells, nasal 
goblet and ciliated cells, etc.[87,89,95-97].

4.3 Key points for the rational design

Our lack of knowledge in the COVID-19 
pathogenesis and the absence of its adequate 
and licensed therapy[2] have led to the need to 
create novel in vitro platforms that mimic in vivo 
conditions and are specifically tailored for the 
SARS-CoV-2 infection. There is no doubt that 3D 
tissue models are more suitable than 2D models 
to study any viral infections because they share 
the similarity to the native tissue, organ structure, 
and physiological functionality, and this is also 
applicable to COVID-19.

3D tissue-like constructs can be fabricated by 
a huge variety of methods that can be divided 
into two main groups: Scaffold-based and 
scaffold-free. However, scaffold-free techniques 
such as bioprinting and cell self-organization 
(spheroidogenesis and organoidogenesis) and 
their combinations are considered to be the most 
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promising ones as they allow precise reproduction 
of tissue morphological and functional properties.

Bioprinting is a complex technique that, 
particularly, enables tissue fabrication using 
spheroids or organoids (microtissues) as building 
blocks. Hence, the appropriate spatiotemporal 
status and cell-cell and cell-matrix contacts may 
be achieved[98]. In bioprinting, cells distributed 
in a hydrogel system (“bioink”) are usually 
deposited by a bioprinter, which can be based on 
different technologies such as extrusion[99], ink 
jet[100], laser-induced forward transfer (LIFT)[101], 
stereolithography[102]. Extrusion-based bioprinting 
is the most widely used technique[103]; however, 
only LIFT bioprinter can enable precise deposition 
at high speed and resolution and is considered to 
be the best option to print minor cell populations 
within complex 3D tissue-like structures[101]. 
Regarding bioinks, the most promising cell 
components are spheroids or organoids establish 
intercellular junctions and newly synthetized ECM 
compared to a single cell suspension and maintain 
cell phenotype[22,104-106]; the biomaterial component 
– hydrogel system – is usually presented by natural 
and synthetic polymers, including their conjugates 
such as acellularized ECM, alginate, gelatin, 
fibrin, hyaluronic acid, cellulose, polyethylene 
glycol, and Pluronic-F127.[101,107-109].

As specific targets for SARS-CoV-2 are ACE2 
and TMPRSS2, it is rational to include those 
tissues whose cells express these enzymes in 
the COVID-19 test tissue platform. Particularly, 
there should be 3D models of the nasal mucosa 
(including the olfactory neuroepithelium), lungs 
(particularly, the alveoli), blood vessels, heart, 
kidney, and intestine (Figure 3). To date, scientists 
have accumulated data on their fabrication 
through bioprinting, and this experience is shortly 
described further.

The nose is one of the main ports of SARS-
CoV-2 infection, and the nasal mucosa is the 
first barrier tissue for the virus[81]. Among the 
existing models mimicking the nasal mucosa, 
none of them was fabricated through bioprinting. 
They are mainly presented by monolayers, air-
fluid single or multilayered biointerfaces, and 
scaffold-based and explant-based cultures[110]. 

As the olfactory neuroepithelium located in 
the nasal mucosa is involved in virus entry and 
smell dysfunction[89,111], the rational model should 
contain sustentacular cells expressing high levels 
of ACE2 and TMPRSS2 and olfactory receptor 
neurons expressing these enzymes at lower 
levels. There are numerous efficient protocols to 
form olfactory neurospheres and to differentiate 
olfactory neuroepithelial cells[112-115]; therefore, 
these cells and their self-aggregates can be a 
perfect cell component for a bioink to print a 
“smell-sensitive” nasal mucosa construct.

The lungs, particularly the alveoli, are the main 
target for the SARS-CoV-2 infection and remain 
technically challenging. Only a limited number of 
studies achieved success in the 3D reconstruction 
of alveolar epithelial-endothelial barrier, and most 
scientists attempt to model only the air-cell and 
fluid-cell biointerfaces. For instance, Horvath 
et al.[116] bioprinted the epithelial/endothelial 
cell barrier system on a porous membrane and 
showed that it is possible to create reproducible 
thin homogenous cell layers. To date, the most 
complex lung-like structure was fabricated 
by Grigoryan et al. using a stereolithographic 
bioprinter[117]. To reproduce the alveoli scale and 
morphology, particularly their epithelial side, 
Lewis et al. created hollow epithelial cysts using 
the microsphere-based approach[118]. Such cysts 
as a cell component of a bioink can be easily 
hierarchically structured through bioprinting to 
achieve lung-like constructs.

Blood vessels containing ACE-expressing 
endothelial cells are a common object for bioprinting 
because they ensure the proper survivability and 
engraftment of tissue-engineered constructs. 
Different approaches varying in fabrication 
method and bioink blends were offered and can 
be classified as follows: Sacrificial and core/shell 
techniques. The choice depends on the required 
shape and sizes; vessels with bigger diameter can 
be fabricated using an extrusion-based bioprinter, 
vessels with smaller diameter using a laser-assisted 
bioprinter, and multibranched vessels using 
stereolithographic bioprinter[101,117,119,120]. 

Another target organ for COVID-19 that 
should be included in an integrated platform is 
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the heart. Engineering cardiac tissues requires 
the restoration of their functionality. To date, 
there is a number of successful studies that can 
be used as a base. Particularly, Maiullari et al. 
bioprinted a cardiac vascularized construct from 
hiPSC-derived cardiomyocytes and umbilical 
vein endothelial cells. This construct had native 
tissue-like morphology and successfully grafted 
with host tissues and vasculature[121]. Zhang 
et al. showed a complex approach to fabricate a 
vascularized-myocardium-on-a-chip, which was 
able to contract, using the combination of both 
bioprinting and microfluidics[122].

The kidneys play a crucial role in 
COVID-19[123,124], but its biofabrication remains an 
appealing goal. For sure, scientists have achieved 

particular success which is mostly related to 
engineering miniaturized kidney models[125-129]. 
Particularly, Homan et al. bioprinted renal 
proximal tubules placed into a microfluidic chip 
and showed that such model had the typical 
epithelial morphology and was sensitive to 
cyclosporine A[127]. King et al. fabricated an in vitro 
multicellular model consisting of renal fibroblasts, 
endothelial cells, and proximal tubule epithelial 
cells and revealed its susceptibility to cisplatin in a 
dose-dependent manner and response to TGFβ[130].

The liver is also challenging for bioprinting 
mainly because of its complex structure that 
includes microvasculature and innervation[131]. 
However, there is a number of studies achieved 
good results in the restoration of the liver 

Figure 3. Designing an “ideal” tissue model to study severe acute respiratory syndrome-related coronavirus 
2 infection. BME – basement memebrane extract; BP – bioprinting; BV – blood vessel; ECM – extracellular 
matrix; GelMA – gelatin methacrylated; GMHA – glycidyl methacrylated hyaluronic acid; MC – microfluidic 
chamber (chip); PEG – polyethylene glycol; PEGMA – polyethylene glycol monoacrylate; SARS-CoV-2 – 
severe acute respiratory syndrome-related coronavirus 2; SIS – small intestinal submucosa.
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morphology and functionality. For instance, 
Yanagi et al. developed an approach to fabricate 
liver-like tissues based on the fusion of the 
bioprinted spheroids[132]. In addition, Bhise et al. 
designed a bioprinted liver-on-a-chip and showed 
its full functionality for 30 days and sensitivity to 
acetaminophen-induced toxicity[133].

The intestine is highly susceptible to the SARS-
CoV-2 infection because its epithelial cells express 
ACE2[90] involved in amino acid homeostasis[134]. 
Therefore, it is essential to include it as a target 
organ in the designed tissue model platform. 
There are numerous approaches for fabrication of 
intestinal models, bioprinting is considered to be 
a promising approach[135]. Particularly, Madden 
et al. showed that it is possible to fabricate a two-
layered construct consisting of epithelial cells 
and myofibroblasts through bioprinting[136]. Such 
construct had clear morphology, and cells expressed 
villin, E-cadherin, ZO-1, and enzymes and 
proteins participating in xenobiotics metabolism 
(cytochrome P450 2C9, multidrug resistance 
protein 1, breast cancer resistance protein, etc.)

To mimic air and liquid flow for recapitulating 
the in vivo conditions, microfluidics can be 
used as a tool. Such systems can be fabricated 
using bioprinting[137-139] and have been already 
approved as both single organ (organ-on-a-
chip)[131,140-143] and integrated (body-on-a-chip) 
platforms[144-146]. Multi-organ model systems are 
more physiologically relevant and permits better 
detection of complex virus-host effects than the first 
ones. Particularly, Maschmeyer et al. fabricated 
a four-organ-chip representing the intestine, the 
liver, the skin, and the kidney[144]. Later, Vernetti 
et al. offered a more complex system reproducing 
the microphysiology of coupled intestine, liver, 
kidney proximal tubule, blood–brain barrier, and 
skeletal muscle models[145]. However, there are 
only several platforms which were fabricated 
using bioprinting because the combination of these 
emerging techniques is a relatively new approach. 
For instance, Skardal et al. developed a three-tissue 
system consisting of functional lung, cardiac, and 
liver modules and proved its applicability for 
drug testing[146]. Compared to such 2D models, 
bioprinted models ensure complex cell-cell and 

cell-matrix interactions that are crucial in studying 
COVID-19 pathogenesis. 

The most challenging aspect of designing 
COVID-19 tissue platforms is modeling immune 
response relevant for this disease[2]. Hence, the 
“ideal” system should represent effects of dendritic 
cells and macrophages that secret inflammatory 
cytokines and chemokines (Interleukin [IL]-6, 
IL-8, IL-12, tumor necrosis factor-α, monocyte 
chemoattractant protein-1, Granulocyte-
macrophage colony-stimulating factor, etc.) and 
cytotoxic T cells (CD4+ and CD8+ T cells). Hence, 
two approaches might be applied. The first one 
is designing immune-competent models[147,148] or 
integrated platforms by including lymph node 
models[149,150]. The second approach is based on 
the perfusion of immune cells suspension through 
a chip.

The integrated platform (Figure  3) includes 
six target tissues/organs (nasal tissue, lungs, 
heart, kidney, liver, and intestine), including 
blood vessels. They connect to each other using 
microfluidic channels ensuring virus transmission, 
cell supply with nutrients and oxygen, cell 
migration, etc. Each particular model is 
bioprinted to achieve native-like morphology and 
functionality. Bioink consists of cell (yellow) and 
hydrogel (blue) components and is tissue-specific. 
The best option for a bioink cell component is 
organoids/spheroids as they can perform cell-cell 
and cell-matrix interactions. To model immune 
response, two approaches might be applied: 
Designing immune-competent models/including 
lymph node models into such integrated platform 
and perfusing immune cells suspension through it. 

5 Conclusion

To defeat COVID-19, the mankind should create 
new tools combining the emerging techniques 
such as bioprinting, microfluidics, and organoid 
formation. To date, our understanding of the 
fabrication of tissue models for different viruses 
and tissue engineering is growing, and they can 
be applied in designing an integrated multi-tissue 
bioprinted platform tailored for SARS-CoV-2 
infection. Despite that none has yet tested such 
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complex systems to study this virus and perform 
drug screening, this multidisciplinary approach can 
be a new chapter in antiviral research in view of the 
outstanding achievements described in this review.
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Abstract: During the coronavirus disease-19 pandemic, the demand for specific medical equipment such as personal protective 
equipment has rapidly exceeded the available supply around the world. Specifically, simple medical equipment such as medical 
gloves, aprons, goggles, surgery masks, and medical face shields have become highly in demand in the health-care sector in 
the face of this rapidly developing pandemic. This difficult period strengthens the social solidarity to an extent parallel to the 
escalation of this pandemic. Education and government institutions, commercial and noncommercial organizations and individual 
homemakers have produced specific medical equipment by means of additive manufacturing (AM) technology, which is the 
fastest way to create a product, providing their support for urgent demands within the health-care services. Medical face shields 
have become a popular item to produce, and many design variations and prototypes have been forthcoming. Although AM 
technology can be used to produce several types of noncommercial equipment, this rapid manufacturing approach is limited 
by its longer production time as compared to conventional serial/mass production and the high demand. However, most of the 
individual designer/maker-based face shields are designed with little appreciation of clinical needs and nonergonomic. They also 
lack of professional product design and are not designed according to AM (Design for AM [DfAM]) principles. Consequently, 
the production time of up to 4 – 5 h for some products of these designs is needed. Therefore, a lighter, more ergonomic, single 
frame medical face shield without extra components to assemble would be useful, especially for individual designers/makers and 
noncommercial producers to increase productivity in a shorter timeframe. In this study, a medical face shield that is competitively 
lighter, relatively more ergonomic, easy to use, and can be assembled without extra components (such as elastic bands, softening 
materials, and clips) was designed. The face shield was produced by AM with a relatively shorter production time. Subsequently, 
finite element analysis-based structural design verification was performed, and a three-dimensional (3D) prototype was produced 
by an original equipment manufacturer 3D printer (Fused Deposition Modeling). This study demonstrated that an original face 
shield design with <10 g material usage per single frame was produced in under 45 min of fabrication time. This research 
also provides a useful product DfAM of simple medical equipment such as face shields through advanced engineering design, 
simulation, and AM applications as an essential approach to battling coronavirus-like viral pandemics.
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1 Introduction

On December 31, 2019, the World Health 
Organization (WHO) Country Office in China 
was informed of cases of pneumonia which had 
unknown etiology from Wuhan City, Hubei 
Province of China. Following the identification 
and confirmation of a new type of coronavirus 
called 2019-nCoV by the Chinese authorities[1], 
the WHO officially named the disease caused 
by the coronavirus as coronavirus disease 
(COVID)-19, which stands for “COVID 2019” 

on February 11, 2020[2], and declare the pandemic 
on March 11, 2020[3]. Since the date of the first 
case of this virus spreading, the world has been 
struggling with this emergent state. During this 
period, international and national authorities have 
been announcing public advice and putting in 
place legal regulations regarding social behavioral 
habits and the use of personal protective equipment 
(PPE) for public and health-care services. During 
this pandemic, health-care institutions have 
become one of the most hazardous environments 
to work in, especially for healthcare workers 
(HW) who deliver care and services to the sick 
and ailing either directly as medical doctors and 
nurses or indirectly as aides, helpers, laboratory 
technicians, or even medical waste handlers, who 
are considered to be in the high-risk groups[4]. The 
outbreaks of serious airborne infectious diseases, 
such as severe acute respiratory syndrome (SARS), 
Avian Influenza and now the COVID-19, as well 
as severe infectious agents associated with body 
fluid exposures (e.g., Ebola virus) have called for 
increased attention to face/eye protection as the 
face is the most common body part exposed to the 
acutely-expelled aerosols of patient body fluids 
during HW-patient interaction[5].

Although it is understood that wearing a 
surgical face mask may provide protection 
during distanced interaction in the patient’s room 
between the HW and patient who has suspected 
or confirmed COVID19, the use of additional 
PPE for closer operations potentially involving 
acutely-expelled aerosols of body fluids would 
be a necessity. Therefore, many international and 
national health service authorities/organizations 

advise the use of personal PPE for respiratory, 
eye/mouth/face, body, and hand protection while 
interacting with COVID-19 patients to avoid or 
minimize any likely contact, droplet, and airborne 
transmission[6-8]. The WHO also published a guide 
on the recommended types of PPE to be used in 
the context of SARS-CoV-2 (the virus causing 
COVID19), according to the setting, personnel, 
and type of activity[9].

For instance, the research carried out with cough 
aerosol and breathing simulators loaded with 
influenza virus (aerosol volume mean diameter of 
8.5 μm) indicated 96% and 92% reductions in the 
risk of inhalational exposure immediately after a 
cough if a face shield at distances of 46 cm and 
183 cm was used, respectively. In the case of a 
smaller aerosol diameter of 3.4 μm, the protection 
of the face shield is 68% at 46 cm immediately 
after the cough, and the protection rate decreases 
to 23% over 1 – 30 min post-cough (in the case of 
remaining airborne particles)[10].

It is understood that, in addition to face shield 
equipment, the use of surgical masks such as N95, 
filtering facepiece (FPP2), and FFP3 will give 
more effective and thorough protection during 
closer HW-patient interaction. Although there 
are risky cases for airborne transmitted viruses 
(which could have the ability to remain in the air 
for extended periods), in the case of larger aerosol 
droplet explosion, face shield (visor) products 
which have a simple design and manufacturable 
features would provide superior protection.

This face shield (visor) equipment could be 
designed and produced for single-use (disposable) 
or reusable following disinfection. In fact, before 
this pandemic, millions of HW, dental providers, 
veterinary care personnel, laboratory workers, 
pre-hospital emergency medical providers, police, 
firefighters, and custodial staff dealing with 
spills and contaminated waste have already been 
classified as the potential users of face shields. In 
addition to meeting the demand of this pre-existing 
group of face shield users, the need for this type of 
PPE in many countries, including Turkey and the 
United Kingdom, has increased drastically since 
the COVID-19 pandemic. On March 3, 2020, the 
WHO expressed the concern over the shortage of 
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PPE that could endanger HW worldwide; therefore, 

announced a call for increased manufacture of face 
shield by 40 % to meet the rising global demand for 
this type of PPE[11]. Based on WHO modeling, an 
estimated 89 million medical masks are required 
for tackling COVID-19 each month[11]. About 
76 million of examination gloves are required, and 
the international demand for goggles (including face 
shield equipment) now stands at 1.6 million/month.

In the face of this high demand for PPE 
(specifically for face shield equipment), visors 
that are commercially produced by conventional 
manufacturing methods (mostly plastic injection 
molding) could be supplied on time, and the 
high demand for this PPE has raised the unit 
product costs and the shipping rate. Conversely, 
this situation strengthens our social solidarity to 
address the issues pertaining to this pandemic. 
Many educational and government institutions, 
commercial and noncommercial organizations, 
and home/individual makers produced face 
shield products (not mass/serial production) and 
shipped/donated them to personal-public users 
and health-care sectors. In many cases, additive 
manufacturing (AM) technology was utilized for 
their prototype designs as it is the fastest way to 
obtain a usable product/prototype. The use of this 
manufacturing technology with easily accessible 
relatively professional (trademarks) and original 
equipment manufacturer (OEM) 3D printers has 
become very popular and is productive enough to 
meet the high demand for PPE. 

A face shield (visor) product has simple 
structural and functional design features, which 
consist of two main components: The frame 
(metal- or plastic material-based) and the 
transparent protective visor shield (mostly plastic 
material-based). However, additional components 
such as elastic bands (frame-head holder), face 
contact softening materials (sponge, foam, rubber, 
etc.), and clips for fastening the transparent shield 
to the frame can also be included.

Various concept designs for face shield 
products generated by AM for rapid prototyping/
manufacturing have been introduced in addition to 
commercially existing ones (Figure 1). However, 
most of these products were not carefully designed 

with due consideration to professional and 
ergonomic product design principles, and design 
for AM (DfAM) approaches. A design can be 
functional and may correspond to the needs within 
pre-defined design specifications; however, this 
may not indicate that the design has structurally 
and functionally optimized features. For most of 
the designs generated, it was not known where 
or how they were approved. These designs also 
have relatively longer production and component 
assembly times per unit product (more than 4 – 5 
production hours; about 2 h in average), and some 
of the products are heavier considering their 
custom designs. Besides, most of them, which 
are equipped with additional components such as 
elastic bands, softening materials, and fastening 
clips could cause user discomfort after using for 
long working hours and constant taking on/off 
operations. These facts appear as disadvantages 
for a product within the context of ergonomics 
and total AM-based production time. In addition, 
from a post-prototyping perspective, most of these 
products do not have convenient structural design 
features that are amenable for commercial mass/
serial production using conventional manufacturing 
methods such as plastic injection molding. 
Therefore, a lighter, more ergonomic, and single 
frame medical face shield without extra components 
for assembly would be useful for homemakers, 
individual designers/makers, and noncommercial 
producers (primary target) to provide effective, 
functional rapid-prototyped products, which may 
have a commercial potential (secondary target) 
in a relatively shorter time. The disadvantages of 
the current PPE manufacturing method were the 
main sources of motivation for this design study as 
the product designs are dynamic, and can be seen 
changing stages on an existing product over time, 
in shape and function. These changing stages can 
be in different range and sudden, others move step 
by step. In any case, the major aim of the change 
is to improve the design, to make the product more 
effective or, put simply, just more appropriate for 
use in the current pandemic (i.e., low-cost, quick to 
produce, and disposable).

Considering the afore-mentioned specific 
product design issues, the aim of the current study 
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Figure 1. Examples of commercial and custom-made face shield products.
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was to design a competitively lighter, relatively 
more ergonomic, and easy-to-use original 
medical face shield which can be produced within 
relatively shorter production times, assembled 
without extra components (such as elastic bands, 
softening materials, and clips), fully amenable to 
production using AM technology, and directed 
to more conventional manufacturing methods, 
by means of advanced computer-aided design, 
engineering, and AM applications.

2 Materials and methods

2.1 Background, design process, and original 
design details

Although international standards for industrial 
PPE (such as ANSI/ISEA Z87.1-2020, “American 
National Standard for Occupational and Educational 
Personal Eye and Face Protection” and British 
Standards of BS 7028:1999 BS EN 168:2002, BS EN 
166:2002; BS EN 13921:2007, Statutory Instrument 
2002 No. 1144 for eye protection regulations and 
specifications) are available, it is reported that 
there is currently no universal standard for eye/face 
protection from biological hazards during medical 
applications[10,12]. The common point related to the 
product descriptions and functionality. From the 
infection control standpoint, protector components 
serve to minimize or prevent eye and face exposure 
of the wearer to sprays, splashes, or droplets of 
blood, body fluids, excretions, secretions, and other 
potentially infectious materials in occupational and 
educational environments, where biological hazards 

are expected. Hence, in this perspective, various face 
shield design samples and patent registrations can 
be found from a simple internet search; however, 
the number of informative scientific publications 
for user guides, design details, and AM and 
conventional or non-conventional manufacturing 
applications of face shield are very limited. Within 
the limited literature, a useful scientific review 
regarding face shields used for infection control 
to assist in the selection and proper utilization of 
this type of PPE was published by Roberge (2016). 
In addition, the WHO, NHS England, and Texas 
Medical Association Turkey have been updating 
their advisory guidelines/publications for the use 
of medical PPE. These are the sources available to 
collect reference information related to design and 
structure, regulatory standards, and guidelines to 
proper use and selection of the PPE and describe 
the product as PPE that provides barrier protection 
to the facial area and related mucous membranes 
(eyes, nose, and lips). Consequently, these sources 
were carefully considered in describing the 
requirements for the design study detailed in this 
paper.

For the term “design,” there is no single 
universal description in the product development 
applications; however, design is commonly 
considered as a total iterative process within the 
scopes of engineering design, product design, 
and industrial design applications; this begins 
with an idea or requirement and ends with a fully 
described product (or process or services). As 
shown schematically in Figure 2 adapted from 

Figure 2. Product-specific redefined generic design process.
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two of well-known references, Budynas and 
Nisbett (2011) outline the idealized, iterative, and 
top-down phases in design[13] and Kamrani and 
Nasr (2010) draws an engineering design process 
path which indicates a similar process for the 
product design[14]. In addition, the result of the 
design activity is often expected to be original, 
adding value to the existing designs by solving 
problems in new ways,[15] which is the emphasis 
in this research on the original design features of a 
PPE product through a product-specific, redefined 
generic design process.

For the first stage of the design process, essential 
design function objectives for an original face 
shield product compatible with an AM production 
approaches were defined as follows: 
F1.	 Original ergonomic design, easy-to-use form 

with stable holding elasticity and equipped 
with as few components as possible

F2.	 Single frame design which is convenient for 
AM production (DfAM approach)

F3.	 Specific product originality feature: 
Comfortable, with non-classic goggle nose 
pad, and no ear hook structural features

F4.	 No additional components used in the 
assembly of the frame and the transparent 
shield (such as softening materials, and 
fastening clips)

F5.	 As little as possible additional processing 
time in preparation/assembly of the linkage 
points between the frame and the transparent 
visor 

F6.	 Biodegradable thermoplastic polymer/ 
polylactic acid (PLA) material-based 
production (for AM process)

F7.	 Less than 10 g product weight (no supports 
during AM production)

F8.	 Less than 60 min AM production time through 
OEM machine (at 60 m/s layering speed, in-
fill rate of 100%) (production time may well 
be shorter with industrial AM equipment)

F9.	 Minimum 8 products per day from one 
OEM machine during AM production stage 
(8 working h)

F10.	Through simple design changes/revisions, 
generated frame design should conveniently have 
the potential for conventional manufacturing 

methods (such as plastic injection molding) in 
addition to AM-based prototyping.

The innovation process, which can provide 
solutions for design needs, normally starts 
at the stage of conceptual design. A concept 
solution as the basis for the final design under 
pre-defined design needs and constraints can be 
generated from a “stand-off” between two sets of 
influences: The basic objective is to keep to the 
required size, shape, and “look” (esthetic) of the 
design, while improving on cost (such as material 
weight), lifetime, and integrity (Figure 3)[16]. In 
this regard, five design candidates, which have 
the potential to meet with these pre-defined 
objectives, were designed and proposed at the 
concept stage. These candidates were analyzed 
through technical functional analysis (TFA), 
and the best candidate design was selected for 
prototype testing. The core design contours 
and the concept design candidates are shown in 
Figure 3.

2.2 TFA

Redesigning/improving an existing product 
(different design for the same functionality) on 
the market can pose significant challenges even 
to the most experienced professional. Considering 
the importance of the product application as 
discussed within this work, the authors based 
their redesign/design improvement or new design 
decisions on the guidelines given from the value 
analysis (VA) methodology developed by Miles 
in 1948[17]. More specifically, TFA was deployed 
to develop the optimal technical solution that best 
meets the concrete expression of the customers” 
need, at minimum cost. The external and internal 
functional analysis takes into consideration 
the main functions that the face shield needs to 
perform to meet both customer expectations and 
manufacturer specifications[18]. TFA offers a variety 
of tools and instruments, but for the purpose of this 
study, the following main stages were deployed: 
Function identification and characterization; 
ranking and valuation of the functions; economic 
dimensioning; result and critical evaluation of the 
functions; and proposal of concepts. TFA can be 
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Figure 3. The concept design candidates.

conducted as an iterative method, which allows 
product performance improvement with each 
new step, thus obtaining at the end of the process 
an optimized concept. Function analysis system 
technique (FAST) diagrams[19] were used for all 
lifecycle stages of the face shield to accurately 
identify the main functions. Based on FAST and in 
relation to the main ten design objectives identified 
before for the face shield’s functions were defined.

2.3 Functions importance levels

A TFA team comprised ten medical experts and 
industry specialists established the importance 
levels of the face shield by objectively grading 

and ranking each function in relation to the others. 
The valuation matrix is composed of weighting 
the answers of all ten team members, and their 
final rankings are displayed in Table 1.

The final valuation matrix shows that F10 and 
F4 are the most important functions in value, 
namely, that the redesigned face shield should 
allow an easy transition from AM processes to 
plastic injection molding and it should have a 
clean, simple one-part design and avoid fasteners, 
softening, and holding bands. This specific TFA 
stage highlights the functions of the redesign 
that should be focused on, from the value point 
of view. Function value weightings are noted 
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with xFi, where i = 1÷10. Based on the results 
obtained from the valuation matrix, the following 
percentage values were obtained: xF1 = 8.181%, 
xF2 = 6.0%, xF3 = 12.0%, xF4 = 12.545%, xF5 = 
11.091%, xF6 = 7.091%, xF7 = 10.909%, xF8 = 
9.455%, xF9 = 9.455%, xF10 = 13.273%.

2.4 Economic dimensioning of the functions

For the second step of TFA, economic 
dimensioning of the functions was conducted in 
accordance with thorough benchmarking in the 
medical device sector. Costs were estimated based 
on Ruffo et al. (2006) and Hopkinson and Dicken’s 
(2003) models[20,21], in which they propose that 
the total cost (C) is the sum of the cost of the 
raw materials and the indirect costs, as shown in 
equation (1). The indirect cost of hourly activities 
is shown in Table 2.

		  C P M P Tmat ind� �g g � (1)

where Pmat is the price of the raw material, 
measured in monetary units per kilogram; 

M is the mass of the 3D printed product, 
measured in kilograms;

Pind cost rate, measured in monetary units/
hours;

T is the total production time of one part, 
measured in hours.

TFA is usually applied to existing products to 
increase their value or lower their costs, through 
redesign strategies. In the case of the face 
shield, economic dimensioning was based on 
the hypothesis of evaluating the average values 
of the main characteristics, which can include 
product weight, product performance, direct and 
indirect costs, and manufacturing time. After TFA 
is deployed, these average values are stated as 
final requirements and metrics with ideal values. 

Thus, market research considered different types 
of materials and their individual characteristics, 
costs, life span, recycling procedures, production 
volumes, and other particular features of the face 
shield and of the production process. The research 
team selected material extrusion (MEx, also 
referred to as Fused Deposition Modeling [FDM] 
or Fused Filament Fabrication) as the primary AM 
process to produce the redesigned face shield. PLA 
material was selected due to the ease of printing 
and an advantageous cost-performance ratio. 
Considering that singlepart weighs an average of 
20 g (weight of reference products) and it can be 
manufactured in 60 min from medium grade PLA 
filament with a price of 170 monetary units per 
kilogram, the total cost of manufacturing one face 
shield structure is 32.48 monetary units. Based 
on the findings of the market analysis, the total 
calculated costs were assigned by a TFA specialist, 
as presented in Table 3. Each function participates 
in the total cost with a percentage value, noted with 
yFi, i = 1÷10. For the redesign of a face shield, the 
percentage values of the functions participation in 
the total costs are: yF1 = 9.852%, yF2 = 6.958%, 
yF3 = 13.793%, yF4 = 15.763%, yF5 = 10.160%, 
yF6 = 5.849%, yF7 = 7.758%, yF8 = 9.236%, 
yF9 = 8.312%, yF10 = 12.315%.

Economic dimensioning addresses the 
comparison between the functions value and cost 
weightings, aimed at the identification of three 
main function status: A function is too expensive 
in relation to other functions; a function is too 
expensive compared to its contribution in the 
products’ value; a function is too expensive in 
relation to the existing manufacturing technical 
possibilities. To accurately analyze the relationship 
between function costs and value, four diagrams 
are plotted (Figure 4).

2.5 Diagrams

At this stage, the smallest squares method is 
used to plot the diagrams necessary for TFA. To 
properly deploy the smallest squares method, the 
following parameters need to be calculated:
•	 The regression line:

 (2)y a x= g

Table 2. The indirect cost of activities.
Activity Cost/hour (monetary units)
Production work/time 
machine

7.99

Machine costs 14.78
Fixed and variable costs 5.9
Administrative costs 0.41
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where xi represents the functions value 
weighting;

yi represents functions cost weighting;

a
x y

x
i i

i

� �
� 2  represents the regression parameter.

•	  The estimator S is determined with the 
smallest squares method:

		  S y a x mini i� �� � �� g 2 � � (3)

•	 The dispersion S’ must be as close as possible 
to zero value to validate the solution.

		  S a x x yi i i
' � �� �� 2 2

2g g g � (4)

•	 The angle  of the regression line:

		
( )180 arctg aα

π
=

� (5)

All computational elements used in the smallest 
squares method are presented in Table 4. 

After processing, the information in Table 4, 
the following values were obtained: a = 1.0021, 
α = 45.05998, S = 31.886, and S’ = 0. 

In Figure 4, Diagram A shows the functions 
t for the redesign process of a face shield. The 
diagram was constructed using the rankings 
of the functions by their value, as obtained in 
the valuation matrix. Diagram B represents the 
ranking of the functions by their functional 
cost, as defined in the cost distribution matrix. 
Both diagrams are used by the TFA team to 
compare the functions costs in relation to their 
contribution to the value of the product. It is 
important for the redesign process to identify 
the most expensive functions and those with 
the highest weighting in the total cost of the 
product. This way, secondary functions that 
are very expensive in relation to the objective 
functions, or even more expensive than these, 
can be identified for further improvement. The 
weighting of effort for a certain function must 
match its weighting in the total value of the 
product. Further, to validate these assumptions, 
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regression analysis was used, and the regression 
line was plotted for further analysis. 

The real situation is represented in Diagram C 
by plotting the regression line y = 1.0021*x, with a 
slope angle of α = 45.05998. The smallest squares 
method presumes that the estimator S should tend 
to a minimum value and the S’ dispersion is zero. 
To diminish the S value, the points represented 
by the function weightings must be aligned as 
perfectly as possible along the regression line. 
The objective of TFA is to redesign and diminish 
costs or increase the value for the functions 
corresponding to the points above the regression 
line. By changing those specific points and re-
plotting the diagram, the slope of the regression 
line modifies, and a new situation of TFA can be 
evaluated. As stated before, the process is iterative, 
and it is undertaken until the requirements of both 
customers and manufacturers are met. 

Figure 4. The relationship between functions cost and value.

The critical evaluation of the functions presented 
in Diagram D presents the most expensive 
functions in relation to their value. Functions F4, 
F1, and F2 have disproportionate costs in relation 
to their value contribution. Function F4 was also 
identified in the first TFA stage as being the second 
most important in value, and thus, the designers 
will focus on the face shield features that address 
this specific function. 

Based on the above diagrams, the TFA team 
concluded that functions F1, F2, F3, and F4 
need either a lower cost or an increase in value. 
This implies redesigning and providing new 
constructive solutions for ensuring the structure 
and the ergonomics of the frame. The redesign 
process will target ergonomics, single frame, and 
AM compatible face concepts. TFA was further 
used to define the final product requirements, which 
must be followed while designing the face shield. 
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A specification is constructed from a metric and a 
value[18], which correspond to a specific function 
of the product. A function can have one or more 
metrics and values. The final list of specification 
objectives in relation to the TFA results is given 
in Table 5.

The analysis of alternative designs was 
undertaken using TFA instruments to select the best 
candidate for further investigation. The selection 
criteria and their weights were set by the TFA 
team. As shown in Table 6, Candidate 5 obtained 
the best total score, best ensuring the functional 
characteristics required.

2.6 Prototyping

Once the first functional prototype of a detail design 
is exhibited, prototype testing can be performed 
to validate the proposed design solution. If the 
design solution cannot meet the required design 
objectives, the product design process is repeated 
until a satisfactory desired solution is reached. At 
this stage, it is possible to undertake both virtual 
prototype and physical prototype-based design 
verifications.

2.7 Virtual prototyping: Finite element analysis 
(FEA) verification

After approval of the design details of Candidate 
5, a 3D parametric solid model was constructed in 
the virtual environment, and then virtual prototype 
testing for the product’s elastic deformation ability 
was realized. The findings from the tests were 
evaluated in the virtual environment for potential 
design changes. In this study, the virtual prototype 
was tested to determine head holding force and 
deformation behavior. To evaluate the deformation 
behavior of the prototype, the finite element method 
(FEM)-based structural deformation analysis 
(FEA) was carried out. The structural module of the 
ANSYS Workbench FEM-based commercial code 
was employed for the FEA. In the FEA scenarios, 
head wearing and head holding positions were 
simulated. The FEA was set up using assumptions 
of a linear static loading and homogeneous, linear 
isotropic material model. At the meshing operation, 
a curvature meshing strategy was utilized and the Ta
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Table 5. Final product specifications for a face mask.
Functions Requirements Metric Units Limit values Ideal values
F1 Elasticity Tensile strength at yield MPa >35.9 34

Ease of usage Ergonomic design Yes/ No Yes Yes
F2 Respect DfAM 

principles
AM technologies - MEX, SLA, SLS MEX

F3 Comfortable Wear period hours >6 8
Maintains position Ensures user protection Yes/No Yes Yes
Prevents condensation Ensures ventilation 

features
Yes/No Yes Yes

F4 Single frame design Number of components No. 3 2
Allow reuse Sterilization procedure - Autoclave, UV, 

disinfectant liquids, ozone
Disinfectant 

liquids, ozone
F5 Ease of maintenance Maintenance manual Yes/No Yes Yes

Ease of assembly Assembly/disassembly 
time

minutes 0.5 0.5

F6 Biodegradable filaments Thermoplastics - PLA PLA
Environmental friendly Recyclable Yes/No Yes Yes

F7 Light weight Total weight g <20 10
F8 AM produced Total production time 

(3D printing+post 
processing+assembly)

minutes <60 45

F9 AM produced Production rate products/day/
machine

<10 8

F10 AM/plastic injection Modular/parametric 
design

Yes/No Yes/No Yes

skewness metric, which is one of the primary mesh 
quality measures in a FEA, was checked. The shape 
and asymmetry of distribution can be measured by 
its skewness, which can be considered as the mesh 
quality verification of a FEM[22]. The skewness 
value of zero indicates an equilateral cell (best) and 
a value of one indicates a completely degenerate cell 
(worst)[23]. At the final meshing operation, FEM was 
created with minimum element size of 0.4 mm, and 
the average skewness value of 0.227 was obtained. 
This value indicated that the FE model used in the 
loading scenarios has an excellent mesh quality. 
Details related to the FEA set up, and simulation 
outputs are given in Figure 5.

The results of the FEA scenarios revealed that 
there was no plastic deformation (permanent 
deformation) during the maximum opening 
condition of wearing on the head and at the 
head holding positions. Maximum equivalent 
(Von-Mises) stress during the maximum opening 
condition and at the head holding position were 
96.498 MPa and 58.929 MPa, respectively, 

which are lower than the material tensile stress 
at yield (which is 110 MPa). These numerical 
and visual results obtained from the simulation 
indicated that the stress distribution on the 
product is uniform and the elastic deformation 
ability of the product is satisfactorily within 
the design limits. For the second scenario, the 
head holding force after wearing was calculated 
as 2.744 N against each side displacements. 
This finding was also interpreted as the head 
holding capability of the product and was in a 
satisfactory comfort range.

2.8 Physical prototyping

As a dimensionally accurate physical part, the AM 
prototype is able to give the designer a sense of the 
appropriateness of form and fit before continuing 
with production[24]. The fastest technique to 
produce a physical prototype, most especially for 
a complex geometric structure, is utilizing AM 
technology. In short, models were created by adding 
successive layers of material together. To evaluate 
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the physical prototype of the face shield, an AM 
approach was utilized in this study; however, the 
critical point here is that DfAM is a challenge 
for most designers as the convenient design 
methods that consider the unique capabilities of 
AM technologies are needed. Depending on the 
capabilities of the AM technology being utilized, 
DfAM can be described as a type of design 
method whereby functional performance and/or 
other key product lifecycle considerations such 
as manufacturability, reliability, and cost can be 
optimized[25]. In this regard, a useful worksheet/
application guide designed for novices to AM was 
published by Booth et al. (2017)[26]. In using the 
DfAM method, some important approaches are 
in macroscale, mesoscale or microscale design 
studies: Structural optimization approach (i.e., 
size, shape, and topological) and manufacturability 
related to AM technology type, AM machine, 
material, build orientation, surface quality needs, 
production time, etc. 

The production of the prototype was realized 
using an OEM - FDM machine with a production 
volume capacity of 200 mm × 220 mm × 220 mm, 
nozzle diameter of 0.4 mm at 210°C nozzle 
temperature. The production material was PLA 
thermoplastic with a filament diameter of 1.75 mm. 
Solid modeling and AM setup procedures for the 
face shield product handled in this study were 
conducted under consideration of these key 
approaches related to the DfAM methodology. 
To obtain time efficiency (short production), 
optimally designed (geometry and topology), 
and a functionally readytouse prototype with 
satisfying surface quality, production trials were 
made on STL conversion quality (geometrical 
parameters) and production layer heights during 
AM operations. The trials showed that despite 
the rearrangements, more precise (use of smaller 
triangles) STL conversion parameters and shorter 
production layer heights gave a smoother surface 
quality, the fine level of STL conversion (deviation 
tolerance: 0.099 mm, angle tolerance: 10°, and 
number of triangles: 16,736) and the layer height 
of 0.25 provided satisfactory results in the use 
of the physical prototype when considering the 
time efficiency approach (approximately 35 min Ta
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production time per unit). Details related to the 
AM procedures and prototypes produced are 
given in Figure 6.

2.9 Physical prototype trials

The model of Candidate 5 was highlighted 
through the TFA and the prototyping stage was 
successfully realized. In addition, to obtain 
first-hand user opinions about the prototype 
of Candidate 5, a survey was conducted. 
The survey was completed by health service 
workers (medical doctors, nurses, and the other 
health service workers) at Antalya Training and 
Research Hospital, Antalya, Turkey in April 2020. 
Ten questions related to the face shield product 
evaluation were answered by 15 HWs who used 
the product in routine daily hospital activities. 

The survey results were interpreted as having a 
high satisfaction level since the answers given to 
question no. 9 related to satisfaction of using this 
product were very positive overall, in addition 
to the positive responses to the other questions 
(40% of those completing the survey found the 
product to be “excellent,” 40% found the product 
to be “good,” 17% found the product “average,” 
7% found the product to be “poor,” and no-one 
found the product “insufficient”). Thus, for the 
final evaluation, it was decided that Candidate 5 
as the final product design should be approved 
and the design evaluation undertaken in this 
research was finalized. The participation details, 
survey questions, variation of the answers given 
to these questions, and the pictures obtained from 
the trials are provided in Figure 7.

Figure 5. Finite element analysis verification virtual prototype.
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3 Results and discussion

After initial sketching and concept evaluation, TFA 
results suggested an optimum design: Candidate 5. 
Structural design verification was approved in the 
virtual environment and a physical prototype was 
tested by the experts and a product satisfaction 
survey was completed by HWs during real, in situ 
hospital activities. The product satisfaction survey 
revealed positive responses related to product 
design features and usability (Figure 7). The 
frame design was rated with 67% “excellent,” 
20% “good,” and 13% “average” satisfaction. No 
user indicated an insufficiency rate for any of the 
survey questions. Under these considerations, the 
product design work detailed in this paper was 
completed, and the detailed design for Candidate 
5 was approved (Figure 8). The single-frame 
design used <10 g FDM filament and took 
approximately 35 min to build. AM production 
time and only two-hole stamping operations are 
required to assemble the transparent shield to the 
frame. These product features can be interpreted 

as the originality and advantages achieved for 
this product against competitors as detailed in the 
myriad of social media.

During the product design process, advanced 
computer-aided design, engineering, and DfAM 
methods were successfully applied. The objectives 
given in the design process section were achieved. 
Critically, light weight and relatively shorter 
AM production times were accomplished. When 
considering the existing products being showcased 
in social media, the biggest disadvantages were 
perceived to be relatively longer AM production 
times per unit. Many approaches and concepts 
for face shield products produced using AM 
technologies have been proposed during the 
COVID-19 pandemic to support the health 
services. Although all of them provide some level 
of functionality, many of their design features 
lack adherence to professional design principles, 
optimum structural topology, ergonomics, and 
the application of DfAM approaches. A common 
goal in an industrial product is to improve product 
quality, shorten the product development cycle, 

Figure 6. Fabrication of prototype product for physical evaluation.
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Figure 7. Product evaluation survey and user trials.
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Figure 8. Technical drawing of Candidate 5.
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and reduce product cost/time. As such, the product 
detailed in this study has satisfactorily met these 
conditions. Realistically, industry nowadays will 
not survive in a globally competitive marketplace 
unless they introduce new products of better 
quality, at a lower cost, and with shorter lead 
times[27]. 

AM brings unique considerations for engineers 
in the design process for medical PPE. An 
important issue in the use of PPE for medical 
purposes is biological consideration (including 
cleaning, sterilization, and biocompatibility). In 
consideration of unregulated PPE production 
during this COVID-19 pandemic, recently, a 
discussion was reported by MIT news on the 
limitations and dangers of using AM/3D printing 
for PPE fabrication[28]. The text reports that one of 
the biggest risks with AM-fabricated products for 
COVID-19 is the false sense of hope as quickly 
produced PPE inevitably fails to meet any of 
the needs previously discussed. This is crucial 
when considering critical PPE products such as 
filtration masks, which may need expert design 
consideration and medical/health service authority 
approvals, may do more harm than good. The 
additional risk from unregulated PPE also exists 
as many FDM filaments retain ambient moisture, 
which could pose a paradoxically increased risk 
for virus transmission during use or reuse[29]. 
Similar risks and concerns were also reviewed and 
reported by Clifton et al. (2020)[30]. The authors 
reported that during this pandemic, the open 
distribution and propagation of PPE prototypes 
happened before validation and hypothesis 
formulation (in the context of both engineering 
and biological considerations) that emphasized 
on the fundamentally important factors for 
prototype testing, such as number needed to treat 
and reduce harm for patients, and the approval of 
health service authorities had not been considered. 
Hence, it was possible to highlight the need for 
universal standardization for PPE, such as medical 
face shield products. True innovation can prevail 
over brief notoriety and avoid unintentional harm 
from good intentions led by poor science[30]. 
This study provided an original design which 
was developed based on scientific principles of 

advanced engineering design and AM methods, 
with the product being convenient for single-use 
(means of economic base) and sterilization (with 
limited cycles) in case of reuse in a risk-based 
environment such as COVID-19 (+) with close 
HW-patient interaction.

4 Conclusion

In this study, a competitively lighter, relatively 
more ergonomic, and easy-to-use medical face 
shield design which can be assembled without 
extra components (such as elastic bands, softening 
materials, and clips) and has a relatively shorter AM 
based production time were successfully realized. 
The motivation for this study was to provide an 
original AM compatible PPE product (primary 
target), which was designed in accordance with 
professional product design principles to support 
social solidarity against COVID-19 pandemic and 
potential future needs. The product design feature 
is also compatible with plastic injection molding-
based serial production (secondary target). The 
survey carried out in a health service environment 
revealed that the product can be used for medical 
purposes with a good level of user/HW satisfaction. 
Taken together, this design study satisfactorily 
responded to the design requirements for a face 
shield PPE. Although the product provides safety 
features (dimensional features) described by the 
WHO, health safety risks should be carefully 
considered while using this product in health 
service facilities and public areas. This research 
provides a useful product design case study for 
informing further research on design, prototyping, 
and manufacture of simple medical equipment such 
as face shields for battling coronavirus-like viral 
pandemics by employing advanced engineering 
design, simulation, and AM applications.
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Using Large-Scale Additive Manufacturing as a Bridge 
Manufacturing Process in Response to Shortages in 
Personal Protective Equipment during the COVID-19 
Outbreak
Elizabeth G. Bishop*, Simon J. Leigh
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Abstract: The global coronavirus disease (COVID)-19 pandemic has led to an international shortage of personal protective 
equipment (PPE), with traditional supply chains unable to cope with the significant demand leading to critical shortfalls. A 
number of open and crowdsourcing initiatives have sought to address this shortfall by producing equipment such as protective 
face shields using additive manufacturing techniques such as fused filament fabrication (FFF). This paper reports the process 
of designing and manufacturing protective face shields using large-scale additive manufacturing (LSAM) to produce the 
major thermoplastic components of the face shield. LSAM offers significant advantages over other additive manufacturing 
technologies in bridge manufacturing scenarios as a true transition between prototypes and mass production techniques such 
as injection molding. In the context of production of COVID-19 face shields, the ability to produce the optimized components 
in under 5 min compared to what would typically take 1 – 2 h using another additive manufacturing technologies meant that 
significant production volume could be achieved rapidly with minimal staffing.

Keywords: Additive manufacturing, Three-dimensional printing, Coronavirus disease-19, Coronavirus, Face shield, Personal 
protective equipment

1 Introduction

In December of 2019, an outbreak of infections 
from a novel coronavirus (now named severe 
acute respiratory syndrome coronavirus 2 
[SARS-Cov-2]) was reported in China[1]. The 
class of viruses known as coronaviruses are 
responsible for most of the common colds and 
have often arisen due to transmission from 
animals to humans[2]. Initially focused on Wuhan 
in the Hubei province[3], the infection has since 

spread globally, with the spread of coronavirus 
disease 2019 (also more commonly known as 
COVID-19) reaching the necessary level of 
spreading to be classified as a global pandemic 
according to the World Health Organisation 
(WHO)[4]. At the time of writing, it is believed that 
over 4 million people have been infected globally, 
leading to over 278,000 deaths[5]. It has been 
established that the contagiousness of the disease 
is higher than previous outbreaks such as SARS 
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in 2002 – 2004[6] and can be transmitted through 
an airborne droplet and contact transmission[7]. 
It has also been established that people are able 
to transmit the infection despite not obviously 
displaying symptoms (asymptomatic)[8].

For these reasons, the wearing of personal 
protective equipment (PPE) has become a vital 
requirement for frontline medical staff, those with 
critical caring responsibilities and key workers 
facing increased potential exposure to SARS-
Cov-2. The WHO has recommended that PPE 
also includes eye protection to safeguard against 
droplet and airborne transmission[9]. Droplet 
transmission (as happens with influenza) occurs 
when droplets from an infected individual that 
is generated during coughing, sneezing, or even 
talking pass through the air and land on the eyes, 
nose, and mouth of another individual leading to 
infection[10].

With this increased global demand for PPE, 
governments and organizations have struggled 
to source enough for millions of regular PPE 
users, let alone for non-typical users such as 
pharmacies and general practitioners who are 
now at increased risk of infection during their 
daily activities. These supply chain issues have 
arisen due to a global shortage of PPE items such 
as eye protection/face shields and the inability to 
manufacture enough items quick enough[11]. In 
response to this unprecedented demand, many 
companies, academic institutions, and individuals 
have sought to use democratized manufacturing 
facilities and equipment such as three-dimensional 
(3D) printers (generally fused filament fabrication 
[FFF] systems) to produce components for much 
needed PPE items such as face shields[12,13]. 
This manufacturing effort has seen members of 
the international 3D printing community come 
together in vast, rapidly formed collaborative 
networks to address the PPE shortfall in a way 
reminiscent of the often-proposed concept of 
localized microfactories[14,15]. In the context of a 
traditional product development cycle, this type of 
activity can be likened to bridge manufacturing, 
where the use of additive manufacturing techniques 
is used to bridge the gap between small volume, 
time-intensive manufacturing processes, and other 

mass manufacturing techniques such as injection 
molding when increased demand makes the 
production of tooling and moulds a cost-effective 
option.

Due to the prevalence of desktop FFF 3D 
printers, most of the designs being manufactured 
by these global communities are optimized for 
common 3D printer formats, such as build plates 
of approximately 200 × 200 mm and 0.4 mm 
(sub-mm) extrusion nozzles[16]. These limitations 
generally mean that the main components of 
face shields can take 1 – 2 h to produce, which 
presents a significant issue for producing larger 
volumes of components. Typical thermoplastic 
deposition rates on desktop 3D printers are 
usually on the order of 10 mm3/s[17]. Large-scale 
additive manufacturing (LSAM) systems have 
built volumes with dimensions of 1 m or greater 
and typically use nozzles with diameters of 
1 mm or greater, allowing for significantly higher 
deposition rates on the order of 100 mm3/s. LSAM 
has been used previously to manufacture tooling 
for various applications[18-20], as well as being used 
for direct manufacture of large single objects[21] 
such as furniture[22] and bike frames[23].

The ability to deposit thermoplastic materials 
at rates of up to 100 mm3/s with LSAM means that 
bridge manufacturing rates for PPE components 
can be significantly increased addressing 
immediate requirements in advance of an eventual 
increase in production capacity using techniques 
such as injection molding. In this paper, we 
report the design and development of face shield 
components optimized for production using 
LSAM technology such that a component that 
would normally take 1 – 2 h to produce can be 
made in under 5 min. The development of process 
parameters to ensure continued part quality with 
larger part volumes per production run is also 
presented.

2 Materials and methods

The headbands were printed on a 3D Platform 300 
Series Workbench Pro (3D Platform, USA) with 
High Flow Extruder 300 3D Printer Extruder, 
fitted with a 1.8 mm nozzle. The material used 
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for the thermoplastic component was 3DFilaPrint 
Premium polylactic acid (PLA) 2.85 mm 
(3DFilaPrint, UK). All print parameters were 
previously determined empirically through an 
iterative process. The key print parameters used 
were: 1.8 mm extrusion width; 1 mm layer height; 
0% infill; 230°C extrusion temperature; and 
50 mm/s default printing speed.

3 Results and discussion

A typical face shield for use during the COVID-19 
pandemic comprises several key components 
(Figure  1): A headband (1), clear lens/visor 
(2), a strap (3), top protection (4), and a bottom 
support piece (5). Other crowdsourcing projects 
have sought to produce the headband and bottom 
support pieces using desktop 3D printers. Within 
this study, LSAM was applied in the same way 
but with the goal of speeding up the production of 
these parts by approximately ×20.

The design requirements dictated by the 
functionality of the 3D printed parts were as follows 
(key function analysis, Figure 2). The headband is 
needed to easily conform to the user’s head and 
hold a lens/visor with sufficient splash protection 
to meet the required regulations. The headband also 
needed to have a way to be held onto the head of the 
user using some form of strap and be lightweight 
as it would need to be worn for extended periods 
of time. The parts of the face shield should also 
be entirely free from sharp regions or defects that 
are likely to cause injury or discomfort to a user. 
To aid clarity for this paper, the production of the 
largest component, the headband will be the focus. 
As the target production time for the headband was 
sub-10 min, the design needed to be fully optimized 
for production with LSAM, leveraging the key 
advantages of the process. The material used for 
the thermoplastic component was 3DFilaPrint 
Premium PLA 2.85 mm (3DFilaPrint, UK).

To optimize the design, the obvious strategy to 
adopt first in designing a part for LSAM is reducing 
the amount of material required (dematerialization) 
which dictates that all material must contribute to 
the critical function of the device, with no excess, 
unrequired material present.

To print effectively, the minimum feature size 
of the printed design needs to be specifically 
selected as it is determined by the nozzle diameter 
of the LSAM system (tool diameter analysis). For 
example, the minimum horizontal width of any 
section which protrudes from the main headband 
must be at least ×2 nozzle diameter, but no larger 
than ×2.5 nozzle diameter, or else, the printed 
extrusions will not bond together (parametric 
design based on tool diameter). To reduce overall 

Figure  1. Typical components that make up an 
emergency face shield.

Figure 2. InVision Freehand schematic showing 
the design methodology employed in optimizing a 
design for large-scale additive manufacturing.
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travel moves made by the printer, the largest 
possible nozzle should be chosen, but to ensure 
that the parts stay lightweight with sensible feature 
sizes, a balance must be struck. In this case, a 
1.8 mm nozzle was selected to achieve this required 
balance. The 1.8 mm nozzle allowed for deposition 
rates of 92 mm3/s, (printing a headband with <20 g 
of PLA) while allowing for the features to be small 
enough for functions such as the attachment of the 
lens/visor. The headbands were designed with no 
overhanging sections to ensure that no material or 
time wasted in printing support material. The final 
strategy to adopt is to ensure that every move of 
the print nozzle in the print job is a useful move, 
that is, all moves made are contributing to the 
deposition of material, and there are minimal 
non-print travel moves (toolpath optimization). 
To ensure this toolpath optimization, the design 
was first optimized for production with only 
single walls (Version 1) and then optimized for 
production using “vase mode” (Version 2). In vase 
mode (also known as “Spiralize Outer Contour”) 
throughout the print, the nozzle does not (i) travel 
without printing, (ii) retract, or (iii) stop extruding.

3.1 Initial design (version 1)

The initial design took inspiration from various 
community-driven face shield designs available 
(e.g., N3DPS[24], Prusa[25], and Verkstan[26]) and the 

digital design work was carried out in Autodesk 
Fusion 360. A key focus for the design was to 
ensure the final shield would pass any relevant 
regulatory testing, which determined aspects such 
as the height of the headband being no <10 mm tall. 
The second key design aspect was the attachment 
points for the clear lens/visor. The visor holes 
would be made using a standard 6 mm diameter 
hole punch, and therefore, the attachment points 
were designed with a 5.5 mm width, distributed 
around the front loop of the headband. Ensuring 
that the printed parts were not sharp and likely to 
injure the user might normally require filleting of 
edges in the design, but fillets were not required 
in the computer-aided design model (Figure 3A) 
as when printing with LSAM, the machine will 
essentially “self-fillet” at sharp turns which can 
be seen in comparing the corners of the strap 
attachment points in Figure 3A and C. The final 
design focus was on ensuring the individual 
sections of the headband met the requirements 
based on a tool diameter of 1.8 mm (parametric 
design based on tool diameter). Therefore, the 
front and rear sections were set to 1.8 mm thick, 
and the thicker sections of the design set to double 
the extrusion width (3.6 mm), crucially with a 
0.1 mm gap between the deposited tracks to allow 
for single wall extrusion printing to happen rather 
than the slicer infilling the region, which can be 

Figure 3. Initial design for face shield components produced using large-scale additive manufacturing, 
(A) showing the computer-aided design model, (B) the Simplify3D sliced print preview, and (C) the final 
printed part.

A

C

B
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seen in the sliced file in Figure 3B. An example 
of the final print can be seen in Figure 3C. The 
preparation of the designs for printing was carried 
out in Simplify 3D and printing was carried out 
using a 3D Platform Workbench system. This 
version of the design took just 5 min to print. The 
nature of the printing method meant that the seam 
line (from the start and stop point of the layers) 
led to defects in the final print (as can be seen on 
the strap attachment point), meaning some hand 
finishing was required.

3.2 Design iteration (version 2)

While the initial design worked, the clear lens/visor 
which is held on at 4 points, did not hold on very 
well, as the lip which can be found in many of 
the small scale designs needed to be removed 
for LSAM to be possible. The headband was 
therefore redesigned to change the two outer two 
attachment pins into hooks which could be printed 
with the 1.8 mm nozzle which vastly improved 
the design. At this point, it was also decided to 
change the design to allow for “vase mode” to 
be employed (toolpath optimization) vase mode 
is where the printhead moves continuously in 
Z throughout the print, varying the Z parameter 
slightly, in contrast to printing a single layer, at 
constant Z value, stopping in XY and then moving 
to the next layer. The toolpath for a “vase mode” 

print is generated through the additive slicer 
used for LSAM, by taking a solid and extracting 
the outermost perimeters. Thus, the headband 
design was modified to create a fully solid design 
(Figure 4A), with the slicer software generating 
the required toolpath (Figure 4B). The resulting 
headband was printed in 4 min. The most notable 
impact of using this strategy is that the visible 
seam line and defects are completely removed, 
thereby removing the requirement for any hand 
finishing (Figure 4C).

3.3 Speeding up the manufacturing 
process/sequential deposition for quality

To speed up the manufacturing process and ensure 
continued part quality (crucial for scaling up 
production), the use of a sequential manufacturing 
strategy was employed. In a conventional additive 
manufacturing process, when producing multiple 
parts on a single print bed, all the parts will be 
produced in parallel such that the layers of each 
are incremented at the same time. Producing parts 
in this way leads to lots of non-print travel moves 
(red lines), as can be seen in the toolpath preview 
in Figure 5A. Printing multiple parts on a single 
print bed using traditional parallel printing with 
FFF systems can result in defects on the parts, such 
as stringing that can occur when material exits the 
nozzle during non-print moves between parts[27,28]. 

Figure  4. Improved face shield design using large-scale additive manufacturing, (A) showing the 
computer-aided design model, (B) the Simplify3D sliced print preview, and (C) the final printed part.

A

C

B
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Stringing is often difficult to minimize, especially 
when using large print nozzles. When producing 
multiple copies of the face shield parts on a single 
print bed, it was found that stringing often occurred 
(Figure 5B), leading to significant, sharp defects, 
and random deposits of material on certain regions 
of the headband piece (Figure 5C). This parallel 
print strategy also meant that “vase mode” could 
not be used, leading to the reintroduction of the 
seam line defects caused by the layer change. The 
total print time for 27 headbands was 2 h 9 min 
giving a time of 4 min 47 s per headband. 

Instead, a sequential production process was 
employed, where each part was first completed, in 
“vase mode,” before a new part was commenced 
(Figure  5D), significantly reducing the number of 
travel moves (red lines) during the total print. The 
small overall Z height of the individual parts ensured 
that the sequential deposition was achievable by 
limiting potential print head collisions with parts 
already produced. Switching to sequential deposition 
had no significant impact on part production time 
and improved the quality of the final parts, with no 
visible defects or sharp areas requiring hand finishing 
(Figure  5B and C). Interestingly, switching to 

sequential deposition (while less could be printed on 
the bed at the same time due to print head geometry 
constraints), actually reduced the print time per 
headband (compared to parallel printing) as time is 
saved in removing the travel moves within a single 
layer. Other benefits of using sequential printing 
include minimizing both the risk of a single print 
failure causing a whole print bed of parts to be 
damaged and the risk of the print material running 
out and leaving a whole print bed of incomplete parts. 
The resultant print time for a headband was 3 min 20 
s per headband (1 h 30 min for 27 headbands). 

Overall, the production time achieved was 
significantly less compared to other community 
and open-source face shield designs. To quantify 
the reduction in time, multiple other designs were 
produced on either a standard desktop 3D printer 
(Ultimaker 3) or the 3D Platform with the results 
shown in Table 1.

3.4 Mechanical testing

To further compare the different designs and 
ascertain their robustness, the Version 2 printed 
on the large-scale system (3D Platform [3DP]) 
and the Version 2 printed on a desktop system 

Figure 5. (A) Toolpath preview of parallel print process with travel moves shown in red, and photos 
showing a comparison of the quality of (B) multiple parts on a single build plate using parallel production 
strategy with defect areas highlighted and (C) multiple defects versus (D) toolpath preview of a sequential 
print process and photos of (E) multiple parts on a single build plate using sequential production strategy 
showing (F) minimal defects.

A B C

D E F
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(Ultimaker 3) were mechanically tested (tensile 
parallel to layers) alongside other open-source 
designs, with the results shown in Figure  6. 
Version 2 (Desktop) had a similar breaking force 
to the Prusa-r design, the Verstan and N3DPS 
show a different characteristic plot which reflects 
the very different design approach to these two 
designs. Version 2 (Large-Scale) can be seen to be 
much stronger with a breaking force of 1120 N 
compared to Version 2 (Desktop) of 320 N.

4 Conclusions

LSAM has been shown to be a technology 
capable of producing components of PPE devices 
in significantly less time than the traditional 3D 
printing systems such as desktop FFF devices. 
Through the thorough understanding of the 
interplay between design and process parameters, 

it is feasible to parametrically optimizing a 
design for a simple thermoplastic component for 
production using LSAM, with areas of the design 
that would typically take a number of nozzles 
passes with a traditional sub-mm nozzle able to be 
deposited with just a single pass from a nozzle on a 
LSAM system. By leveraging the key advantages 
of LSAM, it is possible to achieve production 
rates up to ×20 faster than traditional desktop 3D 
printing, achieving a production rate that more 
closely bridges to manufacturing processes such 
as injection molding.
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1 Introduction

The advent of induced pluripotent stem cell (iPSC) 
technology in 2006 paved the way for paradigm 
shifting changes in regenerative medicine, disease 
modeling, and drug discovery applications. 
The technology facilitates to de-differentiate 
an adult cell to its pluripotent stem cell state 
and then differentiate into defined cell lineages. 
iPSCs are phenotypically indistinguishable from 
embryonic stem cells and they can differentiate 
into specialized cells of the body in cell culture 
and in animal models. Initially, human iPSCs were 
derived using transduction of genes coding for 
four embryonic transcriptional regulators; Oct4, 
Sox2, Klf4, and c-Myc (OSKM), popularly known 

as the Yamanaka factors[1] or Oct4, Sox2, Lin28, 
and Nanog (OSLN)[2]. Each of the Yamanaka 
factor serve specific purposes, Sox2 interacts with 
Oct3/4 to control gene expression. This interaction 
is important in maintaining pluripotency[3]. C‐Myc 
plays an important role in controlling growth and 
differentiation of cells[4], whereas klf4 is crucial for 
cell division and maintenance of pluripotency[5]. 
Later, different combinations of at least 24 
embryonic transcription factors were identified to 
induce stemness in adult cells[6]. The Yamanaka 
factors are highly conserved and sufficient to 
induce pluripotency across species.

Reprogramming of somatic cells is 
orchestrated by cooperative binding of pioneer 

© 2020 Soman, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International 
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factors (Oct4, Sox2, and Klf4)[7], followed by 
epigenetic remodeling of entire genome and two 
waves of transcriptional events[8,9]. Each cell 
type in the body require different combinations 
of transcriptional factors to induce the stemness 
where Oct4 is considered as an indispensable 
core pluripotency gene in the reprogramming 
process[10]. Exogenous supply of Oct4 alone could 
convert adult neural stem cells into iPSCs. Recent 
work by An et al. showed that Sox2 and Klf4 
were enough to prepare iPSCs from various types 
of somatic cells[7]. Small molecules that inhibit 
DNA or histone modifications were also used for 
generating iPSCs more efficiently along with the 
use of reprogramming transcription factors. The 
hematopoietic stem cells can be de-differentiated 
into iPSCs much more efficiently compared 
to the highly specialized cells such as B and T 
lymphocytes[11,12].

Fibroblasts are the most popular cell type used 
to generate iPSCs. However, well-differentiated 
adult cells such as keratinocytes, neural cells, fat 
cells, melanocytes, amniotic fluid cells, pancreatic 
beta cells, and peripheral blood derived cells 
had also been successfully reprogrammed to 
pluripotent stem cells. The capacity to induce 
pluripotency to somatic cells helps to generate 
pluripotent patient-specific cell lines that can 
help model human diseases and can aid in the 
reconstruction of damaged tissues and organs. 
The “disease in a dish” models derived from 
IPSCs provide insights into disease pathogenesis 
and can serve as a novel tool for drug evaluation 
in precision medicine field[13-15]. Human 
iPSCs reinforced with biocompatible scaffold 
materials are valuable in three-dimensional (3D) 
bioprinting applications[16]. Current bioprinting 
techniques allow to print undifferentiated iPSCs 
and iPSC-derived cells mixed with a suitable 
bioink[17,18]. Popular bioprinting techniques used 
to print iPSCs are extrusion, stereolithography 
(SLA), laser-assisted, and drop-on-demand 
bioprinting[19-22]. A single biomaterial or a mixture 
of several biomaterials in the bioink are used to 
suspend the desired cells for bioprinting[23,24]. The 
bioinks should be non-toxic, biocompatible and 
should provide structural support for the printed 

cells. The commonly used bioinks for printing 
iPSC derived cells are hydrogels derived from 
alginate, carboxymethyl chitosan, agarose, nano-
fibrillated cellulose, hydroxypropyl chitin, gelatin 
methacryloyl (GelMA), and Matrigel. Most of 
these hydrogels need a crosslinker to give the 
final structure of the intended tissue constructs. 
Calcium chloride, ultraviolet (UV) radiation, 
photo crosslinking, and altered temperatures are 
used for crosslinking the bioink molecules[25-27]. 

Here, we review the applications of the 
3D bioprinted iPSCs or iPSC-derived cellular 
products in healthcare, especially in regenerative 
medicine, disease modeling, and drug testing 
(Figure 1). The methods of reprograming of iPSCs 
were described. Glimpses of the technological 
advancement in organ bioprinting were discussed. 
The advantages, limitations, and future directions 
of using iPSCs in clinics were outlined.

2 Human iPSC reprogramming methods 

For clinical application and disease modeling, 
the reprogramming method of choice should 
have adequate efficiency to produce iPSCs from 
less abundant samples[28]. Production of iPSCs 
using a combination of reprogramming methods 
can augment the efficiency of iPSCs generation 
even from the most difficult type of adult cells[29]. 
More than 10 years of extensive research on iPSC 
technology lead to the establishment of novel 
strategies for the production of iPSCs including 
the use of right cell type for reprogramming, use 
of non-integrative gene introduction methods, 
overexpression of gene enhancers of transcription 
factors, and the use of small molecules[30,31] 
(Figure 2).

2.1 Integrating viral vectors 

Initial iPSC experiments used lentivirus and 
retrovirus vectors to deliver Yamanaka factors 
in adult fibroblasts[2,32]. These retroviral-vectors 
possess the risk of creating mutagenesis by 
integrating to the host cell genetic material[33]. 
Moreover, the reprogramming procedure is 
tedious, also, it can cause chromosomal instability 
and potential threat of tumorigenesis from the 
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viral vectors[1,2,31-34]. It is essential to do the quality 
control of the iPSC lines created using viral 
vectors using whole-genome single nucleotide 
polymorphism array and karyotyping to verify the 
genomic integrity.

2.2 Non-integrating vectors 

To reduce the risk of unwanted genetic perturbations, 
there was introduction of non-integrating methods 

for transcription factor delivery. Recent methods of 
reprogramming use Sendai Virus (SeV) particles 
and episomes. SeV particles are used to transduce 
the reprogramming genes: Oct4, Sox2, Klf4, and 
c-Myc[8]. SeV reprogramming offers the absence 
of viral sequences in the host cell lines and is an 
efficient method to induce pluripotency[35]. In 2009, 
Yu et al. reported the episomal reprogramming in 
human cells where Epstein-Barr virus–derived 

Figure 1. Bioprinting of induced pluripotent stem cell (Ipsc)-derived tissues for regenerative medicine, 
disease modeling, and drug testing. Adult somatic cells are collected from a donor or a patient; the cells 
are reprogrammed to iPSCs and differentiated to specialized cells.

Figure 2. Reprogramming methods used to generate induced pluripotent stem cell.
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sequences were used for the non-integrated 
expression of the transcription genes that enable 
episomal plasmid DNA replication in dividing 
cells[36]. Polycistronic expression plasmids 
generates transgene-free and vector-free iPSCs 
with limited genomic integration, but this method 
requires multiple transfections[37,38].

2.3 mRNAs and miRNAs 

Human primary fibroblasts were reprogramed by 
introducing synthetic modified mRNAs coding for 
reprogramming proteins. MicroRNAs like miRNA-
367/302s are used to reprogram human primary 
fibroblasts into iPSCs[39]. The mRNA transfection 
is foot print free reprogramming. The capped 
mRNAs coding for a 6-factor modified-mRNA 
referred to as 5fM3O mod-mRNAs was used in 
fibroblasts to make iPSCs[40]. Yamanaka factors and 
the miRNA-367/302s act synergistically to increase 
the efficiency of transfection[41]. It has been reported 
that microRNAs such as miR-294, miR-291-3, and 
miR-295 can replace c-myc transcription factor 
and help to generate homogeneous populations of 
iPSC colonies[42]. Downregulation of let-7 miRNA 
upregulates the expression of target genes of c-myc 
and Lin-28 to promote cell reprogramming[43,44].

2.4 Reprogramming proteins 

This method allows the direct introduction of 
the recombinantly expressed reprogramming 
factors to cells[49]. This method mitigates the 
risks associated with the introduction of viral and 
external DNA and harmful chemicals into the 
cells[46]. The reprogramming proteins Oct4, Sox2, 
Klf4, and c-Myc were successfully delivered 
into adult somatic cells with the help of cell 
penetrating peptides (CPP). The cationic amino 
acid rich CPPs are capable of penetrating the 
cell membrane barrier and deliver the exogene-
free reprogramming proteins directly inside the 
cells[47]. This method enables the production of 
foot print-free iPSCs.

2.5 Small molecules

Reprogramming can be achieved using small 
molecules by epigenetic modifications[48]. Small 

molecules used for reprogramming fall under 
the category of epigenetic events regulators, 
mesenchymal-epithelial transition inhibitors, 
metabolic pathway modulators, wingless and 
integration site growth factor (WNT) signal 
pathway modulators, regulators of cell death, and 
senescence pathways[48]. These small molecules 
alone or in combination can substitute exogenous 
transcription factors. Using valproic acid, a 
Histone deacetylase inhibitor improved the 
reprogramming efficiency to 100-fold compared to 
the transcription factor mediated reprogramming 
method[49]. Another histone methyltransferase 
inhibitor compound, BIX-01294 activated 
calcium channels in the cell membrane, and 
improve reprogramming efficiency by increasing 
the expression of October 4 and Klf4[50,51]. In 2013, 
Hou et al. replaced all transcription factors and 
made chemical induced iPSCs of mouse embryo 
fibroblasts using the small molecules VC6TFZ 
and 2i but the reprogramming was incomplete[52]. 
Optimizing the use of small molecules to enhance 
reprogramming will definitely help to generate 
safer and higher quality iPSCs for clinical use 
without the risk of genomic integration and tumor 
induction. 

The advantages and limitations of these 
reprogramming methods are summarized in 
Table 1.

3 Sources of iPSCs for bioprinting and cell 
differentiation strategies of iPSCs to different 
cell lineages

The iPSC technology allows the use of autologous 
cells derived from the patients to be used in 
regenerative medicine. The iPSC cell lines have 
been derived from a variety of cells namely neuronal 
progenitor cells, keratinocytes, hepatocytes, B 
cells, fibroblasts, hepatocytes, gastric epithelial 
cells, muscles, adipocytes, and adrenal glandular 
cells. The reprograming efficiency varies 
among the type of cells used depending on the 
developmental origins and the epigenetic status. 
Multiple studies showed that the efficiency of 
reprogramming of keratinocytes is better than 
fibroblasts[53-55]. The difference in the efficiency is 
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attributed to the high-level endogenous expression 
of c-Myc and Klf4 in keratinocytes compared to 
other cell types. For therapeutic scenarios such 
as internal organ reconstruction (e.g., liver, and 
peripheral nerve), an ideal starting material 
to create iPSCs should be peripheral tissue. 
Peripheral tissue samples such as keratinocytes 
collected from patients can be reprogrammed 
to produce iPSCs and these iPSCs can serve as 
a valuable source for the cellular component in 
the tissue bioprinting[56]. Peripheral blood cells 
may represent a good source to derive iPSCs 
because taking blood samples from patients are a 
less invasive clinical procedure. Several research 
groups standardized the protocols for making 
iPSC lines from blood cells[57,58]. The iPSC-derived 
cells such as neurons, hepatocytes, osteoblasts, 
myocytes, skin cells, and pancreatic beta cells 
are in great demand in clinics for regenerative 
medicine applications[59-61]. Small molecules and 
growth factors such as recombinant proteins are 
used in the iPSC cultures to differentiate specific 
lineage cells from iPSCs[62,63].

4 Application of bioprinted iPSCs in healthcare

3D bioprinting using iPSCs hold high potential 
for several applications in the health-care sector. 
Current bioprinting techniques allow to print 
undifferentiated iPSCs and differentiated iPSC-
derived cells embedded in a suitable bioink. 
Development of novel bioinks, iPSC-derived cells, 

and the technological advancement in devising 
new generation 3D bioprinters has created a 
whole new field of medical bioprinting that hold 
great promise for artificial tissue/organ printing 
for regenerative medicine, disease modeling, and 
drug testing[64]. Here, in section 4, we describe 
about the commonly used bioprinting techniques 
to print iPSCs and the application of bioprinting 
in health-care field.

4.1 Commonly used iPSC 3D bioprinting 
technologies

Bioprinting iPSCs could avoid the ethical and 
immunological bottle necks of organ printing. 
iPSCs and iPSC derived cells for developing 
into cartilage, bone, skin, heart, liver, and 
neural tissues have been successfully printed 
using 3D bioprinting technology. iPSC-derived 
chondrocytes along with irradiated chondrocytes 
were bioprinted to cartilage tissues using mixture 
of alginate and nanocellulose bioink. RegenHu 
3D discovery bioprinter was used to print the 
chondrocytes. Extrusion bioprinting is the most 
commonly used method to print iPSCs and 
organs, followed by SLA, laser-assisted, drop-on 
demand, inkject, and microvalve based methods. 
The extrusion method applies a pneumatic (air) 
or mechanical (screw or piston) force to extrude 
iPSCs or its derivatives embedded in hydrogel 
bioinks through a nozzle orifice using seamless 
direct printing[65]. The printing is carried out 

Table 1. Advantages and limitations of the reprogramming methods.
Delivery method Advantages Limitations References
Integrated viral vectors High efficiency, validated in 

many cell types
Create insertional mutations, tumor 
induction

[1,2,31-34] 

Integration free viral vectors. 
For example, Sendai virus, 
Episomes

Completely free of vector and 
transgene sequences and can 
use in clinical applications, 
GMP compatible 

Low efficiency of reprogramming, 
reprogramming efficiency varies with 
cell types

[8,35-38] 

mRNAs and miRNAs Faster, high efficiency, absence 
of integration, need low input 
of starting cells 

Multiple transfection required, may 
elicit immune response, not evaluated 
in many cell types

[40-44]

Reprogramming Proteins Foot print-free, cGMP 
compliant

Not evaluated in many cell types, 
expensive 

[45-47] 

Small molecules Foot print-free, cGMP 
compliant, economical

Incomplete reprogramming, 
reprogramming efficiency varies from 
cell to cell

[48-52] 
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in a spatially controlled layer-by-layer fashion 
precisely to biofabricate 3D tissue constructs. 
Extrusion printing permits printing of cell-dense 
high viscous hydrogels, but cells may experience 
high shear force stress during the printing process. 
All three germ layers[66], neural tissues[67], cortical 
neural constructs[68], chondrocytes[69], cardiac 
tissue,[70] and peripheral blood mononuclear cells 
have been bioprinted from iPSC or iPSC derived 
cells using extrusion method. 

SLA and digital light projection (DLP) are 
popular nozzle-free bioprinting techniques work 
through photopolymerization. The liquid resin 
is solidified by UV laser beam in SLA. The 
DLP uses visible light for polymerization of the 
resin[71,72]. There are two types of SLA and DLP, 
i.e., bottom-up and top-down approach. The layer 
of resin on a support platform is cured by a light 
from above in bottom-up biofabrication, while the 
light source is located under a transparent platform 
in the top-down fabrication. iPSC-derived 3D 
liver models which mimic the native liver module 
architecture were printed using this technique[73]. 
The flipside of SLA is that, it can be detrimental to 
the living cells by damaging the genetic materials 
due to the use of UV. Moreover, the use of photo-
initiator resins may be cytotoxic to the cells[74]. Vat 
polymerization (VP) based bioprinting is a novel 
and accurate bioprinting method tissue engineering 
applications[75]. Various types of photo-initiators 
are used for the cross-linking of the printed tissues 
in the VP based bioprinting. VP use light sensitive 
hydrogels such as polyethylene glycol–diacrylate 
(PEGDA) and gelatin-methylacryloyl (GelMA). 
Label-free diamagnetophoretic printing is another 
method for microtissue printing uses intrinsic 
diamagnetic forces to control positioning of cells 
in a paramagnetic medium. Magnetic bioprinting 
is a contactless technique which does not use 
nozzles and therefore promise less contamination 
of cell suspension. Whole blood cells were printed 
using this technique[76], this technique may be 
efficient to adopt to print iPSCs as there is fewer 
chemical manipulations that are involved.

Droplet-based bioprinting is simple, fast, and 
precisely controlled bioprinting method to deposit 
composites of cells, growth factors, biomolecules, 

drugs, and scaffolds. Droplet-based bioprinting 
is derived from inkjet printing technology. It has 
been noted as a prominent technique widely used 
in regenerative medicine to print cells due to its 
flexibility. The droplet-based bioprinting can be 
subdivided into inkjet, acoustic, and micro-valve 
bioprinting modalities. The drawback of using 
this technology is that the rage of biomaterials 
compatible for this method of bioprinting is 
limited[77]. A valve-based bioprinting method is 
used to print iPSCs differentiated post-printing 
into hepatocyte-like cells (HLC cells). A 40-layer 
thick alginate bioink containing HLC cells 
showed typical liver tissue structure and the 
construct secreted hepatic albumin throughout 
the differentiation protocol. The work proved that 
the valve-based printing process is safe to print 
human iPSCs by maintaining pluripotency and 
differentiation[19]. 

The laser-assisted bioprinting uses pulsed laser 
beam with a focusing device. It consists of an 
energy-absorbing layer coated with further layers 
of cell-encapsulated hydrogel. It is a nozzle-free 
bioprinting method that excludes clogging during 
printing[78]. Human iPSCs combined with bioinks 
were bioprinted with laser-assisted bioprinting 
method and the cells were evaluated for their 
efficacy, pluripotency, and differentiation capacity. 
The hyaluronic acid-based bioinks are ideal for 
laser-assisted bioprinting[16,79]. While designing 
a tissue structure for bioprinting, factors such as 
shape, size, resolution, scaffold materials, iPSCs, 
or iPSC derived cellular components, and post-
processing tissue dynamics are to be considered. 
Bioprinting can be carried out as direct printing, 
crosslinking during the bioprinting, post-printing 
crosslinking, and hybrid methods, where more 
than one technique is used for printing the final 
tissue construct. The factors appear to affect 
cell survival after bioprinting are shear stress, 
laser exposure, duration, temperature, humidity, 
mechanical pressure, and vibration of the printing 
process. The selection of the printing techniques 
depends on the end use of the printed tissues, such 
as organ/tissue transplantation, disease modeling, 
or drug evaluation. Among, all the methods 
mentioned, extrusion bioprinting is the most 



Soman and Vijayavenkataraman�

	 International Journal of Bioprinting (2020)–Volume 6, Issue 4� 65

commonly used technique in iPSC bioprinting[80,81] 
(Table 2). Extrusion method causes less damage 
to the cellular components while printing, as it 
uses adjustable mechanical forces with no harsh 
treatments for the deposition of the bioink to the 
platform.

4.2 Regenerative medicine 

Autologous iPSCs derived from individuals 
provide unlimited source of cells for tissue 
regeneration. The unspecialized iPSCs can 
differentiate and develop to organoids/spheroids 
with specific characteristics of organs in vivo[74,82-84]. 
These mini-organoids can serve as building blocks 
for bioprinting of whole organs. Bioengineers 
and surgeons are looking for novel methods to 
synthesize artificial skin substitutes that is readily 
available and easily implantable in burn injury 
patients[85,86]. Scaffold-free cellular spheroids 
obtained from a coculture of human iPSC-derived 
cardiomyocytes, fibroblasts, and endothelial 
cells were 3D printed and these cardiac cellular 
patches were tested successfully in rat models 
of myocardial infarction[87]. Bioprinted organ 
substitutes such as pancreas, ovary, liver, kidney, 
and nervous tissues also will be in high demand in 
the near future. Figure 3 shows the workflow of 

3D bioprinting of peripheral nerve tissue[88,89] for 
the treatment of peripheral nerve injury.

Human iPSCs are capable of differentiation 
into many types of specialized cells and have high 
value in clinical use. These cells require specific 
cell culture media to keep their pluripotent 
characteristics intact. The isolation, expansion, and 
maintenance of human iPSCs intended for clinical 
use should be cultured in xeno-free conditions 
in compliance with the good manufacturing 
practice to avoid hypersensitivity reactions after 
transplantation in patients[90,91]. However, many 
conventional protocols of iPSC culture require 
to culture in feeder cells. The feeder cells are 
usually derived from mouse embryonic fibroblasts 
(MEFs). The cells are cultured on feeder cells 
to reduce the genetic instability of the cultured 
cells[89]. Culturing in MEF feeder cells or the 
usage of matrix coating substance (e.g., gelatin 
or Matrigel) made of animal components make 
the iPSCs xeno-positive. Recent introduction of 
synthetic polymers enables to maintain the iPSC 
cultures in xeno-free environment[92].

Yamanaka factor introduction techniques use 
different type of retroviral or plasmid vectors 
to integrate to the genome of the cell to make it 
pluripotent. For making clinical grade iPSCs and 

Table 2. Summary of iPSC‑based Bioprinting works
Printing 
technique

Cell source Cells/tissues 
printed

Bioink used Reference

Extrusion iPSCs, BJFF iPSCs Cardiac Collagen I, Matrigel, Gelatin [70]
Human iPSCs Chondrocytes Nano‑fibrillated cellulose in alginate [69]
Fibroblasts derived human 
iPSCs

Germ layers Geltrex [66]

Human iPSCs ((WT I line) Neural construct Matrigel/alginate mixture [68]
Human iPSCs Neural tissues Alginate, carboxymethyl‑chitosan, 

agarose
[67]

Human peripheral blood 
mononuclear cells derived 
iPSCs

Pluripotent cells Hydroxypropyl chitin, Matrigel [79]

Stereolithography Human iPSCs Hepatic 
progenitor cells

Gelatin methacrylate (GelMA),
Glycidal methacrylate‑hyaluronic 
acid (GMHA)

[73]

Laser‑assisted Human iPSCs from cord 
blood

Germ layers Matrigel, Collagen type I,
Alginate, Hyaluronic acid

[16]

Microvalve‑based Human iPSCs Hepatocyte‑like 
cells (HLCs)

Geltrex [19]
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its products, the cells should be free from any 
genetic integration of foreign DNA materials 
in the iPSC genome. mRNA-based, episomal, 
and recombinant protein-based introduction of 
transcription factors eliminate the risk of genomic 
integrations or aberrations in the iPSCs, which is 
an important step toward using the iPSCs for cell-
based therapies in patients[93-95].

4.2.1 Type 1 diabetes mellitus (T1DM) treatment 
by the replacement of pancreatic beta cells 

T1DM is known to be associated with the immune-
mediated destruction of insulin producing pancreatic 
β-cells[96,97]. Effective treatment of T1DM is a long 
pending requirement in diabetes care. Islet cell 
transplantation is a traditional method of managing 
T1DM, but the transplanted islets are rejected by the 
host immune system. Bioprinted islets encapsulated 
in a suitable biocompatible material have been 
emerged as a treatment method to tackle this 
immune rejection. Biofabrication of 3D constructs 
of patient-derived iPSCs differentiated to insulin-
producing pancreatic islet cells can potentially be an 
allogeneic source of cells for T1DM treatment. In 

2019, Kim et al. successfully developed a pancreatic 
tissue-derived (pdECM)-bioink to provide the 
pancreatic tissue-specific microenvironment to 
bioprint the human iPSC-derived pancreatic islet 
cells. The study used decellularized porcine pancreas 
to provide the extra cellular matrix support for the 
growth of the cells[98]. Biotechnology companies 
such as Cellheal and Celprogen are working toward 
to bioprint the functional pancreatic tissues for 
diabetic treatment[99].

4.2.2 Reproductive system disorders 

Ovarian failure is a major cause of infertility 
worldwide[100,101]. Functional 3D printed ovarian 
tissues would be a boon for infertility treatment. In 
2017, Laronda et al. reported that the 3D bioprinted 
ovary using porous gelatin scaffold material could 
support the growth and maturation of printed 
ovarian follicles in laboratory conditions. The lab-
grown ovary is tested in a sterilized mouse model 
and found to be functional. The bioprosthetic ovary 
used scaffold materials such as gelatin and gelatin 
methacrylate for bioprinting[102]. The structural 
features of the scaffold material such as pore 

Figure 3. Workflow of three-dimensional bioprinting of peripheral nerve tissue for treatment of peripheral 
nerve injury. Sciatica is the pain due to the injury to the largest nerve in the body. Extreme case of sciatica 
needs surgical intervention and if possible, regenerative therapy. The autologous peripheral tissues can 
be collected from the patient, reprogram to induced pluripotent stem cells and differentiate to peripheral 
nerve tissue progenitors or peripheral neurons, then bioprint using a suitable scaffold material, allow the 
maturation of the bioprinted tissue in a bioreactor and transplant to the patient to repair and regenerate 
the injured nervous tissue.
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size, pore geometry, and the surface contact area 
are the deciding factors for successful growth of 
functional ovarian tissue. Stem cells isolated from 
the patient’s own ovarian tissue can serve as the 
starting material to bioprint the functional ovary.

4.2.3 Thyroid gland replacement in 
thyrectomized patients 

Bioprinting of a functional vascularized mouse 
thyroid gland construct from embryonic tissue 
spheroids was reported by Bulenova et al. in 
2017[103]. Self-assembling thyroid spheres, 
thyrocytes, and endothelial cells suspended in 
collagen gel were used for bioprinting the thyroid 
gland. The bioprinted construct was implanted in 
a hypothyroid mouse and it could normalize the 
blood thyroxine levels and body temperature in 
the tested mice. Bioprinting of functional mouse 
thyroid gland tissue represents a major advance 
in bioprinting technology and organ regeneration 
research. In March 2019, NASA announced a 
plan for bioprinting thyroid gland in international 
space station to study the effect of microgravity on 
organs[104].

4.3 Bioprinted iPSCs in disease modeling 

The most advantageous aspect of using induced 
pluripotent cells in clinics is the ability of 
reprogramming of autologous cells taken directly 
from patients. At present, the majority of disease 
modeling studies makes use of the traditional 
2D cultures. Any monogenic or polygenic 
disease conditions can be re-created in a cell 
culture system[83]. While 2D cultures are good 
to understand the molecular level interactions, 
they possess several limitations including lack 
of heterogenic cell environment and the cell 
to cell communication cues[105]. The disease 
progression hugely depends on the extracellular 
matrix (ECM) mechanics and the cell to cell 
interactions[106]. Cellular phenotypes and the 
non-cell autonomous disease pathogenesis 
require mimicking the disease conditions in 
a more realistic 3D environment. 3D disease 
models would help in understanding the disease 
mechanism in detail in the early stages of 

the disease[107,108]. A few examples of disease 
modeling in cardiac, neurodegenerative and 
neurodevelopmental diseases and oncology are 
briefly discussed in the following sections.

4.3.1 Cardiac diseases 

Cardiovascular diseases remain the leading cause 
of death in the developed world, accounting for 
more than 30% of all deaths. Collection of cardiac 
tissue from patients with disease causing mutations 
for genetic studies and functional analyses is a 
highly invasive procedure. iPSCs derived from the 
peripheral tissues of patients with disease specific 
mutations are a valuable tool to study the cardiac 
pathophysiology and drug development. Cardiac 
tissues were biofabricated using hydrogels 
and supporting cells such as cardiomyocytes, 
endothelial cells, smooth muscle cells, and 
fibroblasts[109,110]. The cells were cocultured and 
engineered to resemble their natural physiological 
microenvironment and recapitulate coordinated 
contractile and electrophysiological interactions 
with the ECM and heterogeneous cell types that 
make up the myocardial tissue environment[111]. 
The iPSC-derived cardiac cells were successfully 
used to model cardiac diseases such as dilated 
cardiomyopathy and myocardial infarction[112]. 
These disease models help identifying the cellular 
phenotypes critical to cardiac pathology[113,114]. 
The microfluidic organ-on-chip methods were 
also developed to evaluate the vascular perfusion 
in cardiac tissue. The tissue composition and 
architecture of the in vitro 3D microdevice can 
be precisely defined using microfabrication 
methods[115-117]. The iPSC and embryonic stem 
cell derived organ-on-chip systems are being used 
for modeling a wide range of diseases, including 
dilated cardiomyopathy, kidney glomerular injury, 
and wound healing[118,119].

4.3.2 Neurodegenerative and 
neurodevelopmental diseases 

4.3.2.1 Alzheimer’s disease (AD)

AD is a progressive neurodegenerative disorder 
characterized by loss of cognition and disruption 
of basic functions, such as swallowing, walking, 
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attention, and memory[120]. All major nerve cell 
types can be differentiated from iPSCs and can be 
cultured in complex conditions, which mimic the 
AD conditions. Precise Genome editing techniques 
can be used to introduce or correct AD-linked 
mutations to examine phenotypes in isogenic 
backgrounds cells[14]. It has become increasingly 
clear in recent years that multiple different brain 
cell types can contribute to AD progression[121]. 
Thus, examining their interactions and impacts on 
each other are of critical importance. The iPSCs 
can be differentiated into neural crest or neural 
progenitor cells, which can subsequently be 
patterned to different neuron subtypes including 
glutamatergic, GABAergic, cholinergic, and 
dopaminergic neurons[122-124]. 3D bioprinted AD 
models will facilitate the development of effective 
therapeutics to combat AD-induced dementia. 
Moreover, bioprinted AD tissue models can serve 
as a more humanized model system for AD drug 
testing, as many drugs tried in experimental 
animals failed in clinical trials due to species 
variability[125,126].

4.3.2.2 Parkinson’s disease (PD)

PD is the second most common neurodegenerative 
disorder[127]. Studies using iPSC-derived 
dopaminergic neurons from patients with 
monogenic and sporadic PD have successfully 
illustrated key features of PD pathophysiology, 
including impaired mitochondrial function, 
increased oxidative stress, and accumulation of 
α-synuclein protein, namely, Lewy bodies[128]. 
Using iPSC-derived dopaminergic neurons 
from PD patients with mutations in the disease 
causing genes, many investigators have drawn 
mechanistic insights on how mutations of these 
genes are linked to PD. Coculturing glial cells and 
neurons both derived from iPSCs of PD patients 
should therefore be another platform to advance 
insights into the multifactorial pathogenesis of PD. 
Bioprinted dopaminergic neurons can be treated 
with neurotoxins such as 6-hydroxydopamine, 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, 
paraquat, and rotenone to induce PD like syndrome 
to study PD pathogenesis[129-131].

4.3.2.3 Amyloid lateral sclerosis (ALS)

ALS is the most prevalent motor neuron (MN) 
disease characterized by the progressive loss of the 
upper and lower MNs, leading to muscular atrophy, 
paralysis, and death within 5 years after the first 
diagnosis[130]. The iPSC-derived disease models of 
ALS showed increased oxidative stress and DNA 
damage in neurons. ALS specific mutations and 
altered transcriptome profile were also noticed 
in the iPSC models. Osborne et al. reported the 
effectiveness of the small molecule vardenafil, in 
regaining the resilience of MNs by regulating the 
insulin-like growth factor-II signaling in an iPSC-
derived ALS model[132]. Researchers created 3D 
bioprinted ALS disease model using iPSC-derived 
MNs from a patient with TDP-43 gene mutation. 
TDP-43 gene mutation causes sporadic ALS. 
Bioprinted iPSC derived autologous tissue models 
of ALS disease serve as a valuable tool for studying 
the disease pathology as well as aid in the screening 
of personalized drugs against the disease[133].

4.3.3 Bioprinted iPSCs in oncology

The iPSCs derived from cancer tissues present a 
range of new opportunities for the study of human 
cancer. If human cancer cells were converted to 
pluripotency and then allowed to differentiate 
back into specific cancer tissue, they might shed 
light on the early stages of cancer[134]. 

Although 3D printing was developed decades 
ago, recent times witnessing a huge jump in 
adapting this versatile technology to the field of 
cancer modeling by fabricating sophisticated 
biological structures typical to cancer tissues. 
The cancer cells could be isolated from surgically 
removed cancer tissues. The isolated tumor 
cells are reprogrammed to pluripotent state by 
introducing the four transcription factors Oct4, 
Sox2, Klf4, and c-myc using a suitable method. 
The colonies are grown for a period of 2 – 4 weeks 
and cells with pluripotent stem cell morphology 
and molecular characters are expanded to create 
specific cancer iPSC lines[135]. These lines are 
differentiated into the tumor cell type of origin. 
The iPSC-derived differentiated cells could 
be then bioprinted into tumor tissues which 
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mimic the tumor microenvironment (TME). The 
commonly used cancer bioprinting methods are: 
Inkject printing, extrusion-based printing, lase-
assisted printing, and SLA. The tissues can be 3D 
bioprinted in the format of spheroids, organoids, 
coculture with other tumor TME cells, and organ-
on chip. Improvements in the 3D bioprinting 
technology enable to distribute the cancer 
derived iPSCs in a 3D space with high precision 
and reproducibility. The 3D bioprinted tissues 
can be used as cancer tissue-on-chip models or 
transplanted into animal models to study different 
stages of cancer pathogenesis. 

The most important hurdle in establishing 
iPSC-derived cancer models are the variation of 
intrinsic transcription factors in the cancer cells. 
This variation can affect the reprogramming 
efficiency of tumor cells. Many published studies 
showed that cancer cells are generally difficult to 
reprogram than normal cells[136]. The differentiation 
of cancer iPSCs to its initial tumor cell of origin also 
appears tedious and inconsistent. The success rate 

of establishing a cancer iPSC depends on the type 
cancer. So far, the successful reprogramming of 
myeloid tumors is established[137-139]. Establishing 
protocols for generating cancer iPSCs can help 
to model cancer progression, to understand the 
complex cancer genetics, and contribution of 
TME in cancer progression, anti-cancer drug 
development, and precision oncology (Figure 4).

4.4 Bioprinted iPSCs for drug and cosmetic 
testing

4.4.1 Bioprinted iPSCs for drug testing

More than 90% of drug molecules under different 
phase of clinical trials fail to reach market because 
of unanticipated toxicity to vital organs or lack of 
efficacy. This failure rate is partly attributed to 
the use of overly simplistic 2D cell culture-based 
assays[140]. The spectrum of activity of most of 
the drug molecules varied across the species, so 
animal testing has limited predictive value[107]. 3D 
bioprinting and iPSC technology enable printing of 

Figure 4. Bioprinted cancer tissue with induced pluripotent stem cell (iPSC)-derived cells: Establishing 
protocols for generating cancer iPSCs can help to model cancer progression, to understand the complex 
cancer genetics, and contribution of tumor microenvironment in cancer progression, anti-cancer drug 
development, and precision oncology.
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any tissue in its native architecture by preserving 
the complexity of cellular pathways, cell-cell 
interactions, and cellular-microenvironment 
interactions. The tissue microenvironment is 
critical for the understanding of drug acting 
mechanisms in humans[141]. The use of 3D 
bioprinted tissue is predicted to be an integral part 
of future drug discovery research for improved 
in vitro assays with better predictive value.

4.4.2 Cosmetics testing

The European Union Cosmetics Directive 
was introduced in 1976 to enforce high safety 
standards for cosmetics across the EU member 
states. In 2009, the EU commission has introduced 
new directives to phasing out animal testing for 
cosmetic products. The directive bans the testing of 
the cosmetic products and cosmetic ingredients on 
animals. The law even prohibits the marketing of 
finished cosmetic products and ingredients tested 
on animals in the European Union[142]. Hence, 
the cosmetic industry is looking for methods to 
replace the animal testing. Bioprinted artificial 
skin tissue can substitute the use of animals for 

cosmetics testing (Figure  5). At present, the 
human skin models required for cosmetic testing 
are manufactured by layering fibroblasts in a 
collagen hydrogel, then adding keratinocytes on 
top. The cells are allowed to differentiate and 
mature into the different epidermal layers. This 
type of artificial skin models is simple and would 
not exactly reflect the complexity of the native 
skin. Advanced bioprinting technology and iPSCs 
as cell source allow fabrication of more realistic 
artificial skin models for drug testing as well as 
for regenerative medicine[143]. This would help 
develop skin models with different skin types with 
respect to race (Asian, Caucasian, etc.), character 
(dry, oily, etc.), or other specific skin types 
depending on the intended use of the cosmetic 
as these models incorporate iPSC-derived cells. 
Collagen-based skin construct reinforced with 
biocompatible materials such as polycaprolactone 
(PCL) mesh prevented the contraction of collagen 
during tissue maturation and enable manufacturing 
of biomimetic human skin models[144,145]. Other 
biomaterials such as polylactic acid, Pluronic, 
alginate, chitosan, hyaluronic acid, fibrin, and 

Figure 5. Bioprinting of human skin tissue models for cosmetic testing to replace the animal testing 
procedures. Use of induced pluripotent stem cell-derived skin cells would help develop skin models 
with different skin types (Asian, Caucasian, etc.), character (dry, oily, etc.), or other specific skin types 
depending on the intended use of the cosmetic.
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gelatin, or a combination of PEGDA and GelMA 
were used as the scaffold material for printing skin 
models[145-147].

5 Bioinks used in iPSC bioprinting

Native tissue has complex architecture consisting 
of different cell types, ECM materials, growth 
factors, and many signaling molecules. ECM is 
organized in a highly delicate manner in a tissue 
to serve the tissue specific functions such as shape, 
consistency, mechanical strength, and molecular 
miscibility. Bioinks are cell laden hydrogels 
containing ECM components of the tissue to be 
printed. The materials used in the bioinks should 
be biocompatible without eliciting any undesirable 
response inside the body, should allow seamless 
printing, and should have tissue compatible 
rheological properties[56]. The bioink components 
can be natural, synthetic, different types of cells, 
and soluble growth factors specific for the cell 
types used. Natural polymers such as collagen, 
gelatin, fibronectin, laminin, and silk fibroin 
have been widely used in bioinks to augment cell 
attachment and migration in the matrix material[148] 
Polysaccharides such as alginate, agarose, and 
chitosan are also widely using in bioinks. Alginate 
is obtained from a type of brown algae and is widely 
used in 3D bioprinting applications due to its 
biocompatibility, promotion of cell proliferation, 
low price, and the ability of crosslinking in 
calcium ion solutions. However, alginate lacks 
sufficient mechanical stiffness for 3D bioprinting. 
Agarose is another biocompatible polysaccharide 
but it liquifies above physiological temperatures. 
Chitin and chitosan obtained from crustaceous 
animal are widely used polysaccharide component 
of bioinks, but it is slow in solidification. The 
methacrylated form of gelatin (GelMA) is a 
popular bioink component to print iPSCs which 
possess easily tunable physiochemical properties 
to use in bioprinters[149].

Still, many of these polysaccharides are too 
fragile and lack sufficient mechanical strength 
to retain in the transplant tissue site and often 
suffer from low mechanical properties, and 
thus, other materials have been combined as 

additive elements in the bioinks[150]. PCL and 
Poly (propylene fumarate) are polymers utilized 
in bioprinting due to its superior viscoelastic 
and rheological properties, biodegradability, 
and biocompatibility compared to the natural 
compounds. Synthetic hydrogels such as PEGDA 
are used as resins in 3D bioprinting, where cells 
can be entrapped[147]. The major limitation of these 
kind of hydrogels is that the bioprinted structure 
tends to collapse because of low viscosity and 
low mechanical strength[151]. New generation 
bioprinters have enabled us to print combinatorial 
bioinks with spatial and nanoscale resolution in 
seamless swift ways, aiming to reproduce the 
complex architecture of the native tissues. There 
are different types of bioinks available depends 
up on the tissue structure. One example is that 
researchers bioprinted hepatic tissue constructs 
using iPSC derived hepatocytes, endothelial 
cells, and mesenchymal cells resuspended in two 
different bioinks; GelMA with stiffness similar 
to healthy liver tissues, and a mix of glycidyl 
methacrylate-hyaluronic acid/GelMA which 
supported vascularization[73,152]. New generation 
polymers responsive to light, thermal, magnetic, 
humidity, and pH stimuli would allow the 3D 
bioprinting to leap to the next level.

6 Challenges associated with the use of 
reprogrammed iPSCs and bioprinting: 

The combinatorial application of 3D bioprinting 
and iPSC technologies would have a major impact 
on regenerative medicine research. However, how 
much have we achieved to take this technique to 
clinics and how far we have to go? Many obstacles 
still remain regarding the production of safer 
iPSCs that are to be resolved to take full advantage 
of this technology for therapeutic purpose[67]. 
One of the most important problems is the use of 
retroviral and lentiviral vectors to introduce the 
transcription factor genes into somatic cells for 
cell reprogramming, which can cause mutagenesis 
and tumor induction in the host cell. The iPSCs 
derived using viral vectors may be still suitable 
for the study of disease mechanisms or for drug 
testing but they lack the suitability for clinical 
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bioprinting. The use of non-integrative methods 
and small molecules to activate the pluripotency 
program in somatic cells represents the safest 
approach to produce clinical grade iPSCs cells. 
High throughput screening to identify small 
molecules for cell reprogramming is ongoing 
in many laboratories, with a goal to establish 
iPSCs free of any exogenously introduced 
DNA fragments. Incompletely differentiated 
cells evoked immune response in transplanted 
animals[153]. Therefore, obtaining completely 
differentiated cells for therapeutic purpose are of 
prime importance. Futuristic technology should be 
focused on establishing safe strategies for genetic 
modification of iPSCs, devise efficient methods 
for differentiation and purification of iPSCs into 
required cell types in vitro for transplantation. 

After production of iPSCs, there are limitations 
in the bioprinting process itself and associated 
challenges in the preparation of optimized bioinks 
suitable for each cell type. 3D bioprinting has the 
advantage of reconstructing complex structures 
from computed tomography or magnetic 
resonance imaging images and producing accurate 
structures from predetermined digital designs such 
as computer-aided design models. The support 
scaffold materials with suitable mechanical 
and biological properties can be designed and 
printed using advanced 3D printers. Directed 
differentiation of printed iPSCs to different cell 
lineages is required for organ printing. When we 
use undifferentiated iPSCs for bioprinting, the 
printing parameters should be adjusted to avoid 
any mechanical damage to the cells, as iPSCs are 
highly sensitive cells. Depending on the type of 
the bioprinting method used, the cells are exposed 
to high shear forces, radiation-induced damage, 
and electric or thermal stresses during the printing 
process[154,155].

Vascularization and innervation of the 
bioprinted tissue are a challenge to achieve. 
Bioprinted iPSC constructs are unable to form 
long-term viable and vascularized tissue. To 
resolve this problem, researchers at Wyss institute 
recently developed a method called sacrificial 
writing into functional tissue (SWIFT), which is a 
multistep biomanufacturing process that involves 

creating organ building blocks composed of 
hundreds of thousands of iPSCs and then rapidly 
3D bioprinting vasculature into those building 
blocks[70]. The SWIFT method could create a 
perfusable cardiac tissue that fuses and beats 
synchronously for more than a week, taking the 
field of bioprinting vascularized functional tissues 
using iPSCs to the next level.

7 Future perspectives for iPSCs in bioprinting

Despite the challenges associated with the use 
of reprogrammed iPSCs and limitations of 
bioprinting, the potential of bioprinting iPSC-
derived tissue is tremendous in the health-care 
field. Resolution of these challenges will have 
significant implications in the understanding of 
human diseases and will have major effects on the 
treatment of these diseases. Future perspectives of 
bioprinting iPSCs should focus on:
•	 Establishing xeno-free and footprint-free 

clinical-grade iPSC reprogramming protocols: 
The use of non-integrative methods and 
small molecules should be further explored. 
High throughput screening to identify small 
molecules for cell reprogramming to establish 
iPSCs free of any exogenously introduced 
DNA fragments would be potential area to 
focus on.

•	 Development of tissue-specific bioinks 
for bioprinting: New bioinks with tunable 
mechanical and rheological properties 
that mimic the native tissue ECM is to be 
developed and a deeper understanding of 
cell-bioink interactions must be sought as the 
mechanobiology and the molecular pathways 
would have a major effect on the differentiation 
of the bioprinted iPSCs.

•	 Improved bioprinting strategies to mitigate 
harmful effects on cells: Since iPSCs are 
sensitive cells (not as sturdy as cancer cell 
lines), the mechanical, thermal, or chemical 
stressors induced by the bioprinting process 
might result in cell-phenotype changes and 
functionality. Strategies to mitigate the 
exposure of cells to these process-induced 
stressors must be developed.

•	 Integrated bioreactor systems for tissue 
maturation: Bioprinting of functional tissues 
with iPSC-derived cells would be successful 
only if they can be matured and maintained 
over a long-term in physiologically-relevant 



Soman and Vijayavenkataraman�

	 International Journal of Bioprinting (2020)–Volume 6, Issue 4� 73

environments. Hence, development of suitable 
post-processing strategies such as integrated 
perfusion bioreactor systems becomes necessary.

•	 Pathway for clinical translation: A coordinated 
effort between the clinicians, scientists, and 
bioengineers in solving the technological 
limitations and support from the government 
and policy-makers would go a long way in 
establishing a pathway for clinical translation 
of bioprinted iPSC-derived tissues for 
regenerative medicine, disease modeling and 
drug testing.
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Abstract: In recent years, three-dimensional (3D) printing has markedly enhanced the functionality of bioreactors by 
offering the capability of manufacturing intricate architectures, which changes the way of conducting in vitro biomodeling 
and bioanalysis. As 3D-printing technologies become increasingly mature, the architecture of 3D-printed bioreactors can be 
tailored to specific applications using different printing approaches to create an optimal environment for bioreactions. Multiple 
functional components have been combined into a single bioreactor fabricated by 3D-printing, and this fully functional 
integrated bioreactor outperforms traditional methods. Notably, several 3D-printed bioreactors systems have demonstrated 
improved performance in tissue engineering and drug screening due to their 3D cell culture microenvironment with precise 
spatial control and biological compatibility. Moreover, many microbial bioreactors have also been proposed to address the 
problems concerning pathogen detection, biofouling, and diagnosis of infectious diseases. This review offers a reasonably 
comprehensive review of 3D-printed bioreactors for in vitro biological applications. We compare the functions of bioreactors 
fabricated by various 3D-printing modalities and highlight the benefit of 3D-printed bioreactors compared to traditional 
methods.
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1 Introduction

1.1 Bioreactor

Bioreactors are essential tools that not only 
guide and support the development of in vitro 
live tissues but also act as culture vessels to 
study the biological response of the tissues 
to physiologically relevant conditions[1]. In 
the context of this review, bioreactors refer to 
devices for cellular and biochemical assays. The 
design and configuration of a bioreactor should 
complement the requirements of biological 
systems. For example, bioreactors for the study 

of vascularization and cardiac regeneration 
are coupled with the pulsatile flow to augment 
cell differentiation and maturation[2]. Similarly, 
bioreactors for lung tissue models are often linked 
to airflow setup to imitate native lung functions[3]. 
In addition, various operational parameters related 
to the flexibility, design, and other characteristics 
of bioreactors greatly influence the biological 
performance of bioreactors[4]. In the past few 
years, modeling and applications of bioreactors 
have evolved in various fields of research. Due to 
their enormous versatility, bioreactors have been 
employed in many industries, including biological, 
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biomedical, pharmaceutical, food, wastewater 
treatment, chemical, and fermentation[5]. This 
review focuses on biological applications in detail. 

1.2 Three-dimensional (3D)-printed bioreactor 

Conventional bioreactors grant operators the 
convenience of controlling the environment and 
experimental manipulation of two-dimensional 
tissue models[6]. However, their incompatibility 
with in vivo systems and their inability to 
reflect true cell traits and tissue morphology has 
necessitated 3D systems which exhibit better 
spatial distribution and structurally complex 
tissue architecture. Nevertheless, it is challenging 
to produce 3D bioreactors with complex geometry 
using conventional manufacturing methods[7].

Additive manufacturing (AM), also known 
as 3D-printing technology, has shown enormous 
potential in the fabrication of complex, low-cost, 
and custom-designed structures constructed 
by depositing a layer on top of earlier printed 
layers[5]. Over the past three decades, several 
3D-printing strategies have been established 
with a focus on the fabrication of bioreactors of 
various shapes and sizes[8,9]. Through 3D-printing, 
specialized bioreactors can be engineered with 
high performance in terms of experimental 
throughput, liquid controllability, and stability[10]. 
3D-printing not only grants freedom to optimize 
new bioreactor designs but also enhances cellular 
functionality and suitability of bioreactor for 
specific applications such as in vitro culturing and 
testing[11]. 

In view of this article, any 3D-printed culture 
apparatus, including chip, culture chamber, 
or filters that directly contact the cells, are 
considered as 3D-printed bioreactors. Moreover, 
various customized components and accessories 
of bioreactors such as culture tube holders, test 
parts, chamber inserts, and sensors fabricated 
with various 3D-printing modalities have been 
discussed. Several bioreactor models were 
designed to encourage the flow of culture medium 
for even distribution of nutrients throughout the 
culture vessel. The fluid flow in bioreactors could 
be manipulated at the micro-level by coupling 

bioreactors with microfluidic networks. The 
compartmentalized microfluidic devices with 
interconnected microchannels created cellular 
environments confined in a culture vessel that 
directed fluid flow through the cell culture[12,13]. 
In addition, these devices were shown to emulate 
physiological relevance by creating in vitro 
microenvironments on the same scale of cells. 
However, devices with challenging functionalities 
and dimensional specifications, such as channel 
height and aspect ratio, are difficult to achieve 
by conventional microfluidic techniques. Recent 
advancements have led to the development of 
3D-microfluidics with intricate detailing, greater 
accuracy, and better resolution[14] using 3D-
printing techniques.

1.3 Methods for fabricating 3D-printed 
bioreactors

Features of 3D-printed devices rely primarily on 
the chosen printing method. Some applications 
only 3D-printed the substrate in cell culture for 
in vitro analysis, whereas other applications 
embedded living cells into biocompatible 
printable materials (bio-inks)[15]. In this review, 
we primarily focus on the 3D-printed bioreactors 
for in vitro studies, not including the direct 
printing of cells. Various 3D-printing methods 
have been used to fabricate 3D structures and 
devices based on various printing techniques 
including selective laser melting (SLM), 
direct metal laser sintering (DMLS), fused 
deposition modeling (FDM), fused filament 
fabrication (FFF), inkjet, PolyJet, material 
jetting, stereolithography (SLA), digital light 
processing (DLP), micro-SLA (µSLA), and 
multiphoton lithography, each with their own 
advantages and disadvantages[16]. These 3D-
printing processes are also used to fabricate 
bioreactors. However, none of these 3D-
printing processes are ideal due to their specific 
limitations such as biocompatibility issues, 
difficulty in removing support materials, low 
printing resolution, poor dimensional accuracy, 
and rough surface texture[17-19]. Considerations 
for the choice of 3D-printing methods are shown 
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in Tables 1 and 2. 3D-printing process can be 
selected based on the manufacturing capability 
of the printer and the type of material used by 
printer[20,21]. However, 3D-printing process can 
be also selected according to the given main 

design requirements of bioreactor, including 
functionality and visual appearances[9,18].

Different laser sintering approaches such as 
SLM and DMLS are highly reproducible AM 
techniques used to fabricate porous and 3D 

Printing 
technique

Printer model Possible reason 
for choice of 
printer

Material 3D construct 
developed

Application Cells used Ref.

Cell viability
SLA ILIOS 

3D-printer
High precision, 
transparency

PEG-DA-250 
resin

Transparent 
disks

Bioreactor for 
studying resin 
compatibility on 
cells

Chinese 
hamster 
ovary cells 
(CHO-K1), 
Primary 
hippocampal 
neurons

[18]

SLA Form 
1+3D-printer

High accuracy, 
high resolution

Photocurable 
liquid resin

Cylindrical test 
parts

Bioreactor 
accessory for 
studying resin 
compatibility on 
cells

Zebrafish [17]

FDM Dimension
Elite 3D-printer

Affordable, 
easily available

ABS

Material 
jetting 

Objet350 
Connex 
3D-printer

Dimensional 
accuracy

Objet Vero 
Clear

Microfluidic 
chip

Bioreactor 
for resin 
compatibility on 
cells

Bovine 
pulmonary 
artery 
endothelial 
cells

[31]

Cell encapsulation
SLA Commercial

3D-printer 
(Proto Labs)

High accuracy 3D Systems 
Accura® 60

Pump-free 
perfusion cell 
culture device 

Bioreactor for cell 
encapsulation

Oral 
squamous 
cell 
carcinoma 
tumor, Liver 
cells

[32]

Material 
jetting

Objet260 
Connex3 
3D-printer

Dimensional 
accuracy

VeroClear-
RGD810

Cell/tissue models
SLA Commercial

3D-printer 
(EnvisionTEC)

Structural 
robustness

Eshell 300 Chamber and 
insert

Bioreactor 
accessory for 
tissue interactions

Human bone 
marrow stem 
cell

[33]

Testing of therapeutics
Material 
jetting

Objet Connex 
350 3D-printer

Droplet 
precision

Objet Vero 
White Plus

Device Bioreactor for 
cell toxicity+drug 
transport

Endothelial 
cells 

[34]

Material 
jetting

Objet Connex 
350 3D-printer

Geometrical 
precision

Objet 
VeroClear

Microfluidic 
chip

Bioreactor for 
drug metabolism

Red blood 
cells

[13]

Material 
extrusion

MakerBot 
Replicator 2X 
3D-printer

Good 
mechanical 
properties

ABS Cartridges Accessory item 
for cell toxicity

Human 
embryonic 
kidney cells

[35]

Table 1. 3D-printed bioreactors used in mammalian cell culture applications for assessing of 
cell viability, cell encapsulation, cell/tissue models, cell imaging, cell therapy, and organ-on-chip 
applications.

(Contd...)
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Printing 
technique

Printer model Possible reason 
for choice of 
printer

Material 3D construct 
developed

Application Cells used Ref.

Organ-on-a-chip
Material 
jetting

Objet30 Pro 
3D-printer

Rigidity, 
transparency

Objet 
VeroClear

Modular 
chamber

Bioreactor 
for blood-
brain-barrier 
environment

Endothelial 
cells, rat 
primary 
astrocytes

[36]

SLA Cellbricks 
3D-bioprinter

High resolution Gelatin and 
polyethylene 
glycol

Liver lobule Bioreactor for 
characterization of 
liver organoid under 
static conditions

Human 
hepatoma cell 
line, human 
stellate cells

[37]

SLA Perfactory 3 
Mini-Multi 
Lens 3D-printer

High resolution PIC100 resin 3D vessel Bioreactor that 
mimics healthy 
and stenotic blood 
vessels

Human 
umbilical 
vein 
endothelial 
cells

[38]

Material 
extrusion

MakerBot 
Replicator 2 
3D-printer

Affordable, 
geometrical 
precision

Polylactic acid Input/output 
multiplexer 

Bioreactor for 
endocrine tissue 
function

Endocrine 
cells 

[39]

Material 
extrusion

ROSTOCK 
MAX V2 
Desktop 
3D-printer

Affordable, 
geometrical 
precision

Polymer Molds Bioreactor for 
bone metastasis 

MC3T3-E1 
cells

[40]

Material 
extrusion

Printrbot 
Simple Metal 
3D-printer

Affordable, 
geometrical 
precision

Thermoplastic Conformal 
device

Bioreactor for 
whole organ 
biomarker 
profiling

Microfluidic 
devices that 
interface 
with surface 
of whole 
organs

[41]

Material 
extrusion

Custom 
microextrusion-
based 
3D-printer

Micro-extrusion Silicone, 
sodium 
polyacrylate 
hydrogel

Cell observation
DLP Micro Plus Hi-

Re 3D-printer
High resolution HTM140 Microscopy 

chamber
Bioreactor 
accessory for 
multidimensional 
imaging

Human cell 
lines infected 
by membrane-
GFP 
lentivirus, 
nuclear-
tdTomato

[42]

DLP EnvisionTEC 
Perfactory 
3D-printer

High resolution Eshell® 300 Fluidic culture 
chamber

Bioreactor for cell 
imaging

hMSCs [43]

SLA 3D Systems 
Viper SLA 
system

Affordable, high 
accuracy, high 
resolution

WaterShed XC 
11122 resin

Cell perfusion 
system (valves 
and pumps)

Bioreactor for 
cellular calcium 
imaging

CHO-K1 
cells

[44]

SLA PicoPlus 27 
3D-printer

High accuracy, 
high resolution

Polypropylene/
acrylnitril-
butadien-styrol

Semiconductor-
based 
biosensors

Bioreactor for 
cell growth and 
metabolism 
imaging, resin 
compatibility on 
cells

CHO-K1 
cells

[45]

3D: Three-dimensional, FDM: Fused deposition modeling, SLA: Stereolithography, DLP: Digital light processing, ABS: Acrylonitrile butadiene styrene

Table 1. (Continued).
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uniform metal structures with distinct cavities, and 
precisely control geometric parameters down to 
several hundred microns using laser power as low 
as 90 W[22,23]. Extrusion printing and its common 
variants such as FDM and FFF extrude molten 
polymer in a layer-by-layer manner to construct 
3D objects[17,24]. This 3D-printing technique is cost-
effective and could be easily adopted as a viable 
manufacturing option to create 3D constructs 
with high resolution, structural integrity, and 
transparency. Jetting-based methods, including 
inkjet, PolyJet, and material jetting deposit fluidic 
materials in a controlled fashion through a nozzle 
onto a 3D platform and are used to create highly 
complex constructs[25]. These direct cell printing 
techniques will not be discussed in this review. 
Another widely used 3D-printed method is the 
vat photopolymerization, including SLA and 
DLP, which prints by curing photosensitive resins 
with ultraviolet light[17,26]. SLA uses a laser beam 
that scans line-by-line to cure the photosensitive 
resin, whereas DLP uses a digital light projector 
to cure each layer of photoreactive resin in one 
go. Compared to DLP, SLA-based printers offer 
a higher spatial resolution, resulting in structures 
with dimensions <10 µm. µSLA-based systems 
that utilize two-photon optics further improve 
the resolution to submicrons[17]. The resulting 
ultrafine features may influence the mechanistic 
properties of cells in tissues. Nevertheless, resins 
used for SLA printers often contain methacrylate 
and/or acrylate monomers that have a reputation 
to be cytotoxic[17].

2 3D-printed bioreactor for biological 
applications

3D-printing is a rapidly evolving technology that 
provides an opportunity to fabricate complex 3D 
structures for biological applications[5,27]. It is 
an important tool for translational research that 
focuses on the in vitro biology and disease models 
in bioreactors. The increasing accessibility to 
3D-printing has spurred substantial efforts toward 
many creative developments of 3D-printed 
bioreactors for the cultivation of mammalian as 
well as microbial cells. Various bioreactors have 

been fabricated with 3D-printing to study the 
response of these cells to the smallest details of their 
local environments such as substrate geometric 
arrangement, chemistry, and mechanics[28,29]. 

Much of our understanding of fundamental 
cellular mechanisms is garnered from the aberrant 
interactions of cells on 2D substrates. As we move 
toward more-compliant microenvironment, it is 
vital to demystify exactly what factors are operative 
in 3D systems rather than simply considering a 
dimensionality factor at play[30]. The increased 
capabilities of 3D-printers have resulted in well-
architecture constructs with fine features and 
application-specific geometries. The key challenge 
here lies in achieving the geometry that provides 
the correct degree of biomimicry, mechanical 
and chemical cues needed for sufficient cell-cell 
signaling, cell development, and gene expression. 
Indeed, surface parameters such as porosity, 
roughness, and curvature are tunable according 
to experimental needs, and their effect on the 
collective cell behavior including adhesion, growth, 
alignment, proliferation, and differentiation has 
been demonstrated as well. Ideally, the role of 3D-
printing is to provide cells a suitable environment 
supporting their transition into functional tissue in 
vitro. With 3D-printing, we are able to fabricate 
bioreactors of different sizes and shapes and 
introduce cells into the bioreactors post-printing for 
in vitro testing. Overall, this article aims to cover 
3D-printed bioreactors for the in vitro study of both 
mammalian and bacterial cell culture.

2.1 3D-printed bioreactor for mammalian cell 
culture 

3D-printed bioreactors used in mammalian 
cell culture applications for assessment of cell 
viability, cell encapsulation, cell/tissue models, 
cell imaging, testing of therapeutics, and organ-
on-chip applications are discussed below and 
summarized in Table 1.

2.1.1 Cell viability in 3D-printed bioreactors

Bioreactors are an indispensable tool for 
maintaining cellular microenvironment to 
promote cell viability, growth, and proliferation. 



Priyadarshini, et al.

	 International Journal of Bioprinting (2020)–Volume 6, Issue 4� 85

The biocompatibility of cells with the materials 
used for 3D-printing also affects cell viability 
and survivability. Biocompatibility could 
be achieved with post-printing modification 
and has already been reviewed earlier[46]. The 
compatibility of zebrafish larvae on parts 3D-
printed by FDM (using acrylonitrile butadiene 
styrene, [ABS]) and SLA (using photocurable 
liquid resin) (Figure 1A) indicated that materials 
used for FDM were less toxic compared to 
SLA evidenced by significantly lower rates of 
malformations. Following the UV treatment of 
SLA parts, the toxicity was significantly reduced 
but not completely eliminated[17]. In contrast, 
a concurrent study indicated the potential of 
transparent PEG-DA-250 resin disks (printed 
by SLA) for supporting the long-term culture of 

adherent CHO-K1 cells and primary hippocampal 
neurons[18]. Elsewhere, bovine endothelial 
cells were immobilized on a 3D transparent 
microfluidic chip made from photocurable resins 
by material jetting. Owing to unknown resin 
properties, the internal channels of the chip were 
coated with polydimethylsiloxane (PDMS) and 
polystyrene, respectively. Cell adherence and 
survival were favorable to PDMS, in comparison 
to polystyrene-coated, polished, and untreated 
samples[31].

2.1.2 3D-printed bioreactor for cell 
encapsulation

A pump-free perfusion device was fabricated 
by SLA (3D Systems Accura 60) and material 
jetting (VeroClear-RGD810) for immobilizing 
multicellular spheroids and maintaining their 
viability. Even though SLA resulted in cell-
immobilizing microstructures with smoother 
surfaces, good spheroid functionality, and prolonged 
viability compared to PolyJet printing, the inferior 
optical properties restricted sample visualization 
by microscopy[32]. Despite a conducive capsule 
housing for cell culture, it remains a challenging task 
to entrap certain cell models with biocompatible 
substrates and mandates optical transparency of 
capsules due to their suitability for cell imaging.

2.1.3 3D-printed bioreactor for cell/tissue 
models

In addition to providing a complex yet 
controlled ambient for cell viability and cell 
encapsulation through spatial and temporal 
control of cell growth, the increasing versatility 
of 3D-printing also enables the development 
of tissue culture constructs that mimic 
specific biological functions and capture cell-
tissue interactions inside the culture system. 
For example, the pathogenesis associated 
with a tissue can be studied. A 3D-printed 
multichambered bioreactor fabricated with non-
cytotoxic Eshell 300 resin using SLA was fitted 
into a microfluidic base, creating tissue-specific 
environments for the study of interactions 
between chondral and osseous tissues during 
osteochondral differentiation[33]. This system 

Figure  1. (A) Resin disks three-dimensional 
(3D)-printed by fused deposition modeling, 
stereolithography (SLA), and SLA w UV used 
for testing resin toxicity on zebrafish (40 mm 
diameter and 4 mm height)[17]. (B) 3D-printed 
device design showing adapters for syringe-
based pumps, channels, membrane insertion port, 
and outlets. (C) The side view schematic of the 
3D-printed device to understand the channel and 
fluid to flow under the membrane. The membrane 
is manually inserted into the port on top of the 
device. Finally, there is an outlet to allow fluid 
to leave the device[34]. (D) Potentiometric sensor-
based biosensor chip showing inlet, outlet, and 
sensing area (20.5 mm × 4.3 mm) with attached 
microfluidic channels[45].

D

C

BA
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provided opportunities to investigate the tissue 
physiology and the role of each tissue in the 
pathogenesis of osteoarthritis. 

2.1.4 3D-printed bioreactor for testing of 
therapeutics

3D-printed bioreactors are also useful in the clinical 
translation and commercialization of standardized 
cell-based products for cell-based therapies and drug-
testing. A reusable material jetted (Objet Connex 350) 
fluidic device incorporated a porous polycarbonate 
membrane not only enabled molecular transport and 
drug migration through the membrane (Figure 1B 
and C) but also indicated drug susceptibility of 
mammalian cells[34]. Moreover, collecting analytes 
while simultaneously measuring the release stimulus 
was also possible with this 3D-printed bioreactor[13]. 
Electrodes and other additional functionalities 
such as membrane inserts and fluidic interconnects 
were integrated to ensure signal detection and flow 
control. A compact ready-to-use material extruded 
(MakerBot Replicator 2X) cartridge containing assay 
reagents was integrated with genetically engineered 
sentinel cells and interfaced with a custom-developed 
smartphone Tox-App for rapid quantification of 
cellular toxicity[35]. 

2.1.5 3D-printed bioreactor for organ-on-chip 
applications 

An organ-on-a-chip device fabricated by 3D-
printing aims to assemble organ models in 3D 
specific architecture on a microfluidic chip. By 
virtue of precise geometrical features attained by 
3D-printing coupled with controlled flow dynamics 
and imaging compatibility of microfluidics, a 
continuous perfusion model had been developed 
to imitate the blood-brain barrier environment[36]. 
This setup consisted of a porous membrane that 
allowed coculture of different cell types across the 
membrane and a 3D-printed cell insert module 
that accommodated cell monolayers which formed 
a fully functional closed-loop perfusion model. 
This 3D-printed bioreactor was able to overcome 
the limitations faced by static culture models and 
demonstrated the synergy between microfluidics 
and 3D-printing[47]. Similarly, a 3D bone-on-a-chip 
device used coculture strategies to study disease 

mechanisms of the metastasis of breast cancer 
cells to bone marrow[40]. In the study, transparent 
PDMS chambers for cell growth casted from a 
3D-printed mold (Rostock MAX V2 Desktop 
printer) were separated from the media reservoir 
by a membrane. 3D-printing of this geometrical 
design enabled frequent monitoring of interactions 
between cancer cells and the bone matrix in vitro 
and eliminated the need to take bone metastasis 
samples from patients. 

Another study demonstrated the use of a 
perfusion-type liver organoid model using a 
sinusoidal liver lobule on a chip 3D-printed by SLA 
(Cellbricks bioprinter) with polyethylene glycol 
and gelatin containing bio-inks[37]. Cells cultured 
within the liver organoid model revealed high-
yield protein expression compared to monolayer 
cultures. This in vitro model in 3D-printed 
bioreactor ensured hepatocyte functionality and 
could be modified to accommodate nutritional 
supply for larger tissue models to explore the 
mechanistic properties. The organ-on-a-chip 
systems could also be personalized by integrating 
additional systems to emulate the complexities of 
an organ. To design a 3D arterial thrombosis model, 
anatomical models were obtained from imaging 
scans and converted into a printable 3D model. 
The molds for chips with miniaturized healthy 
and stenotic vasculatures were then developed 
using a Perfactory 3 SLA 3D-printer with PIC100 
resin. The vascular structures incorporated on-
chip successfully mimicked vessel environments, 
showing human blood flow at physiologically 
relevant conditions and with artificially induced 
thrombosis[38]. Another system non-invasively 
interfaced a 3D-printed microfluidic device with 
a porcine kidney model to isolate and profile 
biomarkers from whole organs in real-time. From 
the cortex of the kidney, relevant metabolic and 
pathophysiological biomarkers were transported 
to the microfluidic device by virtue of the fluid 
flow in the microchannel. Hence, the 3D organ-
on-a-chip could perhaps overcome the drawbacks 
of whole organ structures[41]. For a complex organ 
model, a multi-channel perfusion-type chamber 
was developed to assess endocrine secretions, 
due to their multiple inlet and outlet needs[39]. The 
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device warranted precise control of nutrient inputs, 
hormone outputs, and permitted observation by 
fluorescence imaging.

2.1.6 3D-printed bioreactor to facilitate cell 
observation

The visualization of real-time cellular response 
to a 3D culture environment through imaging 
facilitates the monitoring of specific cellular 
processes. Another research group proposed 
a multidimensional observation chamber (the 
UniveSlide) with an SLA 3D-printed frame for 
medium/high throughput long-term imaging 
in controlled culture environments, which was 
also compatible with different microscopy 
techniques[42]. Moreover, this all-in-one device 
may be suitable for automatized multi-position 
imaging of thick samples. The use of agarose 
gel with imprinted microwells as a base support 
frame was a convenient addition for trapping 
cells and subsequent 3D viewing. A 3D-printed 
fluidic culture chamber was used to dynamically 
culture hMSCs, study the mechanical behavior 
of the cells in a controlled microenvironment, 
and visualize cells within 3D-printed constructs 
without sectioning using imaging techniques 
such as confocal or fluorescence laminar optical 
tomography[43]. Bioreactor accessories such as 
3D-printed valves and pumps used for cell culture 
were also fabricated with SLA (3D Systems 
Viper system) using WaterShed XC 11122 resin. 
This study demonstrated controlled adenosine 
triphosphate (ATP) stimulation of live cells in 
an incubation chamber for observation of Ca2+ 
response[44]. Recently, a semiconductor-based 
biosensor chip was fabricated using Asiga Pico Plus 
27 by DLP (Figure 1D) to facilitate the observation 
of cell metabolism on the microfluidics-based 
light-addressable potentiometric sensor chip[45]. 

2.2 3D-printed bioreactor for microbial cell 
culture applications

In the recent past, several studies have attempted 
to unravel the gaps of our understanding of 
bacteria survival mechanisms in complex 
microenvironments. AM offers an opportunity to 

reproduce the geometry of actual environments. 
The focal point of this section revolves around the 
use of 3D-printed bioreactors for various microbial 
applications such as long-term microbial culture, 
pathogen detection, pathogen phenotypic study, 
and antibacterial assays, which are summarized in 
Table 2.

2.2.1 3D-printed bioreactor for long-term 
microbial culture

Tracking the bacterial cell growth for a prolonged 
period provides crucial information on cell 
survival and proliferation conditions in addition 
to their nutrition and energetic physiology[64]. A 
number of bioreactors were built by 3D-printing 
to assist in monitoring the growth of bacteria in 
liquid cultures. A customized FDM-printed culture 
tube holder (Figure  2A) was interfaced with 
a mini-spectrophotometer connected to a light 
source through optical fibers to monitor bacteria 
growth in liquid culture through turbidimetric 
measurement[20]. Elsewhere, 3D-printed 

Figure  2. (A) Three-dimensional (3D)-printed 
culture tube holder for monitoring the bacterial 
growth of liquid microbial cultures (OC: Optical 
cable; TH: Tube holder)[49]. (B) 3D-printed magnet-
spacer assembly showing bacterial separation by 
3D immunomagnetic flow assay[58]. (C) 3D-printed 
vertically designed cylindrical chamber was 
developed for bioluminescent bacterial detection[7]. 
(D) Inkjet-printed interdigitated electrode sensor 
for phage detection[26].
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bioreactors built by SLA and material jetting were 
used for long-term culture that mimicked the 
shape and dimensions of a standard commercial 
polystyrene tube[49]. Ten different 3D-printable 
resin materials were tested, of which only MED610 
(ISO-certified biocompatible), VeroClear, and 
Frosted Acrylic exhibited no significant bacteria 
growth inhibition. Other materials were unsuitable 
because of rapid media evaporation (elastoplastic), 
sticky residue formation (Extreme Detail), 
deposition of particles inside the bioreactor after 
storage (White Strong and Flexible), physical 
instability (TangoBlack), and drastically reduced 
growth rates of bacteria cells (ClearV2, Flexible 
and Tango Plus). In a later study, an SLA-printed 
bioreactor in the form of a disk (Formlabs) was 
tested for biotoxicity effects of resins on bacteria 
and suggested a dose-response relationship to 
resin[48].

2.2.2 3D-printed bioreactor for pathogen 
detection

Undesired pathogen contamination in water, food, 
and blood poses a great public health threat. Rapid 
detection and separation of bacterial pathogens 
are therefore necessary in the field of food 
industry, clinical diagnostics, and environment 
quality control to ensure safety[65]. To monitor and 
quantify the presence of microbes, the design and 
fabrication of new 3D-printed diagnostic devices 
have been the focus of these areas. Considering the 
importance of an appropriate pathogen detection 
system, several studies had combined the 3D-
printed bioreactors with detection methods such as 
calorimetry, bioluminescence, polymerase chain 
reaction (PCR), electrochemical, and contactless 
conductivity for bacteria sensing. Colorimetric 
detection is a rapid, easy-to-operate technique 
capable of simple visual detection. A material 
extrusion-based 3D-printed chip using ABS was 
made from Profi3Dmaker for bacteria culture, 
DNA isolation, and colorimetric detection of mecA 
genes, specific to the presence of methicillin-
resistant Staphylococcus aureus. The entire chip 
was placed in a thermostatic box for maintaining 
a homogenous magnetic field and facilitating 
non-crosslinking aggregation of nanoparticle Pr
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probes with bacterial DNA for in vitro diagnostic 
applications[50]. Another study used a manually 
actuated miniature 3D-printed device fabricated 
using VisiJet EX200 polymer by material jetting 
for rapid on-site multiplexed bacterial detection 
using calorimetric measurement[53]. The finger-
actuated pumping membrane seated on the 
pumping chamber was connected to individual 
enrichment/detection chambers through serpentine 
channels for bacteria detection in drinking water. 
Upon depressing and releasing the membrane, 
a vacuum pressure filled in each chamber and 
sucked in the sample. The lowest detection limit of 
1e6 colony forming units (CFU)/mL was observed 
in approximately 6 hours. Furthermore, these 
pathogen detection devices were also connected to 
accessories for colorimetric readout, which would 
improve the limit of detection[54]. 

Some groups have resorted to combined ATP 
bioluminescence and magnetic particle-based 
immunomagnetic separation for bacteria sensing. 
This is a more rapid and efficient approach for 
increasing the sensitivity and specificity of pathogen 
identification. A 3D-printed bioreactor with 
cylindrical hollow microchannel and high-capacity 
efficient magnetic O-shaped separator (HEMOS) 
was designed for Salmonella detection in large-
volume samples (Figure 2B). The magnet-spacer 
feature in the central area of HEMOS maximized 
the magnetic field, thereby allowing ultra-rapid 
capture of 10 CFU/mL of nanocluster-immobilized 
bacteria within 3 min[56]. Similarly, a 3D-printed 
bioreactor with helical chambers (Figure 2C) was 
developed for bioluminescent Escherichia coli (E. 
coli) detection in milk[7]. The device enabled sheath 
inlet flow for improved size-dependent separation 
of bacteria-nanocluster complexes in the helical 
microchannel. A number of studies employed 
3D-printed millifluidic platforms to process 
samples larger than 1 mL. At sub-millimeter scale, 
recyclable, 3D-printed trapezoidal preconcentration 
chamber built by DLP (acrylic resin) was used to 
isolate E. coli in blood samples[57]. Another 3D-
printed millifluidic device preconcentrated bacterial 
DNA by sequential isolation using magnetic silica 
beads was also developed for improved pathogen 
detection in blood. This method extracted bacterial 

DNA in 10 mL of buffer and 10% blood within 30 
min and detected as low as 1 CFU bacterial using 
either PCR or quantitative PCR[8]. 

Electrochemical detection has also been 
accepted as a powerful tool for bacterial and viral 
detection in 3D-printed biomarkers by identifying 
disease-related biomarkers and environmental 
hazards. A pump-free bioreactor used for 
electrochemical detection of Salmonella consisted 
of two flexible polyethylene terephthalate layers 
with sintered inkjet-printed electrodes directly 
bonded to the channel-containing layer, forming a 
sealed microfluidic device[58]. This high throughput 
device accommodated immunomagnetic bacterial 
separation. Similarly, a material-extruded bead-
based microfluidic chip with a three-electrode 
setup was used for the detection of influenza 
hemagglutinin[51]. Elsewhere, a prototype system 
with real-time impedance measurements was used 
to detect phage infection of cultured Lactococcus 
lactis[25]. The two standard microbiological testing 
methods used for comparison were based on 
plaque assay and turbidity measurements. Only the 
inkjet-based biosensor system showed a greater 
sensitivity to phage infection with a response 
within the first 3 h of phage inoculation. Another 
study described a T-junction microfluidic device 
with integrated sensing electrodes developed by 
FDM (using ABS) for label-free counting of E. 
coli cells incorporated in spherical oil droplets. 
Cells were counted using a single-step contactless 
conductivity system and quantified by plate 
counting method. This approach offered noticeable 
advantages as a single-step method with minimal 
incubation time before detection[59]. Studies have 
also explored the use of 3D-printed bioreactors for 
the culture of microbes other than bacteria, such as 
algae. A material jetted milli-microfluidic device 
(Vero™ Black material) with growth chambers, 
microchannels, and semi-integrated optical 
detection system was used for algal culture[55]. Even 
though the growth was unsuccessful due to poor 
microalgal retention resulting from photopolymer 
incompatibility with cells, other metrics observed 
during the culture offered a mechanical perspective 
that indicated the 3D-printed architecture posed 
promising advantages in comparison to other 
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complex microfabrication processes. Another 
group developed a 3D-printed smartphone 
platform integrated with an optoelectrowetting-
operated microfluidic device for on-site detection 
of viable algae cells[52]. The collected data were 
wirelessly transmitted to a central host for real-time 
monitoring of water quality with reduced analysis 
time. Given its sensitivity, this chip allowed 
sample preparation methods such as droplet 
immobilization and mixing, target cell counting, 
and fluorescent detection.

2.2.3 3D-printed bioreactor for pathogen 
phenotypic analysis

Profiling pathogen phenotypes is important in 
decoding the virulence and interaction of pathogen 
with its surroundings. A propidium monoazide 
(PMA) pretreatment was carried out in a 3D-
printed bioreactor to efficiently discriminate live 
waterborne bacterial pathogens in natural pond 
water samples[60]. The material jetted bioreactor 
was designed with an inlet, splitter, and mixers 
for proper sample-PMA mixing followed by 
incubation in serpentine channels containing 
herringbone structures for alternating dark and 
light incubation. The results obtained from this 
3D-printed bioreactor suggested the need for 
species-specific optimization of pretreatment 
performance. Elsewhere, an SLA-printed 
incubation/diffusion chamber was designed for 
culturing bacteria from soil samples to study their 
interaction dynamics. The chamber facilitated 
diffusion of soil components with target cells and 
also allowed single-cell and ensemble bacterial 
phenotypic analyses[61].

2.2.4 3D-printed bioreactor for wastewater 
treatment

Several 3D-printed bioreactors have demonstrated 
great potential in water treatment applications 
that were difficult to be achieved by conventional 
wastewater treatment systems. Cylindrical 
microrobots printed by SLA conveyed 
excellent water purification capability and great 
biocompatibility with mammalian cells[26]. Other 
intricate 3D-printed bioreactor designs, including 
fullerene-shaped bio-carriers[21] and gyroid-shaped 

carrier[63], have been shown to stimulate microbial 
assemblages for improved organic matter removal 
and better performance of biofilm reactors. Other 
studies employed SLA-printed miniature anaerobic 
digester reactors as a process screening tool for 
sustainable treatment of wastewater and biowaste[62].

3 Conclusions and future directions

In recent years, significant advances have been 
made in 3D-printed bioreactor technologies. 
Bioreactors have been tailored to easy online 
monitoring and automated bioprocesses, thereby 
closing the gap between conventional bioreactors 
and their miniature 3D-printed counterparts. 
However, in addition to their basic functions, other 
design aspects, such as flexible operation and 
process optimization, should be taken into account, 
especially for devices used to study complex 
physiological phenomena. It is noteworthy to 
mention that there has been limited clinical 
translation of 3D-printed bioreactors. This could 
be attributed to the lack of optimized protocols that 
are fine-tuned to respective 3D-printing methods 
and materials. The reproducibility of certain 3D-
printing processes is suboptimal.

At present, 3D-printing research for in vitro 
biological applications focuses mostly on relatively 
simple systems that only incorporate a limited 
number of cells and cell types. Future studies 
should aim to attend to relatively complex tissues 
and organs. Moreover, several concerns such as 
3D-printing compatible design, removal of support 
structures, the choice of appropriate cell lines, better 
cocultivation concepts, establishment of optimal 
conditions, and protocol standardization remain to be 
resolved and should be the focus of future research. 
With advances in various aspects of 3D-printing, 
one would be able to design and manufacture 
customized bioreactors with tailored functionalities 
using 3D-printing in laboratory settings, which 
would significantly drive future biomedical research 
by offering on-demand in vitro testing. 
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Rational Design of a Triple-Layered Coaxial Extruder 
System: in silico and in vitro Evaluations Directed 
Toward Optimizing Cell Viability
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Abstract: Biofabrication is a rapidly evolving field whose main goal is the manufacturing of three-dimensional (3D) cell-laden 
constructs that closely mimic tissues and organs. Despite recent advances on materials and techniques directed toward the 
achievement of this goal, several aspects such as tissue vascularization and prolonged cell functionality are limiting bench-to-
bedside translation. Extrusion-based 3D bioprinting has been devised as a promising biofabrication technology to overcome these 
limitations, due to its versatility and wide availability. Here, we report the development of a triple-layered coaxial nozzle for use in 
the biomanufacturing of vascular networks and vessels. The design of the coaxial nozzle was first optimized toward guaranteeing 
high cell viability upon extrusion. This was done with the aid of in silico evaluations and their subsequent experimental validation 
by investigating the bioprinting of an alginate-based bioink. Results confirmed that the values for pressure distribution predicted 
by in silico experiments resulted in cell viabilities above 70% and further demonstrated the effect of layer thickness and extrusion 
pressure on cell viability. Our work paves the way for the rational design of multi-layered coaxial extrusion systems to be used in 
biofabrication approaches to replicate the very complex structures found in native organs and tissues.
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1 Introduction

Three-dimensional (3D) bioprinting is an additive 
manufacturing technology that permits the 
spatiotemporal patterning of hydrogels embedded 
with cells, namely bioinks, into 3D structures[1,2]. 
Its goal is to fabricate cell-laden constructs that 
mimic tissues and organs, where cell viability is 
preserved and overall physiological functionality 
is replicated[1,3]. Among its several techniques, 
extrusion-based bioprinting (EBB) has emerged 
as the most promising additive manufacturing 

technique for achieving 3D structures of sufficient 
complexity, since it can work with a broad range of 
cell densities and printable materials[4,5]. Moreover, 
the versatility and affordability provided by EBB 
systems have contributed to its positioning as the 
most popular biofabrication technology among 
researchers worldwide for applications that range 
from cancer research and drug testing to tissue 
engineering[6].

Replicating complex internal tissue structures 
is, however, still a challenge for the available 
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biomanufacturing technologies[3,6]. In the case of 
EBB, the time lag between hydrogel extrusion and 
its subsequent crosslinking is one of the limiting 
factors in the formation of complex geometries[7,8]. 
This is mainly because the viscoelastic properties of 
extruded bioinks are often not sufficient to support 
these geometries before extensive crosslinking 
is applied[7,9,10]. Therefore, the shape fidelity of 
the printed constructs is greatly compromised, 
especially in the fabrication of hollow or highly 
detailed structures. Emerging techniques such 
as freeform reversible embedding of suspended 
hydrogels (FRESH)[11] and volumetric printing[12] 
have contributed to alleviating some of these 
limitations by allowing the formation of complex 
structures. In the FRESH technique, hydrogels are 
printed in a support bath of sacrificial microparticles, 
which provides structural support while the 
hydrogel is crosslinked and therefore guarantees 
a high degree of shape fidelity[13]. Despite the 
superior printing resolution achieved in constructs 
manufactured with this technique, results have not 
yet been reported when depositing cell-embedded 
hydrogels[3,14]. Similarly, volumetric bioprinting 
allows the fabrication of convoluted free-form 
geometries with the spatially selective exposition 
of cell-laden photocrosslinkable hydrogels to 
ultraviolet (UV) or blue light. In particular, this 
technique has demonstrated the rapid fabrication of 
anatomically relevant hollow structures with high 
cell viability[15]. However, the current technique 
cannot include multiple materials within the same 
bioprinting process and can lead to unwanted 
heterogeneous stiffness of the constructs, which 
greatly limits its exploitability. 

Despite recent advances on the development 
of techniques that allow an increased structural 
complexity of constructs and novel hydrogel 
formulations that support bioprinting and maturation 
of tissues, functionality is a challenge that has 
not been fully addressed yet[3,16,17]. To engineer 
functionally relevant tissues in vitro, the current 
inability to recreate the 3D microenvironments seen 
in vivo is a key restriction that must be overcome. 
Among the attributes that bioprinted constructs 
must have to permit appropriate tissue maturation, 
vascular networks appear to be one of the most 

important[1-3,18]. The scalability of bioprinted 
constructs toward clinically relevant sizes is often 
limited by the accessibility of nutrients throughout 
the construct, as nutrient access and waste 
removal depend solely on diffusion-mediated 
transport. As a result, perfusable networks within 
bioprinted constructs are imperative to create 
tissues of clinically relevant size, as they will 
allow adequate nutrient availability and prevent 
waste accumulation in the innermost regions of 
the construct[19,20]. This, in turn, will facilitate the 
maturation of multilayered constructs and shorten 
the gap between native and in vitro functionality. In 
addition, the biomanufacturing of hollow tubular 
structures might also be beneficial for generating 
multilayered large and medium-diameter vascular 
grafts for use in either transplantation or disease 
modeling[21-23]. 

Accordingly, here we report the development 
of a triple-layered coaxial extruder system for the 
fabrication of layered tubular structures that allow 
the simultaneous dispensing of three different 
materials using EBB systems. Our aim was to study 
how different design parameters and bioprinting 
conditions of this system affect the viability of 
embedded cells upon extrusion. Computational 
analyses were initially implemented to optimize 
design parameters of the coaxial extruder system 
based on predicted pressure distributions, and 
these findings were then validated experimentally 
on bioprinting experiments using human cells 
in alginate-based hydrogels. In addition, the 
triple-layered design allowed immediate bioink 
crosslinking upon extrusion by including a 
crosslinking solution as the outermost layer of the 
printed tubular structures, and the formation of 
hollow structures by posterior removal of sacrificial 
material contained in the innermost layer. 

2 Materials and methods

2.1 Triple-layered coaxial nozzle design 
and in silico evaluation

A first prototype of a triple-layered coaxial nozzle 
was fabricated by assembling commercially 
available nozzle parts (Nordson EFD, Dunstable, 
Bedfordshire, UK). A mixture consisting of a 
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cyanoacrylate solution and sodium bicarbonate was 
employed to adhere the different components into 
a single structure (Figure 1A). From a transverse 
view, the coaxial nozzle comprised three walls, 
two rings, and one cylinder, with Gauges (G) 
ranging from 13 to 25 G. This configuration led to 
three different flow channels, namely, channel a, 
b, and c, as shown in Figure 1B. 

Based on this prototype, a computationally 
aided design model of the three flow channels was 
developed and studied using computational fluid 
dynamics simulations in COMSOL Multiphysics® 
software. A two-dimensional axisymmetric domain 
of flow channel b and a glass printing surface, with 
a 100 µm air interface in between, was modeled and 
simulated based on the overall design of the coaxial 
nozzle. This channel was of special interest as the 
nozzle is intended for the extrusion of single-layered 
tubular structures and the cell-laden hydrogel will 
be extruded through this channel. The hydrogel was 

conceived as a non-Newtonian fluid and its physical 
parameters, such as density and dynamic viscosity, 
were used as input for calibrating the models. Air 
was, however, conceived as a Newtonian fluid and 
its density and dynamic viscosity were also provided 
as input for the simulations. A parametric analysis 
was performed by varying the inlet pressure (P) of 
channel b between 10 and 70 kPa and the Gauge of 
this flow channel was fixed at 18 G. Outlet velocity 
and pressure were studied at the outlet of the flow 
channel and compared to previously reported 
literature to validate the design in terms of cell 
viability. 

Three different coaxial nozzles were designed 
varying the area of the middle channel (namely, b 
in Figure 1B) and subsequently 3D printed using 
biocompatible photopolymer resins, namely, dental 
SG FLSGOR01 and dental LT clear (Figure 1C). 
The dimensions of each channel are reported in 
Table 1, along with the area of flow channel b (used 

Table 1. Geometric data of the designed coaxial nozzles. ID and OD stand for inner diameter and outer 
diameter, respectively. The three flow channels of each nozzle are labeled as a, b, and c, as shown in 
Figure 1B.
Parameter Nozzle 1 Nozzle 2 Nozzle 3

a b c a b c a b c
Gauge (G) 23 18 14 25 18 14 20 15 13
ID (mm) 0.33 0.84 1.54 0.25 0.84 1.54 0.61 1.36 1.8
OD (mm) 0.64 1.27 1.83 0.52 1.27 1.83 0.91 1.65 2.41
OD – ID (mm) 0.32 0.43 0.29 0.27 0.43 0.29 0.30 0.29 0.61
Layer thickness (mm) 0.20 0.32 0.45
Layer area (mm2) 0.232 0.341 0.802

Figure 1. (A) Lateral and frontal view of the initial prototype of the triple-layered coaxial nozzle assembled 
with commercially available parts. (B) Schematic representation of the transverse view at the tip of the 
coaxial nozzle. The outer diameter and inner diameter of each channel were defined according to the 
results of the computational fluid dynamics simulations. (C) Three-dimensional printed coaxial nozzle.

A CB
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for cell-laden hydrogel), which is continuously 
increasing from Nozzle 1 to Nozzle 3. 

2.2 Preparation of hydrogels

For each of the channels (a, b, and c) described 
in section 2.1, different materials were used 
during the printing process. While channel c was 
perfused with CaCl2 solution, the other channels 
were perfused with two different hydrogel 
compositions.

Channel a was used to print a support structure 
in the core, based on a methylcellulose-gelatin 
sacrificial ink, as described by Dranseikiene et al.[24] 
Briefly, the sacrificial biomaterial ink is composed 
of 9 % (w/v) Methylcellulose (Sigma, USA) and 
5 % (w/v) gelatin (Sigma, USA) and was shown to 
exhibit good support characteristics after printing, 
while dissolving in culture conditions after 1 week.

The hydrogel used for printing with cells 
was an alginate-based bioink, prepared with a 
pre-crosslinking technique utilizing CaCO3 and 
D-Glucono-δ-lactone (GDL). Concisely, a 2 % 
(w/v) alginate (VIVAPHARM® alginate PH176, 
JRS PHARMA GmbH & Co. KG, Rosenberg, 

Germany) solution was pre-crosslinked with 
20 mmol/l CaCO3 (Calcium carbonate precipitated 
for analysis EMSURE®, CAS 471-34-1, 
Merck KGaA, Darmstadt, Germany) and 40 mmol/
l GDL (CAS 90-80-2, Merck KGaA, Darmstadt, 
Germany) at 4°C. After stirring continuously for 
48 h, the hydrogel was allowed to warm up to 
room temperature and was subsequently mixed 
with cells (see section 2.4).

2.3 Setup for 3D bioprinting with coaxial 
nozzles

A commercially available fused deposition modeling 
3D printer (Anycubic Prusa I3, ANYCUBIC 3D 
Printing, Shenzhen, China) was customized to allow 
the controlled deposition of hydrogels (Figure 2). 
For this purpose, three independent piston-driven 
extrusion systems were coupled to the machine and 
the feed rate (mm/s) was translated into pressure 
units (kPa) with the aid of an external system. Next, 
printheads suited for 12 mL Luer-lock syringes 
were adapted to the extrusion systems and their 
outlet tips were connected to the inlets of the 3D 
printed coaxial nozzles. 

Figure 2. Three-dimensional (3D) bioprinter setup for bioprinting experiments. Three printheads were 
adjusted to a fused deposition modeling 3D printer with piston-driven extrusion systems and connected 
to the triple-channel coaxial nozzle. Each flow channel is labeled at the inlet and outlet of the coaxial 
nozzle for a better understanding of the reader. 
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2.4 Cell culture and embedding

Before bioprinting experiments, human bone 
osteosarcoma cells MG-63 (ATCC® CRL-1427™) 
were cultured in complete growth medium 
consisting of Dulbecco’s Modified Eagle Medium 
supplemented with 10% (v/v) fetal bovine 
serum and 1% (v/v) Penicillin-Streptomycin 
(10,000 U/ml) and maintained in a CO2 incubator 
at 37°C. Upon the culture reached a confluence of 
approximately 80–90%, cells were harvested with 
the aid of a 0.25 % (w/v) trypsin solution (Gibco™, 
Thermo Fisher Scientific, Waltham, MA, USA). 
The cell concentration of the obtained suspension 
was then estimated by staining with trypan blue 
and hemocytometer counting. Subsequently, cells 
were carefully embedded in the alginate-based 
hydrogel. To perform this, the hydrogel (without 
cells) was filled into a 12 ml Luer-lock syringe 
and connected to another syringe containing an 
11 × 106 cells/ml cell suspension. To guarantee 
homogeneous mixing, the two components were 
extruded back and forth at least 10 times. The 
volume ratio was 10:1 (hydrogel:cell suspension), 
resulting in a final cell density of 1 × 106 cells/ml 
in the bioink. 

2.5 Bioprinting of tubular structures

For bioprinting, the coaxial nozzles were 
submerged in 70% (v/v) ethanol for 1 h before 
experiments and subsequently washed with sterile 
1 × PBS in a biosafety cabinet. The modified 
3D printer was thoroughly wiped with 70% 
(v/v) ethanol and exposed to UV germicidal light 
for 1 h inside a biosafety cabinet. 

Each nozzle comprised three flow channels 
at the tip, namely a, b, and c in Figure  1B. 
Two different hydrogels and a crosslinking 
solution were employed for bioprinting hollow, 
tube-like structures. A methyl cellulose-based 
hydrogel was used as a sacrificial material for 
the lumen (flow channel a in Figure 3) and an 
alginate-based bioink embedded with human 
bone osteosarcoma MG63 cells was used for 
the middle tubular channel (flow channel b in 
Figure  3). Calcium chloride (CaCl2) 0.1 M 
solution was expelled through the outer channel 
of the coaxial nozzle (flow channel c in Figure 3) 
since it served as a crosslinking agent for the 
alginate bioink. All materials were dispensed 
coaxially by mechanical extrusion of the three 
separate printheads simultaneously. The resulting 

Figure  3. (A) Pressure distribution profiles along the geometry of one of the studied flow channels 
(flow channel b). Values on the color bar are displayed in Pa × 104. (B) Transverse view of one of the 
printed and perfused hollow cannular structures. (C), (D), (E) and (F) display one of the hollow cannular 
structures being perfused with 1 × PBS stained with red food coloring.
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tubular structures were then perfused through the 
core channel with warm sterile 1 × PBS to wash 
away the sacrificial material.

This bioprinting procedure was performed 
with the three designed nozzles varying the 
extrusion pressure of the printhead connected 
to channel b since the cell-laden bioink was 
dispensed through this channel. The extrusion 
pressure of the other two channels was adjusted 
to achieve the same extrusion rate as that of 
channel b. Coaxial tubular structures were 
dispensed with three extrusion pressures: 26, 34, 
and 40 kPa, through each of the designed nozzles. 
Each combination of bioprinting parameters was 
performed in triplicates, resulting in a total of 27 
extruded tubular structures. 

2.6 Cell viability assessment

For studying the effect of the inlet extrusion pressure 
and the different coaxial nozzle geometries on cell 
survival, a Live/Dead (Sigma-Aldrich, St. Louis, 
MO, USA) assay was performed on the bioprinted 
tubular structures. Briefly, constructs were stained 
with calcein acetoxymethyl ester (calcein-AM) 
and propidium iodide (PI) immediately after 
bioprinting and fluid perfusion through the lumen, 
to visualize live and dead cells, respectively. The 
staining solution was prepared according to the 
manufacturer’s instructions. Bioprinted constructs 
were subsequently submerged in it and incubated 
for 15 min at room temperature (~22ºC) protected 
from light. Samples were then washed with 
1 × PBS and imaged using an epifluorescence 
microscope (ZEISS Axio Observer, Carl Zeiss 
AG, Oberkochen, Germany). One image from a 
random location on each sample was captured and 
later analyzed using the ImageJ software.

2.7 Statistical analysis

Data for cell viability was statistically analyzed 
with the aid of the GraphPad Prism software 
(GraphPad Software, La Jolla, CA, USA). The 
statistical distribution of the data was first studied 
with the Shapiro-Wilk normality test and a two-
way ANOVA with Tukey’s multiple comparisons 
tests was subsequently performed. 

3 Results and discussion

In silico simulations, varying the extrusion, 
pressure was performed to investigate the impact 
that the overall design of the coaxial nozzle 
might have on cell viability. Since this nozzle 
is intended for the fabrication of single-layered 
tubular structures, cell-laden hydrogels will only 
be extruded through channel b; however, the 
simulations were performed for all channels. 
Fluid velocity and pressure distribution through 
the entire channel geometry were collected from 
the simulations. The minimum and maximum 
fluid velocities at the outlet were 13 and 43 mm/s, 
respectively. Moreover, velocity appeared to 
remain constant through the entire geometry for 
all extrusion pressures studied and, in each layer/
area, into the nozzle geometry. However, that 
was not the case for pressure distribution since 
it seemed to decrease as the fluid approached the 
air interface between the nozzle and the collecting 
glass slide. According to the simulations, pressure 
distribution values at the tip of the flow channels 
fell to between 2 and 10 kPa, while pressures 
between 20 and 64 kPa could be experienced 
at the upper most regions of the in-silico flow 
channels. These values were then compared 
to those validated experimentally by previous 
studies for ordinary[25,26] and coaxial[27] nozzles. 
Nair et al. reported that cell viability decreases 
exponentially as a function of increasing shear 
stress, with cell viability above 60 % for pressures 
below 100 kPa and nozzle diameters between (150 
and 400 μm)[26]. Yu and colleagues investigated this 
same relationship on coaxial nozzles and obtained 
very similar results[27]. Although these estimations 
depend widely on the rheological properties of the 
studied hydrogel and on the specific response of 
the cells utilized, we might be able to predict the 
high viability of cells bioprinted with the present 
coaxial nozzle. The predicted values collected for 
pressures experienced by cells on the bioprinting 
process fall within a safe range for cells according 
to these previous studies. 

To confirm these notions and to investigate 
the effect of nozzle geometry, specifically the 
flow channel Gauge, on cell viability, bioprinting 
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experiments were conducted with three different 
nozzles. As shown in Table 1, nozzles 1 and 2 allow 
the fabrication of single-layered hollow tubular 
structures of equal outer diameter (OD), but with 
different layer thicknesses. Likewise, nozzle 3 
allows the fabrication of structures with a greater 
diameter and layer thickness than nozzles 1 and 2. 
These nozzles were subsequently 3D printed with 
biocompatible photopolymer resins (Figure  1C) 
and adapted to a commercially available and 
modified 3D printer for bioprinting experiments 
(Figure  2). These nozzles allow the fabrication 
of cannular structures of diameters in the range 
of 0.84–1.36 mm (OD) and 0.52–0.91 mm (ID), 
which fall within the average dimensions of human 
arteries[28]. As shown in Figure 3, single-layered 
cannular structures were successfully fabricated 
and perfused with a red-stained solution of 1 × 
PBS for demonstration purposes. 

In addition to nozzle geometry, the effect 
of inlet pressure on cell viability was studied 
experimentally by varying the applied pressure of 
the mechanical extruder of flow channel b within 
26–40 kPa. Three different values of extrusion 
pressures within this range were selected according 
to printing experiments with the alginate-based 
hydrogel. These values were 26, 34, and 40 kPa 

and the three of them fell within the material’s 
printing window, as they allowed controlled and 
continuous deposition of a filament. An alginate-
based bioink embedded with MG-63 cells was 
chosen for this evaluation since alginate is a widely 
used biocompatible material, easily extrudable 
and features rapid crosslinking upon exposition 
to divalent cations, which enables excellent shape 
fidelity in bioprinted constructs[29]. 

As shown in Figure  4A and B, most cells 
remain viable immediately upon deposition with 
all evaluated extrusion pressures and nozzles. 
The normal distribution of the data was first 
confirmed with the Shapiro-Wilk test (P = 0.508) 
before performing a two-way ANOVA on the 
data. Extrusion pressure (P < 0.0001) and nozzle 
geometry (P < 0.0001), as well as their interaction 
(P < 0.001), were found to have a significant effect 
on cell viability according to statistical analyses. 
Specifically, the viability of bioprinted structures 
through all nozzles seems to be significantly 
diminished with the rise of inlet extrusion pressure, 
as displayed in Figure 4C. In addition, all extrusion 
pressures evaluated through nozzle three yield 
significantly higher cell viability than nozzles 1 
and 2, which suggests that a wider diameter in the 
tubular structures significantly reduces the stress to 

Figure 4. (A) Live/dead assay images of 3D printed cannular constructs with the three designed nozzles 
varying extrusion pressure of channel b. (B) Epifluorescent microscopy image of cannular structure after 
removal of the innermost sacrificial material. Cells embedded in the bioink extruded through channel 
b remain viable. (C) Cell viability of constructs immediately after bioprinting using the three designed 
nozzles and varying extrusion pressure between 26, 34, and 40 kPa. All configurations show high cell 
viability, but Nozzle 3 and low extrusion pressures yield the best results. 
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which cells are exposed during extrusion. Moreover, 
the viability of constructs extruded through nozzle 
2 is only significantly different from those extruded 
through nozzle 1 when the inlet pressure is high (40 
kPa), which indicates that layer thickness affects 
viability but to a lesser extent than the extrusion 
pressure. However, setting an 80  % cell viability 
threshold, these results suggest that all three coaxial 
nozzles could be used for the bioprinting of hollow 
tubular structures by applying an inlet extrusion 
pressure below 34 kPa.

The main goal of this research is to optimize the 
development of triple-layered coaxial nozzles for 
facilitating the fabrication of biomimetic tissues 
and organ-like constructs for tissue engineering 
and regenerative medicine applications. 
Furthermore, the enhanced development of triple-
layered coaxial nozzles can help to solve the issues 
regarding vascularization, which remain as one of 
the key bottlenecks of the field[30]. The next step 
in our research is to apply these same concepts 
in the development of a four-layered coaxial 
nozzle, whose advantages compared to the coaxial 
nozzle presented here will be remarked. With 
one more layer, it will be easier to close mimic 
the complexity of the vascular network, taking 
into account that the current state of the art tissue 
conventional culture technique is limited to only 
triple co-culture (3 types of cells). Advancements 
in tissue culture techniques are necessary to 
address the bottleneck of maturing bioprinted 
multi-cellular 3D tissue constructs into functional 
tissues with a wide range of cells and biomaterials 
with differentiated layer co-culture within one 
single bioprinted construct.

The novelty of this work is adding value in the 
research field of bioprinting with a triple-layered 
coaxial nozzle development that has the potential 
to closely mimic the complexity of vascular 
networks found in the native human body in 
terms of histological and morphological of this 
vascular constructs, as well this development can 
replicate the wall thickness of a native blood vessel 
that generally comprised three layers with the 
innermost tunica intima layer made by continuous 
endothelium cells followed by the middle tunica 
layer made of elastic, smooth muscle cells and 

an outermost tunica adventitia layer made of 
surrounding fibroblast and collagen; an ideal 
tissue-engineered blood vessel should consist of 
those three layers, this coaxial nozzle can reduce 
the wall thickness of this kind of tissues obtained 
in other investigations[31] close mimicking the 
wall thickness of small arteries and veins in a real 
human body.

4 Conclusions

In silico simulations were performed for studying 
the pressure distribution exerted on cells during the 
bioprinting process, as well as the outlet velocity at 
the tip of three different flow channels. Our results 
confirmed those of previously reported studies and 
demonstrate the usefulness of in silico experiments in 
helping to optimize in vitro experiments. The results 
can be useful in guiding the future development of 
improved multi-layered coaxial nozzles. 

Three triple-layered coaxial nozzles with 
different Gauges were first studied in silico 
regarding varying pressures and then successfully 
designed for the fabrication of single-layered 
hollow tubular structures of different dimensions. 
All nozzles displayed adequate bioprinting 
conditions to guarantee cell viability above 80 % 
in alginate-based hydrogels when extrusion 
pressure was kept below 34  kPa, meaning they 
are all suitable for bioprinting with bioinks with 
similar composition or rheological properties to 
the one studied in this project. Moreover, herein 
reported coaxial nozzles to allow the formation 
of perfusable cannular structures with dimensions 
that fall within the range of human arteries, which 
means they could be further exploited for the 
fabrication of multicellular vascular networks 
and vessel-like constructs with applications on 
tissue engineering. Our work paves the way for 
the rational development of coaxial nozzles useful 
for bioprinting multi-layered vascular channels 
or vessel-like constructs that truly resemble those 
found in native organs and organisms.
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3D Printing of Anisotropic Bone-Mimetic Structure with 
Controlled Fluid Flow Stimuli for Osteocytes: Flow 
Orientation Determines the Elongation of Dendrites
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Abstract: Although three-dimensional (3D) bioprinting techniques enable the construction of various living tissues and 
organs, the generation of bone-like oriented microstructures with anisotropic texture remains a challenge. Inside the 
mineralized bone matrix, osteocytes play mechanosensing roles in an ordered manner with a well-developed lacunar-
canaliculi system. Therefore, control of cellular arrangement and dendritic processes is indispensable for construction 
of artificially controlled 3D bone-mimetic architecture. Herein, we propose an innovative methodology to induce 
controlled arrangement of osteocyte dendritic processes using the laminated layer method of oriented collagen sheets, 
combined with a custom-made fluid flow stimuli system. Osteocyte dendritic processes showed elongation depending on 
the competitive directional relationship between flow and substrate. To the best of our knowledge, this study is the first 
to report the successful construction of the anisotropic bone-mimetic microstructure and further demonstrate that the 
dendritic process formation in osteocytes can be controlled with selective fluid flow stimuli, specifically by regulating 
focal adhesion. Our results demonstrate how osteocytes adapt to mechanical stimuli by optimizing the anisotropic 
maturation of dendritic cell processes.
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1 Introduction

The highly ordered three-dimensional (3D) 
microstructured bone matrix determines the 
specialized anisotropic bone function[1]; for 
example, the collagen/apatite bone matrix shows 
anisotropic texture depending on the anatomical 
position, which realizes the mechanoadaptation of 
bone tissue[2-4]. Although several approaches have 
been made for the development of bone-mimetic 
structures in vitro[5-7], conventional monolayered 

two-dimensional (2D) cultures have limitations 
in approaching the crosstalk among multiple 
cell types in biomimetic niches. Development 
of an appropriate 3D platform is critical for 
the manufacturing of a functional bone tissue 
equivalent since a 3D environment is necessary 
for bone cell functionalization. In particular, 
osteocytes are embedded in the mineralized matrix 
with an ordered cell arrangement, surrounded 
by a networked lacunar-canaliculi system[8]. 
Increasing evidence shows that osteocytes play 

© 2020 Matsugaki, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International 
License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the 
original work is properly cited.
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crucial roles in bone metabolism in response to 
the mechanical environment[9,10]. The cellular 
activities of osteocytes are regulated by the 
fluid flow inside canaliculi, which is primarily 
caused by compressive loading of the bone 
related to physical activity. Therefore, control 
of the anisotropic bone matrix microstructure 
and fluid flow stimuli must be established in 3D 
bone-mimetic constructs for understanding the 
relationship between osteocyte mechanosensation 
and bone tissue architecture. 

3D bioprinting techniques represent an additive 
manufacturing technology for developing living 
tissues or organs[11]. Bioprinting procedures 
are mainly classified into three categories: 
extrusion[12], jetting[13,14], and vat polymerization 
techniques[15]. These procedures allow the 
positional control of cells throughout the 
cultivation period. Spatiotemporally controlled 
deposition of living cells and biomaterials is 
required for the establishment of the biomimetic 
construct; in this context, placement of each 
cell at the proper position under controlled cell 
maturation conditions is expected. Importantly, 
osteocytes are pivotal cells for the mechanical 
functionalization of bone tissue, and their function 
cannot be achieved without the 3D surrounding 
matrix environment[16]. We previously developed 
a 2D biofabrication method for controlling the 
ordered arrangement of osteoblasts using the 
extrusion method of collagen molecules[17]. 
While our work has revealed that monolayered 
control of osteoblast alignment is efficient for 
the development of oriented collagen/apatite 
matrix deposition[17-19], control of bone matrix-
embedded osteocytes is hard to achieve in 2D 
culture; therefore, bone cell culture in a 3D niche 
is necessary for the spatiotemporal control of the 
bone-mimic structure. 

In this study, an innovative method combining 
collagen extrusion and sheet lamination 
was developed. Furthermore, the functional 
responses of osteocytes to mechanical stimuli 
were addressed by providing directional fluid 
flow in parallel or perpendicular to the substrate 
3D orientation.

2 Materials and methods

2.1 Fabrication of the 3D oriented collagen 
scaffold

3D oriented collagen substrates were produced 
by combining the sheet lamination (ASTM 
F2792) and hydrodynamic extraction methods[17]. 
Collagen solution (10 mg/mL in 0.02 N acetic 
acid, pepsin-solubilized collagen type-I derived 
from porcine skin (Nippi)) was deposited into 
phosphate buffer saline (PBS) solution under 
control with a three-axis robotic arm (Musashi 
Engineering), which could regulate the orientation 
and degree of orientation of collagen fibers 
(Figure 1A). Two types of 3D collagen scaffold 
(“random” and “oriented”) were built using 
lamination method with control of a robotic arm 
in 3D directions. The collagen scaffold without 
preferred orientation was fabricated by controlled 
lamination of isotropic collagen sheets produced 
by deposition of type I collagen solution onto the 
flat field. The 3D scaffolds were soaked in PBS to 
obtain sufficient swelling.

2.2 Ethics statement

The Osaka University Committee for Animal 
Experimentation approved all the animal 
experiments (approval number: 27-2-1). The 
authors performed all experiments in accordance 
with the related guidelines for ethical and scientific 
animal experimentation.

2.3 Primary culture of mouse osteoblast

We isolated primary osteoblasts from the neonatal 
mice calvariae using sequential enzymatic 
protocol[20]. Calvariae were extracted from 
neonatal C57BL/6 mice in cold α-minimal 
essential medium (MEM) (Thermo Fisher 
Scientific), and the surrounding tissues and cells 
around the bone were cleanly eliminated. The 
extracted calvariae tissue was digested with 
collagenase (Wako)/trypsin (Nacalai Tesque). The 
digestion procedure was repeated five times at 
37°C for 15 min each after the tissue was finely 
cut and washed with Hank’s balanced salt solution 
(HBSS). After centrifugation of the first two 
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Figure 1. Fabrication of three-dimensional (3D) oriented collagen scaffolds with controlled molecular 
alignment. (A) Type I collagen solution was deposited with a controlled 3D robotic arm. Collagen solution 
was extruded from the nozzle, allowing fibril formation with aligned molecular arrangement of amino acid 
sequencing (Gly-X-Y). Each oriented collagen fiber sheet was laminated layer by layer for 3D construct. 
(B) Appearance of the fabricated 3D collagen substrates. Left; scaffold with random orientation. Right; 
one-directional oriented scaffold. (C) Birefringence analysis of the substrates. The bidirectional arrows 
and color maps show the orientation of collagen fiber in the obtained scaffold. (D) The angular distribution 
of the collagen fiber orientation in the scaffold determined from the corresponding birefringence images.
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treatments, the supernatants were disposed. The 
obtained supernatants involving from the third 
to fifth treatments were collected in α-MEM. We 
filtrated the collections through a cell strainer (BD 
Biosciences), centrifuged, and the supernatant was 
removed. The extracted cells were resuspended 
in α-MEM containing 10% fetal bovine serum, 
penicillin/streptomycin (Thermo Fisher Scientific) 
for cell culture. The obtained cells were then plated 
into the fabricated specimens at a density of 2.0 × 
104 cells per mL. The media were changed twice 
weekly, and after culturing for 1 week, the media 
were supplemented to reach final concentrations 
of 10 mM β-glycerophosphate (Tokyo Kasei), 
50 µg/mL ascorbic acid (Sigma-Aldrich), and 50 
nM dexamethasone (MP Bioscience). 

2.4 Primary culture of osteocyte

We isolated primary osteocytes from mature 
murine femurs, humeri, and tibiae based on a 
sequential digestion method[21]. Long bones were 
excised from mature C57BL/6 mice in fresh 
α-MEM (Thermo Fisher Scientific) with penicillin/
streptomycin. The surrounding tissues around 
the bone were eliminated. The obtained bone 
specimens were then cut into fraction of 1–2 mm 
in length and cleaned in HBSS. The pieces were 
exposed to total nine repeated cycles of enzymatic 
digestion procedure for 25 min at 37°C each step. 
During the first three digestions, we incubated the 
bone fragments with collagenase (Wako) solution 
followed by cleaning in HBSS thrice. From the 
fourth treatment, we incubated the bone fragments 
in collagenase and ethylenediaminetetraacetic acid 
in turns and cleaned in HBSS thrice. Following 
that, the treated bone fragments were cut and 
immersed in α-MEM with penicillin/streptomycin 
and 10% fetal bovine serum. Osteocyte-like cells 
were obtained from migrated cells from the 
cultured bone chips after 7–10 days. Isolated cells 
were plated into the fabricated 3D substrates at a 
diluted density of 1 × 105 cells/mL.

2.5 Fluid flow stimulation

The cell-seeded 3D scaffolds were inserted 
into custom-made flow chambers for fluid flow 

stimulation with a peak shear stress of 80 dyn/cm2 
for 4 h. Static control cells were also inserted into 
the flow chambers without flow stimulation. The 
applied shear stress was calculated based on the 
Hagen–Poiseuille equation: 

		  3
4

w
Q

R
 =

� (1)

Where, τw is the fluid shear stress, Q is the 
volumetric flow rate, R is the radius of tubing, 
approximating the flow channel as the same 
number of collagen fiber strings, and μ is the 
viscosity coefficient of the culture medium. 
To apply the Hagen–Poiseuille equation, the 
following conditions were satisfied: Steady-state 
laminar flow, inelastic tubing, and Newtonian 
fluid of culture medium.

2.6 Analysis of substrate collagen orientation

The collagen orientation in the fabricated 
scaffold was assessed using a birefringence 
measurement system (WPA-micro, Photonic 
Lattice). The integrated polarizer allowed to 
detect the polarization axis with the greater index 
of refraction (slow axis). The average direction of 
the slow axis in collagen molecule corresponding 
to each pixel was analyzed using the equipped 
software (WPA-VIEW, Photonic Lattice). 

2.7 Immunostaining 

The cells were fixed with paraformaldehyde and then 
washed with PBST (PBS-Triton X100) containing 
normal goat serum (Thermo Fisher Scientific) for 
30 min to avoid non-specific binding of antibodies. 
We incubated the fixed cells with primary antibodies 
against Sclerostin (Abcam) or Src (Cell Signaling) 
at 4°C for half a day. After rinsing with PBST, we 
applied secondary antibodies (Alexa Fluor 546 
Immunoglobulin G, Thermo Fisher Scientific) 
and DAPI (Thermo Fisher Scientific) at room 
temperature for 2 h. For visualization of F-actin, the 
cells were incubated with Alexa Fluor 488 phalloidin 
(Thermo Fisher Scientific). Finally, the stained cells 
were washed in PBST, followed by mounting using 
Antifade Reagent (Prolong Gold, Thermo Fisher 
Scientific). Fluorescent images were obtained under 
a confocal microscope (FV1000D-IX81, Olympus) 
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and processed using the Adobe Photoshop 10.0 
software. For quantitative analysis of dendritic 
cell processes, dendrites with length of more than 
20 μm were counted[22]. The angle of cell processes 
was analyzed as a reference of substrate collagen 
orientation.

2.8 Gene expression analysis

We extracted total RNA from the cultured cells 
using column method (NucleoSpin RNA XS, 
Macherey-Nagel). The expression levels of Src gene 
were assessed with quantitative polymerase chain 
reaction (PCR) according to the manufacturer’s 
guidelines (Applied Biosystems). The Ct value 
was set within the exponential stage in the PCR. 
The expression level for each target gene was 
determined by standardization of the expression 
value of Gapdh. We provide the obtained results as 
the gene expression (percentage) relative to Gapdh 
expression and then normalized to parallel group.

2.9 Crystallographic texture of the bone matrix

We analyzed the characterization of apatite crystals 
and their preferred c-axis orientation produced by 
osteoblasts using a microbeam X-ray diffraction 
system with Mo-Kα radiation (R-Axis BQ; Rigaku) 
at 50 kV and 90 mA[23]. The specimens were fixed 
in 10% formaldehyde for analysis. The preferred 
orientation of the apatite c-axis was evaluated. 
The relative integrated intensity ratio of the (002) 
diffraction peak to the (310) peak was calculated 
based on the measurement along the longitudinal 
axis and transverse direction of the specimens.

2.10 Statistical analysis

Statistical significance was assessed by one-way 
ANOVA, followed by Tukey’s post hoc test. A 
significance of P < 0.05 was required for rejecting 
the null hypothesis.

3 Results

3.1 Fabrication of 3D oriented collagen scaffold 
with controlled molecular alignment

A 3D oriented microstructured collagen scaffold 
was successfully produced by an extrusion-based 

method combined with controlled lamination of 
each sheet (Figure  1B). Birefringence analysis 
of the fabricated substrates revealed that the 
control scaffolds showed no preferred alignment 
of collagen fibers, whereas unidirectional 
controlled extrusion allowed a uniformly aligned 
microstructure in one direction (Figure  1C). 
Quantitative analysis of the slow axis of 
collagen molecules (corresponding to the long 
axis of collagen fiber) exhibited random and 
unidirectional angular distribution of collagen 
fibers in the control and oriented substrates, 
respectively (Figure 1D).

3.2 Anisotropic bone matrix formation by 3D 
culture of primary osteoblasts 

Primary osteoblast cells isolated from neonatal 
mice calvariae were cultured within the 
fabricated 3D oriented collagen substrates for 
4 weeks in an osteoinductive environment 
(Figure  2A). Osteoblasts showed proliferative 
and differentiation activities inside the substrates 
with well-mineralized bone matrix formation. 
Cells embedded in the substrates showed 
Sclerostin-positive osteocyte-like morphology 
(Figure 2B and C). The mineralized bone matrix 
produced by the aligned osteoblasts presented a 
well-characterized X-ray diffractometer profile 
for apatite crystals. The integrated intensity ratio 
of (002)/(310) corresponding to the preferred 
orientation of the c-axis of apatite crystals, 
showed a significantly higher level along the 
longitudinal direction in the substrate collagen 
orientation rather than the transverse orientation 
of the substrates (Figure 2D).

3.3 Osteocyte responses for fluid flow stimulation 
inside 3D collagen substrates

Primary osteocytes were successfully obtained 
from the bone fragments derived from the 
mature bone tissue (Figure 3A). Cells inside the 
bone chips migrated and adhered onto the cell 
culture plate, presenting typical morphology with 
multiple cell processes (Figure  3B). Isolated 
osteocytes cultured inside the fabricated substrates 
were stimulated with controlled unidirectional 
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flow against the longitudinal direction of cell 
body, lacked cell processes along the substrate 
orientation, and generated the processes newly 
for the flow orientation (Figure 3C). Quantitative 

analysis of the cell process formation in the 
crossing direction against the substrate orientation 
showed significantly increased frequency in the 
vertical flow stimulated osteocytes (Figure 3D). 

Figure 2. Anisotropic bone matrix formation in three-dimensional (3D) culture of primary osteoblasts. 
(A) Schematic illustration of the 3D culture procedure of primary osteoblasts. (B) Confocal microscopy 
analysis of immunofluorescent images of the cells inside the 3D mineralized matrix depending on 
the distance from the substrate surface. The substrate orientation is indicated by bidirectional yellow 
arrows. Arrows indicate the osteocyte-like cells with multiple dendritic processes. Green; F-actin, red; 
sclerostin. (C) Z-stacked immunocytochemical image of the cells inside the scaffold. Green; F-actin, red; 
sclerostin. (D) Microbeam X-ray diffraction analysis of the mineralized matrix. Bone matrix orientation 
was calculated with the intensity ratio of (002)/(310) in parallel and vertical direction to the substrate 
orientation. *: P < 0.05.
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3.4 Progressed expression of Src on stimulation 
with vertical fluid flow
Osteocytes exposed to the vertical flow had 
increased expression of the Src protein at the sites of 

elongated cell processes in the substrate orientation 
(Figure 4A). Gene expression analysis demonstrated 
significantly increased Src expression in the 
vertical flow-stimulated osteocytes (Figure  4B). 

Figure  3. Osteocyte responses to the fluid flow stimulation inside three-dimensional (3D) collagen 
substrates. (A) Schematic illustration of 3D culture of primary osteocytes with controlled fluid flow 
stimuli. (B) Primary osteocyte-like cells migrated from the bone chips, with formation of mature dendritic 
cell processes. (C) Morphological change of osteocytes dendrites in response to the fluid flow direction. 
Green; F-actin. The directional distribution of the cell processes is shown below the corresponding 
images. (D) Appearance frequency of the cell process directing ± 30° from the vertical direction to 
substrate collagen orientation. *: P < 0.05, **: P < 0.01
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These results indicate that the remodeling of cell 
processes is regulated by the reassembly of focal 
adhesion constructs mediated by Src expression.

4 Discussion

Engineering structurally organized 3D bone 
matrix constructs mimicking living bone tissue 
has great potential to accelerate the understanding 
of the cellular activities controlling various bone 
functions. In particular, the 3D arrangement of 
bone matrix and cellular components is essential 
for bone functionalization[24,25]. While traditional 
monolayer 2D cell culture systems provide a 
simple model of cell-cell interaction, 3D culture 
with biomimetic microstructure allows the 
artificial assembly of cellular networks and control 
of environmental factors[26]. In the present study, 
artificial 3D culture of osteocytes with preferred 
alignment of collagen scaffolds established 

the directional control of osteocyte orientation 
embedded inside the collagen substrates and 
revealed the mechano-induced remodeling of cell 
process generation by focal adhesion molecules.

Our novel 3D culture system provides freely 
controllable oriented collagen matrix scaffolds 
that show porosity enough for the migration and 
growth of cells inside the scaffold. It is noted 
that the cellular orientation mirrors the scaffold 
collagen orientation, leading to the construction of 
an anisotropic bone-like microstructured matrix 
(Figure  2D). The development of oriented bone 
matrix constructs is controlled by the interaction 
between aligned osteoblasts and scaffolds 
mediated by focal adhesion molecules[18,19]. The 
scaffold showed a diameter of approximately 50 
μm for each collagen fiber, which is sufficient for 
cellular guidance through chemical interaction 
between collagen molecular orientation and 
cell receptors[27]. Our recent work revealed that 

Figure  4. Src-mediated remodeling of osteocyte dendritic processes depending on the flow direction. 
(A) Immunocytochemical analysis of osteocytes under parallel and vertical flow. Arrowheads indicate the 
Src-positive focal adhesions. Green; F-actin, red; Src. Bidirectional arrows indicate the substrate collagen 
orientation. (B) Gene expression analysis of Src in osteocytes under parallel or vertical flow. *: P < 0.05.
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the bone matrix orientation can be controlled 
by operating the cellular arrangement even 
using a 2D material surface[28,29]. While the cell 
alignment inside the mineralized nodules is not 
clearly detected because of the confluency in 
cells, confocal microscopy analysis demonstrated 
that the cell population varies depending on the 
cellular positioning inside the scaffold. The top 
layer of long-term culture products of osteoblasts 
presented fibroblast-like cell morphology, 
whereas cells inside the 3D collagen scaffold 
expressed the mature osteocyte marker protein 
Sclerostin and adopted dendritic cell morphology 
(Figure 2C). The results obtained from confocal 
microscopic images revealed that 3D culture 
of osteoblasts using oriented collagen scaffold 
established the spatial control of cells which 
mimics the living bone system; osteoblasts on the 
bone surface, osteocytes embedded in the bone 
matrix they produced. The cellular connections 
in the stacking direction should be clarified and 
it will be reported in our next study. The results 
indicate that the fabricated 3D oriented scaffold 
can provide a successful matrix environment for 
the differentiation and maturation of osteocytes. 
Furthermore, the fabricated structure involving 
osteoblasts and their differentiated osteocytes can 
help the creation of mini-organ for the development 
of next-generation regenerative medicine. In 
particular, the developed 3D culture model can 
provide effective platforms for understanding the 
responses of osteocytes to mechanical stimuli.

Primary osteocytes were seeded and cultured 
inside the 3D collagen scaffold to realize fluid 
flow stimuli to individual cells. Osteocyte-
like cells were successfully isolated from the 
bone fragments of mature long bones, with the 
formation of actin-rich dendrite structures typical 
for the osteocyte morphology embedded within 
the mineralized matrix. Under static conditions, 
osteocyte-like cells inside the oriented substrates 
showed elongated cell bodies along the collagen 
substrate orientation with the preferred alignment 
of the dendritic cell processes which are mainly 
parallel to the collagen substrate, with a few 
dendrites across the substrate orientation. The 
flow rate was determined based on the previous 

report of direct evaluation of solute movement in 
canaliculi[30]. We previously reported that the bone 
tissue microstructure is determined by controlling 
artificial stress applied to bone[31]. To provide 
a simulated condition of artificially controlled 
mechanical stimuli, the fluid stimuli was set as a 
higher level (80 dyn/cm2) compared to the static 
physiological level. Although the fluid flow 
stimuli were strictly determined by the calculation 
as mentioned above, the pores and fibers could 
work as a barrier to disturb the fluid flow stimuli. 
The computational fluid dynamics simulation is 
now in progress to clarify the relationship between 
flow dynamics and cell responses. 

Mechanical stimuli with a parallel flow to the 
collagen substrate promoted the dendrogenesis 
in the direction of fluid flow. This means that the 
normal parallel relationship between the direction 
of dendrite process and fluid flow generated the 
shear stress on the process surface, resulting in 
stimulation of dendrite growth. On the other 
hand, the flow stimuli across collagen orientation 
induced the degeneration of the dendrites 
elongated to the collagen orientation, stimulating 
the generation of dendritic cell processes parallel 
to the flow direction (Figure  3C and D). In 
addition, the extended flow stimulation could alter 
the morphological change of osteocyte cell body, 
as well as dendritic remodeling. The preferred 
formation of dendritic cell processes along flow 
stimuli direction, as opposed to under static 
condition, significantly demonstrated the role of 
fluid flow on the orientation of osteocytes dendritic 
processes. That is, the fluid flow stimuli rather 
than the substrate matrix orientation determine the 
direction of dendrites elongation. 

Osteocyte dendrogenesis is now recognized 
to be controlled by biological signals in response 
to mechanical strain, meaning that osteocytes 
can actively regulate the formation of dendritic 
processes[22,32,33]. In particular, Src has been studied 
as an essential regulator in mechanotransduction 
mediating integrin-cytoskeleton interaction[34]. 
Here, we demonstrate the directional dendritic 
process remodeling of osteocytes in response to 
fluid flow shear stress mediated by Src expression 
(Figure  4). The quantitative gene expression 
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analysis revealed the upregulated expression of Src 
in vertical flow stimuli, whereas the expression in 
static condition will be investigated in our future 
study. Dendritic cell processes are anchored to the 
matrix wall through integrins, which experience 
fluid shear stress and transmit the mechanical 
stimuli into biochemical signals through multiple 
interactions with related proteins involving Src[35]. 
The upregulated expression of Src in vertical group 
means that the accelerated degradation of focal 
adhesion located in crossing direction to fluid 

flow was regulated accompanied with activated 
Src expression[36]. The obtained results indicate 
that osteocytes remodel dendritic cell processes to 
generate shear stress on their surface effectively 
under mechanical environmental stimuli. Our novel 
bioprinting technique allowed the establishment of 
bone-mimetic anisotropic 3D structure involving 
the desired arrangement of osteocytes inside 
the matrix, which are fully functionalized and 
surrounded with bone-like niche, compared to the 
traditional monolayer 2D culture system (Figure 5).

Figure  5. Novel bone-mimetic anisotropic three-dimensional (3D) construct fabricated with bio-3D 
printing technique. The obtained construct represents the 3D osteocytes networks which mimic the 
living bone tissue. Osteocytes remodel their dendritic processes to generate shear stress on their surface, 
resulting in the effective mechanosignaling.
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5 Conclusion

A 3D bone-mimetic anisotropic microstructure 
was fabricated using the laminated layer method of 
oriented collagen sheets. Osteoblasts successfully 
constructed the aligned mineralized matrix 
with differentiation into mature osteocytes. The 
osteocytes embedded inside the scaffolds showed 
an ordered arrangement of the cell body as well 
as dendritic cell process, which remodeled their 
extrusion/degeneration depending on the flow 
direction. These findings indicate that functional 
adaptation of osteocytes in response to mechanical 
stimuli is regulated by the remodeling of cell 
processes mediated by Src expression in focal 
adhesions.
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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.

Keywords: Gelatin, Transglutaminase, Direct ink writing, Extrusion-based 3D printing, Printability, Preheating
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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 
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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



Tan, et al.�

	 International Journal of Bioprinting (2020)–Volume 6, Issue 4� 123

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.

Acknowledgments

The authors would like to thank International 
Design Centre at Singapore University of 
Technology and Design (SUTD) (IDG11700103) 
and Agency for Science, Technology and Research 
(A*STAR) (A19B9b0067) for the project support. 
The authors thank the members of Hashimoto 
Group at SUTD for helpful feedback. 

Conflicts of interest

The authors declare that they have no conflicts of 
interest.

Authors’ contributions

J.J.Y.T., C.P.L., and M.H. planned the experiment. 
J.J.Y.T. and C.P.L. carried out the experiments. 
M.H. supervised the experiments. J.J.Y.T. and 
M.H. wrote the paper. 

References

1.	 Ng WL, Chua CK, Shen YF, 2019, Print me an Organ! Why 
we are not there yet. Prog. Polym. Sci, 2019:101145. DOI: 
10.1016/j.progpolymsci.2019.101145.

2.	 Lee JM, Ng WL, Yeong WY, 2019, Resolution and Shape in 
Bioprinting: Strategizing Towards Complex Tissue and Organ 
Printing. Appl Phys Rev, 6:011307. DOI: 10.1063/1.5053909.

3.	 Guo SZ, Qiu K, Meng F, et al., 2017, 3D printed stretchable 
tactile sensors. Adv Mater, 29:1701218. DOI: 10.1002/
adma.201701218.

4.	 Voon SL, An J, Wong G, et al., 2019, 3D Food Printing: A 



� Preheating of gelatin improves its printability with transglutaminase

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

Categorised Review of Inks and their Development. Virtual 
Phys Prototyp, 14:203–18.

5.	 Karyappa R, Hashimoto M, 2019, Chocolate-based Ink 
Three-dimensional Printing (Ci3DP). Sci Rep, 9:1–11.  
DOI: 10.1038/s41598-019-50583-5.

6.	 Gariboldi MI, Best SM, 2015, Effect of Ceramic Scaffold 
Architectural Parameters on Biological Response. Front 
Bioeng Biotech, 3:151. DOI: 10.3389/fbioe.2015.00151.

7.	 Sun H, Zhu F, Hu Q, et al., 2014, Controlling Stem Cell-
mediated Bone Regeneration Through Tailored Mechanical 
Properties of Collagen Scaffolds. Biomaterials, 35:1176–84. 
DOI: 10.1016/j.biomaterials.2013.10.054.

8.	 Kuttappan S, Mathew D, Nair MB, 2016, Biomimetic 
Composite Scaffolds Containing Bioceramics and Collagen/
Gelatin for Bone Tissue Engineering a Mini Review. 
Int J Biol Macromol, 93:1390–401. DOI: 10.1016/j.
ijbiomac.2016.06.043.

9.	 Irvine SA, Agrawal A, Lee BH, et al., 2015, Printing Cell-
laden Gelatin Constructs by Free-form Fabrication and 
Enzymatic Protein Crosslinking. Biomed Microdevices, 
17:16. DOI: 10.1007/s10544-014-9915-8.

10.	 Bettadapur A, Suh GC, Geisse NA, et al., 2016, Prolonged 
Culture of Aligned Skeletal Myotubes on Micromolded 
Gelatin Hydrogels. Sci Rep, 6:28855. DOI: 10.1038/
srep28855.

11.	 Osorio FA, Bilbao E, Bustos R, et al., 2007, Effects 
of Concentration, Bloom Degree, and pH on Gelatin 
Melting and Gelling Temperatures Using Small Amplitude 
Oscillatory Rheology. Int J Food Prop, 10:841–51.  
DOI: 10.1080/10942910601128895.

12.	 Pepelanova I, Kruppa K, Scheper T, et al., 2018, Gelatin-
Methacryloyl (GelMA) Hydrogels with Defined Degree of 
Functionalization as a Versatile Toolkit for 3D Cell Culture 
and Extrusion Bioprinting. Bioengineering (Basel), 5:55. 
DOI: 10.3390/bioengineering5030055.

13.	 Karyappa R, Ching T, Hashimoto M, 2020, Embedded Ink 
Writing (EIW) of Polysiloxane Inks. ACS Appl Mater Inter, 
12:23565–75. DOI: 10.1021/acsami.0c03011.

14.	 Karyappa R, Ohno A, Hashimoto M, 2019, Immersion 
Precipitation 3D Printing (ip 3DP). Mater Horiz, 6:1834–44. 
DOI: 10.1039/c9mh00730j.

15.	 Melocchi A, Parietti F, Maroni A, et al., 2016, Hot-melt 
Extruded Filaments Based on Pharmaceutical Grade 
Polymers for 3D Printing by Fused Deposition Modeling. Int 
J Pharm, 509:255–63. DOI: 10.1016/j.ijpharm.2016.05.036.

16.	 Ghazal AF, Zhang M, Liu Z, 2019, Spontaneous Color Change 
of 3D Printed Healthy Food Product over Time after Printing 

as a Novel Application for 4D Food Printing. Food Bioproc 
Tech., 12:1627–45. DOI: 10.1007/s11947-019-02327-6.

17.	 Dhariwala B, Hunt E, Boland T, 2004, Rapid Prototyping of 
Tissue-engineering Constructs, Using Photopolymerizable 
Hydrogels and Stereolithography. Tissue Eng, 10:1316–22. 
DOI: 10.1089/1076327042500256.

18.	 Skardal A, Zhang J, McCoard L, et al., 2010, 
Photocrosslinkable Hyaluronan-gelatin Hydrogels for 
Two-step Bioprinting. Tissue Eng Part A, 16:2675–85.  
DOI: 10.1089/ten.tea.2009.0798.

19.	 Billiet T, Gevaert E, De Schryver T, et al., 2014, The 3D 
Printing of Gelatin Methacrylamide Cell-laden Tissue-
engineered Constructs with High Cell Viability. Biomaterials, 
35: 49–62. DOI: 10.1016/j.biomaterials.2013.09.078.

20.	 Duan B, Hockaday LA, Kang KH, et al., 2013, 3D Bioprinting 
of Heterogeneous Aortic Valve Conduits with Alginate/
Gelatin Hydrogels. J Biomed Mater ResA, 101:1255–64. 
DOI: 10.1002/jbm.a.34420.

21.	 Kirchmajer DM, Iii RG, 2015, An Overview of the Suitability 
of Hydrogel-forming Polymers for Extrusion-based 
3D-printing. J Mater Chem B, 3:4105–17. DOI: 10.1039/
c5tb00393h.

22.	 Chang R, Nam J, Sun W, 2008, Effects of Dispensing Pressure 
and Nozzle Diameter on Cell Survival from Solid Freeform 
Fabrication Based Direct Cell Writing. Tissue Eng Part A, 
14:41–8. DOI: 10.1089/ten.2007.0004.

23.	 Mondal MI, 2019, Cellulose-Based Superabsorbent 
Hydrogels. Springer, Berlin, Germany.

24.	 Tice L, Moore A, 1952, Heat Denatured Gelatin. J Am Pharm 
Assoc, 41:631–3.

25.	 Qi J, Zhang WW, Feng XC, et al., 2018, Thermal Degradation 
of Gelatin Enhances its Ability to Bind Aroma Compounds: 
Investigation of Underlying Mechanisms. Food Hydrocoll, 
83:497–510. DOI: 10.1016/j.foodhyd.2018.03.021.

26.	 Xing Q, Yates K, Vogt C, et al., 2014, Increasing Mechanical 
Strength of Gelatin Hydrogels by Divalent Metal Ion 
Removal. Sci Rep, 4:4706. DOI: 10.1038/srep04706.

27.	 Janmey PA, Miller RT, 2011, Mechanisms of Mechanical 
Signaling in Development and Disease. J Cell Sci, 124:9–18.

28.	 Solon J, Levental I, Sengupta K, et al., 2007, Fibroblast 
Adaptation and Stiffness Matching to Soft Elastic Substrates. 
Biophys J, 93:4453–61. DOI: 10.1529/biophysj.106.101386.

29.	 Mogha P, Srivastava A, Kumar S, et al., 2019, Hydrogel 
Scaffold with Substrate Elasticity Mimicking Physiological-
niche Promotes Proliferation of Functional Keratinocytes. 
RSC Adv, 9:10174–83. DOI: 10.1039/c9ra00781d.

30.	 Chan SW, Rizwan M, Yim EK, 2020, Emerging Methods for 



Tan, et al.�

	 International Journal of Bioprinting (2020)–Volume 6, Issue 4� 129

Enhancing Pluripotent Stem Cell Expansion. Front Cell Dev 
Biol, 8:70. DOI: 10.3389/fcell.2020.00070.

31.	 Tan JJ, Tee JK, Chou KO, et al., 2018, Impact of Substrate 
Stiffness on Dermal Papilla Aggregates in Microgels. 
Biomater Sci, 6:1347–57.

32.	 Croome R, 1959, The Rapid Formation and Breakdown of 
Gelatin Gels, and the Temperature‐dependence of their Rigidity. 
J Sci Food Agric, 10:394–400. DOI: 10.1002/jsfa.2740100708.

33.	 Gerardo H, Lima A, Carvalho J, et al., 2019, Soft Culture 
Substrates Favor Stem-like Cellular Phenotype and Facilitate 
Reprogramming of Human Mesenchymal Stem/Stromal 
Cells (hMSCs) through Mechanotransduction. Sci Rep, 9:1–
18. DOI: 10.1038/s41598-019-45352-3.

34.	 Kureel SK, Mogha P, Khadpekar A, et al., 2019, Soft Substrate 
Maintains Proliferative and Adipogenic Differentiation 
Potential of Human Mesenchymal Stem Cells on Long-term 
Expansion by Delaying Senescence. Biol Open, 8:bio039453. 
DOI: 10.1101/364059.

35.	 Gilbert PM, Havenstrite KL, Magnusson KE, et al., 2010, 
Substrate Elasticity Regulates Skeletal Muscle Stem 

Cell Self-renewal in Culture. Science, 329:1078–81.  
DOI: 10.1126/science.1191035.

36.	 Ouyang L, Yao R, Zhao Y, et al., 2016, Effect of Bioink 
Properties on Printability and Cell Viability for 3D Bioplotting 
of Embryonic Stem Cells. Biofabrication, 8:035020.  
DOI: 10.1088/1758-5090/8/3/035020.

37.	 Nauenberg M, 2014, A Paradox with the Hagen-Poiseuille 
Relation for Viscous Fluid Flow. Am J Phys, 82:82–5.  
DOI: 10.1119/1.4825138.

38.	 Mulder M, 2000, Membrane preparation. In: Encyclopedia 
of Separation Science: Phase Inversion Membranes. Elsevier, 
Amsterdam, Netherlands, pp. 3331–3346. DOI: 10.1016/b0-
12-226770-2/05271-6.

39.	 Zhu S, Stieger MA, van der Goot AJ, et al., 2019, Extrusion-
based 3D Printing of Food Pastes: Correlating Rheological 
Properties with Printing Behaviour. Innov Food Sci Emerg, 
58:102214. DOI: 10.1016/j.ifset.2019.102214.

40.	 Schneider CA, Rasband WS, Eliceiri KW, 2012, NIH 
Image to ImageJ: 25 Years of Image Analysis. Nat Methods, 
9:671–5. DOI: 10.1038/nmeth.2089.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 






	1. Front cover
	2. Sub-cover II (blank) - v4 to v7
	3. Inner cover - v5i2 to v7
	4. IJB - Contents (section-style)
	5. Compiled articles
	[1-9] 278-1310-1-PB
	[10-29] 302-1335-2-PB
	[30-50] 286-1302-3-PB
	[51-58] 281-1294-13-PB
	[59-79] 280-1324-2-PB
	[80-95] 267-1329-2-PB
	[96-105] 282-1320-2-PB
	[106-117] 293-1323-2-PB
	[118-129] 296-1344-2-PB

	5A. IJB - Buffer for compiled articles - for ODD page
	6. Sub-cover III (Profile)
	7. Back cover

