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Introduction
Advances in bioprinting have long been driven 
by the need to engineer human organs for 
transplantation. As people live longer, it is 
in creasingly likely that many will experience 
organ failure or dysfunction because of injury 
or disease (Cui, 2016). With an overwhelming 
100,000-plus transplant patients on current 
organ transplant waitlists, the shortage of 
organs, from living donations as well as post-
humous donations, is one of modern medicine’s 
greatest challenges (UNOS, 2021). 

Significant efforts to meet the organ donor 
shortage are underway, including disease 
prevention strategies to decrease the demand 
for organ transplants, campaigns that raise 
public awareness of the organ shortage and 
compensation to incentivize living donors. 
Looser donor criteria are also being explored 
to consider donors from previously restricted 
groups, i.e., the elderly, pediatric and diseased 
populations (Abouna, 2008). Concurrently, 
the field of regenerative medicine is exploring 
long-term solutions to the donor shortage  
with advanced technologies, like 3D bio-
printing, that can repair or replace “missing or  
malfunctioning organs” and eventually do away  
with the need for transplanting organs from 
human donors (Cui, 2016). 

Bioprinting allows for the precise spatial 
placement of “cells, proteins, DNA, drugs and 
other growth factors” (Cui, 2016) encapsulated 
in natural or synthetic polymers that support 
cell viabi lity, proliferation and, eventually, 
matura tion. This ability to bioprint and grow 
living cells has already been a game-changer for 
various research applications, including disease 
mod eling and drug screening. Ultimately, 
the suc cessful bioprinting of human tissue 
and organs has the potential to produce an 
“inexhaustible supply of organs” and patient-
specific tissues for “immunosuppressive-free 
transplantations” (Orlando, 2013).
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Cultivating organs 
is nothing new
Engineering artificial organs, restoring tissue 
function and sustaining life outside the 
body are all deep-rooted in the history of 
developmental biology (Mironov, 2003). As far  
back as the 19th century, bioengineers and 
physiologists contemplated organ culture, 
keep ing organs viable outside the body. Among  
them was the French physiologist Julien Jean 
César Legallois, who proposed that one could 
indefinitely keep any organ alive by replacing 
the heart with a perfusion system supplied by 
an artificial blood source (Carrel, 1935). Rather 
than directly perfusing organs, however, his 
own experiments involved injecting blood 
into severed heads to revive their function. 
Legallois’s work was followed by that of 
anatomists Charles-Édouard Brown-Séquard 
and Jean Baptiste Vincent Laborde, who 
in dependently conducted a series of grisly 
experiments on decapitated heads to assess 
their response to sensory stimuli (Perl, 2011). 
While their efforts mostly failed, in 1867, after 
perfusing fresh canine blood into a recently 
guillotined head, Laborde claimed to have 
observed a facial muscle contraction and drew 
two conclusions: 1) a fresh, oxygenated blood 
supply to the brain is needed to maintain 
consciousness, and 2) by isolating and directly 
perfusing organs, one could sustain and 
possibly revive their function. Critics of the 
severed head experiments shelved further 
experimentation, and any follow-up attempts 
were not well documented (Carrel, 1935).

It was already 1935 when Legallois’s theory 
was finally realized by Nobel Prize laureate in 
medicine Alexis Carrel and Charles Lindbergh,  
the aviator-cum-inventor, who used a perfusion 
apparatus and an aseptic, temperature- 
regulating glass chamber to keep animal 
organs alive outside the body (Barker, 2013). 
Their experiments, recorded in “The Culture 
of Whole Organs,” managed to keep thyroids, 
ovaries, spleens, hearts and kidneys viable 
for up to 20 days ex vivo (Carrel, 1935). More 
importantly, their groundbreaking experiments 
were invaluable to the next generation of tissue 
engineers who sought to not only sustain but 
also grow tissue in vitro. 

Nearly half a century later, tissue engineers 
made more headway in the field of organ 
engineering. In 1984, there was Chuck Hull’s in-
vention of the 3D printer, and in 1988, Robert 
Klebe published a technique he called cyto-
scribing, or patterning cells in 3D. These two 
break throughs gave researchers a realistic shot  
at rapidly prototyping organs (Klebe, 1988). 
Other pioneers followed in the ensuing years. 
Gabor Forgacs, for example, devised a method 
that allowed for the development of spatial 
scaffolds, thick sections of tissue made up of 
closely dispensed cellular droplets (Gu, 2020). 

This method was the basis for the first inkjet 
bioprinter, which was patented in 2003 by Cris 
Wilson and Thomas Boland, the grandfathers 
of inkjet bioprinting (Leonard, 2015). Meanwhile 
in Germany, engineers at the Technical Uni-
versity of Freiberg were developing the first 
microextrusion-based bioprinter, called the 
3D Bioplotter. Eventually brought to market 
by EnvisionTec, the Bioplotter was used for 
the direct layer-by-layer printing of cell-
laden hydrogels, like gelatin and alginate, 
marking a major milestone that expanded 
the scope of bioprinting to include different 
modalities (Ozbolat, 2016). These advances in 
biotechnology paved the way for researchers 
to pursue 3D cell culture further, including what  
has become a 20-year race to bioprint the first 
human organs.

Figure 1. Charles-Édouard Brown-Séquard.
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The emergence of three 
bioprinting  modalities
Droplet-based bioprinting, the original form of 
bioprinting (Landers, 2002), uses laser, acous-
tic, thermal or pneumatic forces to deposit 
cellular droplets in fixed patterns that fuse 
together to form thick tissue sections. This 
technique of micropatterning is most often 
used in pharmaceutical research because of 
its simplicity and high-throughput capabilities 
when depositing cells for assays and drug 
screening. But the droplet-based technique 
falls short when it comes to precision when 
depositing low- and high-viscosity materials, 
making droplet-based techniques less attrac-
tive for organ engineering (Cui, 2016).

Extrusion-based bioprinting, a close relative of 
droplet-based methods, has emerged as the 
most prevalent form of bioprinting because 
of its versatility, availability and affordability 
(Gu, 2020). This form of bioprinting is an 
adapta tion of fused-deposition modeling, 
a rapid prototyping method for 3D printing 
thermoplastics, and uses continuous force, 
pneu matic or mechanical, to extrude layers 
of biomaterial filament. Typically, extrusion-
based bioprinters allow users to print cell-laden 
bioinks by depositing them through syringes or 
cartridges onto culture dishes or growth media 
(Cui, 2016). As with inkjet and light-based bio-
printers, in extrusion-based bioprinting, para-
meters such as speed, temperature, pressure 
and computational pathways, greatly influence 
the final print. One drawback of extrusion- 
based bioprinting is the trade-off between 
structure and function. In other words, because  
of their poor mechanical properties, highly bio-
compatible natural materials, like collagen or 
gelatin, are more chal lenging to use for bio-
printing complex bio logical structures than 
po tentially cytotoxic synthetic materials 
(Hospodiuk, 2017). 

Light- or laser-based bioprinting evolved from 
stereolithography (SLA) 3D printing tech-
nology, which uses photocuring to crosslink 
3D constructs. Light-based bioprinting relies 
on mask-image projection, or digital light pro-
cessing (DLP), to crosslink layers of bioink. 
This form of bioprinting is typically faster than 
laser-based bioprinting, which uses beam-
scanning to initiate selective crosslinking. 
Both forms are well suited for producing 
highly precise and complex constructs as well 
as acellular scaffolds. But because light- and 
laser-based methods require extensive UV 
light expo sure to photopolymerize synthetic or 
cyto toxic bioinks, like the crosslinking monomer 
polyethylene glycol diacrylate (better known 
as PEGDA), they are unlikely to be used for 
organ manufacturing (Cui, 2016).

An inside look at the 
evolution of bioprinters
After Organovo launched the first commercial 
bioprinter, the Novogen MMX 3D (Cui, 2016) 
with a price tag that made it prohibitively 
expensive for smaller labs, companies like 
CELLINK followed and were able to offer 
researchers quality and easy-to-use 3D bio-
printers and bioinks that were more affordable 
(Thayer, 2020). 

Figure 2. 
A timeline of launched 
CELLINK bioprinters, both 
extrusion- and light-based.
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The INKREDIBLE
CELLINK’s first bioprinter, the INKREDIBLE™, 
welcomed a wider, global audience of re search-
ers to the world of bioprinting with a cost- 
efficient model that did not com pro mise on 
functionality or quality. It introduced pneumatic- 
based extrusion with dual print heads, an easy  
interface with LCD display, and a contained, 
self-cleaning sterile internal en vi ron ment. It 
also featured built-in temper a ture controls up 
to 130°C, UV lights for pho tocuring, as well as 
manual pressure regulators for more precise 
control of extruded biomaterials. 

In one study, the INKREDIBLE was used to 
bio print human skeletal muscle with myocyte- 
laden bioinks. This bioprinted tissue was then 
treated with drugs and cosmetic peptides to 
mimic aging conditions and trigger changes 
in morphology and function. By electrically 
stimulating this tissue, the authors were able 
to produce data on force, function and muscle  
contraction, suggesting that they had bio-
printed a viable model for age-related studies 
(Mestre, 2020). In another study that sought to 
highlight disease progression, the INKREDIBLE 
was used to bioprint differentiated induced 
pluripotent stem cell (iPSC) organoids that 
mimic brain tissue. The so-called “brain-on-
a-dish” or “mini brain” organoids showed 
im pro ved neural cell proliferation compared to  
standard 2D cultures and demonstrated 
“re mark able bio mimicry.” While some argue 
that brain organoids are somewhat limited in 
just how much of the brain they can represent 
(Bordoni, 2018), the ability to develop them has 
already led to an improved understanding of 
brain health and architecture. These organoids 
have also opened the door for safer drug testing, 
disease modeling and personalized medicine 
approaches for stem cell therapies (Bordoni, 
2018). Like other bioprinted organoids, brain 
organoids are a major stepping-stone to 
developing transplantable organs in the future.

The BIO X and BIO X6 
The BIO X™ bioprinter’s award-winning design 
incor porated valuable feedback from the users 
of the pioneering INKREDIBLE. En gineers intro-
duced a triple-printhead pneu matic extrusion 
system with built-in software for generating 
slices of computer-aided design (CAD) models 
and customizing print settings. It was also 

equip ped with an upgraded cleaning system 
that used UV-C lamps and a HEPA H14 dual- 
filter system to maintain a sterile environment. 
The BIO X’s compatibility with interchangeable 
print heads (i.e., thermoplastic, mechanical, ink-
jet, electromagnetic and temperature-cooling 
printheads) made it possible to print a variety 
of temperature- and light-sensitive bioinks, 
ulti mately giving researchers unprecedented 
flexibility to print and assess their function. 

In one study, the BIO X was used to construct 
grid-like patches composed of a conductive, 
nanocellulose-based bioink. These bioprinted 
patches demonstrated mechanical stability 
and electrical conductivity, allowing for the 
slow release of drugs used for myocardium 
repair following injury (Adjary, 2020). Another 
study introduced the BIO X for applications 
in 4D printing, a field of bioprinting that uses  
shape-shifting materials and geometries 
that respond to various stimuli. Unveiling 
a macro porous sugar- based hydrogel, one 
researcher used the BIO X to print flattened 
flower petals, which were designed with S- 
shaped curva tures. Once immersed in water, 
the petals began to morph with increasing 
temperature, folding upward, to resemble a  
bellflower (Ko, 2020). These results have open ed 
the door for developing shape-morphing bioinks 
and creating even more complex archi tectures. 

Figure 3. Closeup of the Lumen X.
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In 2020, the launch of the BIO X6™ promised 
a reimagining of bioprinting possibilities to 
help users create the future of medicine. A six- 
printhead setup was also compatible with 
the interchangeable printheads, enabling users  
to combine more materials and cells in multi-
material tissue models for unmatched versatility.

The Lumen X
The Lumen X™, powered by Volumetric, leverages 
DLP printing to produce high-resolution and high- 
fidelity constructs for applications in micro-
fluidics, organ-on-a-chip technology and tissue 
engineering. The process starts with a CAD 
file that can be sliced by the onboard software 
into a series of 2D images. Using visible light 
projection, the 2D images are projected onto 
a vat of PhotoInk™ hydrogel, optimized by 
Volumetric for DLP bioprinting. The areas of the  
hydrogel that are exposed to the light are 
crosslinked and solidified into a single layer. 
Then the build platform moves up to allow the 
light to cure subsequent image slices until a 3D 
model is formed. The user-friendly design of the 
Lumen X gives researchers the ultimate freedom 
to customize their constructs or PhotoInks (i.e., 
photoactivated biomaterials), including fine- 
tuning microporosity for tissue-specific perfor-
mance. More importantly, the Lumen X is able 
to build bioconstructs in a fraction of the time of 
extrusion bioprinters. 

Since its launch, the Lumen X has been used to 
create microfluidic models like organs-on-a- 
chip. In one study, the light-based bioprinter 
was used to create microfluidic constructs 
that mimic the early stages of cardiac mor pho-
genesis. An embryonic heart tube and fetal left 
ventricle were produced and per fused with a 
dyed buffer to measure fluid mechanics, analyze 
flow patterns and im prove our understanding 
of abnormalities that occur during develop-
ment. The fact that these patterns could be 
assessed both computa tionally and physically 
in a bioprinted model gave further validation 
to the study (Cetnar, 2021).

The Holograph X
The Holograph X™, which was launched in part-
ner ship with Prellis Biologics, uses multi photon 
technology (i.e., a spatial light modulator 
and beam expander) to simultaneously cure 
millions of points of light in a vat of PhotoInk 
and per form holographic SLA bioprinting. The 
tech nology has already demonstrated the 

ability to produce biocompatible constructs 
with fine, hollow tubes and channels for 
cell permeability and the delivery of oxygen 
and nutrients, making it a technology well 
suited for mimicking vascularized tissue. The 
Holograph X promises the ability to generate 
complex scaffold architectures with micron-
level resolution and high print fidelity.

The BIO MDX
With the launch of the BIO MDX™, or medical 
device crossover bioprinter, CELLLINK has 
usher ed in a new era of extrusion bioprinting 
for biomanufacturing and large-scale tissue 
en gineer ing. It is the first bioprinter to pro-
vide re searchers with the precision and high 
through put required for industrial-scale 
biomedical ap pli ca tions and rapid proto-
typing. The technology has the potential 
to support coaxial, synchronous and multi-
material bio printing and is most suited for 
advanced bio printing users who want to 
scale up to manufacturing. Additionally, by 
giving free rein to model biological systems 
and diseases for therapeutic and diagnostic 
research, the BIO MDX allows researchers to 
further characterize, assess and optimize bio-
materials for various applications.
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Fast-forward to 
a brighter future
CELLINK has been able to provide more cus-
tomers better access to bioprinting research 
over the years by expanding its portfolio and 
innovating more advanced bioprinters—from 
the INKREDIBLE to the BIO X to the Lumen X to 
the Holograph X to the BIO MDX. Customers 
are now able to combine different bioprinting 
modalities in their workflows, for instance, 
using light- and extrusion-based bioprinters to 
create complex biological models. CELLINK’s 
technology and commitment to service are 
making organ manufacturing a future reality.

Still, the biomedical industry faces many 
hurdles before it can deliver bioprinted organs 
for transplantation. One such hurdle is that 
primary cells, like nerve, liver and pancreatic  
cells, are immensely challenging to grow and 
culture outside the body. Therefore, researchers 
must revisit Legallois’s prediction that an arti-
ficial perfusion supply will be needed to keep 
cells alive. Future advances will need to maintain 
and culture the millions of cells, requiring 
dozens of incubators, substantial volumes 
of growth media and significant production 
hours in the lab, to expand and differentiate 
the necessary cell lines for cell-cell and cell-
matrix interactions. Second, researchers must 
develop functionalized biomaterials that can 
not only support cell viability and promote 
growth but can also be implanted without 
triggering immunosuppressive responses in 
patients. Furthermore, if these biomaterials 
are to be used for scaffold biofabrication, it 
is imperative that they achieve rheological 
standards of high resolution, good porosity 
and structural integrity.

With a renewed commitment to solving one of 
the biggest challenges in biomedical research 
today, companies like CELLINK are urgently 
researching and developing the next generation 
of bioprinters. These 2.0 bioprinters will need 
to address the trade-off between structure 
and function, aiming to improve functionality 
without compromising structure. Of equal im-
portance is the need to develop biomaterials 
that can be used as bridges for tissue repair 
and regeneration without compromising reso-
lution. Tomorrow’s bioprinters should make 
multimaterial and coaxial printing possible, in  

addition to single and aggregate-cell print-
ing. They must enable high-throughput pro-
duction and allow for seamless integration 
with other emerging technologies to enable 
combined workflows with perfusion systems, 
bioreactors and 3D microscopy techniques. By  
arming researchers with a wealth of tools to 
push the limits of what is possible, the aim is 
to eventually develop bioprinting farms for the  
mass production of patient-ready tissue scaf-
folds and organs to resolve the organ shortage.

Figure 4. Counterclockwise from bottom: A bird’s-eye view of the 
INKREDIBLE, INKREDIBLE+, BIO X6, BIO X and Lumen X. 
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